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Abstract 

Solution processed solar cells based on organic bulk heterojunction and metal halide perovskite 

photoactive layers are considered among the most promising third generation photovoltaic 

technologies due to their short energy payback times. The major bottleneck of organic and 

perovskite solar cells is the non-existence of standardized interface materials and active layer 

components with low losses and long-term stability. Developing a novel concept for solution 

processed, reliable, cost efficient, and improved photoactive and charge transporting materials 

which do not compromise efficiency, stability and scalability, becoming of paramount importance.  

The first part of the experimental work of this thesis reports the exploitation of chemical and laser 

fabricated plasmonic metal nanoparticles in solution processed photovoltaics. On the one hand, 

OSCs with significantly enhanced PCEs (exceeding 8%) have been demonstrated by doping the 

rear TiOx ETL with Au NRs to enhance light trapping within the BHJ layer. The enhanced light 

trapping is systematically investigated through detailed processing, characterization, microscopy, 

and device optimization, as well as detailed numerical simulations. One the other hand, laser 

generated metal NPs were successfully added in the PEDOT:PSS HTL of planar inverted PSCs. 

The introduction of Ag and Au NPs in HTL resulted in a significant PCE enhancement of PSCs, 

while, the addition of Al NPs in the HTL significantly extended device stability upon prolonged 

illumination under ambient conditions. 

The second part of the experimental work of this thesis reports the exploitation of graphene-

related-materials and transition metal dichalcogenides in solution processed photovoltaics. In 

particular, we demonstrated how the WF tuning of the buffer layers can affect the performance of 

OSC devices. Furthermore, we have demonstrated the impact of WSe2 flake morphological 

properties on the performance of BHJ OSCs. Moreover, rGO was successfully added in the PCBM 

ETL of planar inverted PSCs. The introduction of rGO in PCBM resulted in a hysteresis-free and 

high efficient (14.5%) PSC, with significantly extended stability in prolonged illumination under 

ambient air. Finally, we demonstrated that the introduction of solution- processed MoS2 flakes 

between the PTAA HTM and the MAPbI3 absorber is an effective approach to enhance the PCE 

of inverted PSCs, achieving a record PCE of ≈17%. Besides, MoS2 significantly improved the 

stability of encapsulated devices stressed in ambient conditions under MPPT. 
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Chapter 1 

Introduction 

The tremendous rise of the world population during the past few decades (increased by 

100% from 1970 to 2017), which are predicted to exceed 10 billion by 2050 is expected to 

significantly increase the global energy demands.1 Taking also into account that the biggest part 

of the global energy demands is currently covered by fossil fuels (78.4 % by 2015), the global 

warming is expected to rise and cause serious environmental issues if these energy demands will 

continue to be covered by the same means (oil, coal, gas).2 Furthermore, the lack of access to 

electricity by ~1.19 billion people (about 16% of the global population) and to clean cooking 

facilities by 2.7 billion people (38% of the global population), induces a serious imbalance of 

human life that is related to the current way of energy production mainly due to practical reasons.2 

Moreover, growth in primary energy demand has occurred largely in developing countries, 

whereas in developed countries it has slowed or even declined.2 Taking into account all the above, 

it is more than obvious that a renewable, clean, low cost and inexhaustible energy source to 

overcome both the practical and social issues is highly desired.  

Renewable power generating capacity experienced its largest annual increase ever in 2016, 

with an estimated 161 gigawatts (GW) of capacity added. Total global renewable power capacity 

was up almost 9% compared to 2015, to nearly 2,017 GW at year’s end. Solar PV saw record 

additions and, for the first time, accounted for more additional power capacity (net of 

decommissioned capacity) than any other generating technology. Solar PV represented about 47% 

of newly installed renewable power capacity in 2016. The world now adds more renewable power 

capacity annually than it adds (net) capacity from all fossil fuels combined.2 
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Market expansion was due largely to the increasing competitiveness of solar PV, as well 

as to rising demand for electricity and improving awareness of solar PV’s potential as countries 

seek to alleviate pollution and reduce CO2 emissions. In many emerging markets solar PV now is 

considered a cost competitive source for increasing electricity production and for providing energy 

access. Nevertheless, markets in most locations continue to be driven largely by government 

incentives or regulations.2 

Besides the comparable cost and the small environmental impact, its inexhaustible 

character provides the biggest advantage of solar energy compared to all the other energy sources. 

A very small fraction of sun power (less than 0.03 %) reaching the earth surface could be able to 

satisfy the annual worldwide energy needs even in 2035. In 1.5 hours the energy that earth receives 

from sun is enough to cover a year’s energy demand of humankind.3 So the only thing that humans 

should do is harvest this free sustainable energy and distribute it around the planet. M. M. Loster 

presented a very motivating graph showing how six regions around the earth could deliver 

18TW/year and power the whole planet if they were covered with solar cells of <10% efficiency 

(Figure 1.1).4 The message is undeniably powerful, solar cells can exclusively satisfy our energy 

demands. 
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Figure 1.1 Average isolation of earth for years 1991-1993. The black disks correspond to the 

theoretical area that covered with 8% efficient solar cells would give 18TW yearly, which 

corresponds to a value higher than the world’s total primary energy demand. Reproduced with 

permission form reference [4] 

 

However, by the end of year 2016, solar technology based sources have been providing 

only 1.5 % of all the energy produced according to Renewable Energy Policy Network (REN21) 

2017 report.2 Thus, this is a clear message that alternative approaches to improve the performance 

and further reduce the cost of the solar technology are of high priority. 

 

1.1 Semiconductors: the active material of photovoltaic devices 

When two atoms form a molecule their atomic orbitals combine to create pairs of molecular 

orbitals with the energy levels slightly separated from the originals. When many atoms form a 

solid (crystal), the separation energy of all the orbitals becomes so close that forms a continuum 

of accessible levels, which is defined as energy band. A suitable photovoltaic material should 

absorb the incoming solar radiation (energy), a process that requires the material to have a gap in 

its bands. The band gap of a material is the separation in energy between the highest occupied state 

and the lowest unoccupied state. All semiconducting and insulating materials possess a band gap, 

but only semiconductors have the right gap in order to be used in visible light absorption, since the 

gap of insulators is too large.5 Without a band gap, like in the cases of metals or zero band gap 

semiconductors, the photoexcited electrons don’t have enough time to be collected once excited: 

electrons would decay through a continuum of intermediate levels. In the presence of a band gap, 

when an electron is excited it quickly decays to the minimum energy of the conduction band (CB), 

this process takes few femtoseconds.6 Then the recombination to the valence band (VB) occurs 
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with a slower mechanism which takes several microseconds, giving enough time to the solar cell 

to extract the electron (these processes take place in the typical solid semiconductor materials). 

This process is sketched in figure 1.2. 

 

Figure 1.2 Excitation mechanism of an electron from the valence band (VB) to the conduction 

band (CB) by the absorption of a photon. The thermalization and recombination dynamics are 

also reported. 

The nature of the band gap in a material is related to its atomic characteristics. When two atoms 

form a molecule, the respective electron orbitals in the atoms combine together to form molecular 

orbitals, with new energy levels. When this process is repeated to form a solid, each atomic orbital 

splits in a continuum of levels forming a “band”. Now, these bands may or not overlap and this is 

due to the energy distribution, which is a reflection of the electronic properties of the atoms. The 

occupation of these bands depend on the original occupation of the molecular orbitals. If the VB 

and the CB overlap the solid is a metal, if the two band are separated in energy the solid is a 

semiconductor or an insulator if the gap is large. See sketch in figure 1.3. 
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Figure 1.3 Nature of the band structure for a metal and a semiconductor. 

The separation in energy (eV) between the two bands determine the type of material: metals - 0 

eV, semimetals - less than 0.5 eV, semiconductors - between 0.5 and 3 eV, insulator more than 3 

eV. When an electron is excited from the VB to the CB, a positively charged vacancy remains in 

the VB. This vacancy is usually filled by an electron in the VB and in the vicinity of this vacancy.  

Thus the vacancy is moving  to the neighbor site. In the presence of an electric field this process 

can be repeated, resulting in a current represented by the movement of the vacancy in the opposite 

direction to the excited electron. Since this vacancy results from a lack of negative charge (missing 

one electron), the relative current can be described as the current of positive holes in the VB. The 

electron and the relative hole are charges with opposite signs. Usually these two charges are 

considered independent one from the other, however in some conditions they can be interacting. 

In this particular conditions the Coulomb interaction, which is manifested between charges with 

opposite sign, bind the electron and the holes in a unique state called an exciton. These excitons 

can be either stationary or mobile within the material. They result in a series of intra-band gap 

states slightly above the VB and below the CB. Although excitonic states are not relevant for 

electrons and holes in isolation, they are important for the optical properties of semiconductors. 
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1.2 Generations of PVs: early developments, device concepts and 

semiconductor materials 

French scientist Edmond Becquerel first discovered the photovoltaic effect in 1839.7 This process 

occurs when light is absorbed by a material and creates electrical voltage. It took almost a half 

century (1877) for the realization of the first photovoltaic device based on selenium with power 

conversion efficiency (PCE) of ~1%.8 In 1950s the PCE would start to become promising with the 

famous 6% Si solar cell of Bell Labs.9 During the last 60 years, benefiting from the successful 

development in both fundamental physical understanding and device engineering Si based PV 

technology, the so called first generation of solar cells, dominates the current market by achieving 

a certified PCE of 26.6 % in parallel to a "modest" fabrication costs. In parallel, many other thin 

film technologies, the so called second generation of solar cells, such as GIGS, CdTe, and GaAs 

also exhibited promising efficiencies. In particular, GaAs shows the record efficiency of 28.8% 

for a single-junction solar cell under one-sun illumination (Figure 1.4).10  
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Figure 1.4 Best research-cell efficiencies for several technologies presented by the National 

Renewable Energy Laboratory. Reproduced with permission form reference [8]. 

However, the relatively high cost of mainly the first and also the second generation PV 

technologies increases the bill of modules (BOM) and hinders the use of PVs as the main power 

generation source since this kind of devices are mostly prepared using high-temperature ultrahigh 

vacuum based processing techniques. During the past two decades (starting from early 1990), 

numerous emerging solar technologies, the so called third generation, were developed including 

organic solar cells (OSCs),11 dye-sensitized solar cells (DSCs),12 quantum-dot solar cells 

(QDSCs)13 and more recently the highly emerging perovskite solar cells (PSCs)14 which all share 

the goal of low-temperature solution processing by roll-to-roll printing and coating in order 

effectively reduce the material and fabrication cost. Multijunction solar cells, employing several 

layers of semiconductors in order to cover and harvest the whole solar spectrum, retain the record 

in terms of conversion efficiencies, however these devices ultrahigh cost hinders theirs 

commercialization.  

Even if the resulting efficiencies are not the same as multijunction or crystalline silicon, many of 

the third generation photovoltaic technologies can be made from solution-processed techniques 

that may drastically lower the cost of production. These can be realized with industrial printing 

techniques such as roll-to-roll, slot dye, inkjet printing, screen printing and bar coating and thus 

are easily scalable to large productions. In this category of solar cells there are two promising 

photovoltaics technologies: OSCs and PSCs. 

OSCs use the concept of semiconducting organic polymers or small molecules for light absorption 

and charge generation. This technology was first developed in the 1990s15 and attracted a lot of 

interest mainly due to the reduced cost of production since its devices can be realized from flexible, 

lightweight and semitransparent substrates and materials. Thanks to these properties they may find 
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a place in building integrated and portable electronics.16 The limiting factors of this type of solar 

cell are the low efficiency (~11.5 the highest certified PCE) and the long term stability. 

On the other hand PSCs are a relatively new concept in photovoltaics since the first demonstration 

of the use of lead halide perovskite semiconductor as a light harvesting material of a liquid 

electrolyte based DSCs replacing the dye sensitizer was in 2009.17 However it was in 2012 that 

lead halide perovskites semiconductors start a revolution in photovoltaics,18 and to date their 

certified PCEs (22.7%) have surpassed these of other thin film based PV such as CIGS and CdTe 

(22.6% and 22.1% respectively) and is approaching that of c-Si based PVs (26.6%). These devices 

exhibit some of the advantages of OSCs, such as being low temperature and solution processable, 

with the upgrade of having the properties of inorganic PVs, such as the long diffusion lengths and 

the low binding energy of the photoexcited charge carriers. The disadvantages of PSC are related 

to the electronic and chemical stability of the cell itself. 

1.3 The structure of third generation solar cells 

The absorption of light and the generation of charges are two of the main process in the solar cell. 

Transporting them in a current is the third. To do this, a working solar cell needs an asymmetry 

which drives electrons and holes in different directions. 

A p-n junction is the classic model of a solar cell. The junction is composed by a semiconductor 

with two zones doped p (thus with a deficiency of electrons) and n (thus with an excess of 

electrons), respectively. When the two zones are brought into contact, the VB and CB of the two 

parts of the semiconductor bend. The difference between the two work functions generates an 

electric field within the junction which guides the photogenerated charges (Figure 1.5). 
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Figure 1.5 Energy band profiles for a p-type and n-type semiconductor. Bottom panel, the 

energy alignment for a p-n junction. 

The way in which the junction is realized usually characterize the type of solar cell. Third 

generation solar cells use a variation of the Fermi level to generate an internal electric field (the 

built-in field) that drives the carriers in opposite directions. This field is generated by a potential 

step at the interfaces between the light absorption layer and two optimized material called 

extraction layers. This results in the bending of the VB and CB of the absorber across the interfaces 

with the two extracting layers in a similar way of what happen in the p-n junction. Now, when the 

device is illuminated the electrons and holes are separated by the built-in field and are transported 

to the opposite sides. This configuration differs from the classic p-n junction and is defined as p-

i-n junction, where an intrinsic semiconductor layer (the i-type i.e. the photoactive material) is 

sandwiched between two layers intentionally doped to be p-type or n-type. The p layer presents a 

deep Fermi level and is responsible for the extraction of holes, the n layer on the opposite side 

presents a higher Fermi level and is responsible for the extraction of electrons. The built-in field 

generated by the p and n zones extends the electric field over the intrinsic semiconductor. Carriers 
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that are photogenerated in the -i region are then driven through the electric field to the respective 

contacts. The band profile for an ideal p-i-n junction are reported in Figure 1.6. 

 

Figure 1.6 Band profile of a p, i and n-type semiconductors is isolation (top panel) and closed 

together in a p-i-n junction (bottom panel). EF is the Fermi level, Ec, Ev the conduction and the 

valence band respectively while Φ represent the work function of the semiconductors. 

One of the most important advantages of p-i-n junction solar cells is their simple structure. Almost 

all of these solar cells are comprised from five components: the active material, two selective 

interlayers and two electrodes (the top and the bottom). 

1) The active layer. This is the core of the solar cell where light is absorbed and excitons are 

generated. It can be composed by one semiconductor alone or two, either as a double layer or 

blended together. 

2) An electron extraction/transport layer. This layer is a material with appropriate energy levels: 

the CB is energetically close to the CB of the photoactive material and the VB is deeper in energy 

respect to the VB of the active material. In this way this the extraction layer can split the excitons 

and collect the electrons that are photogenerated in the active material but at the same time 

blocking the holes. 
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3) A hole extraction/transport layer. This layer works like the previous but with holes. The VB is 

close to the VB of the active layer and the CB is higher respect the CB of the active layer. 

4) The electrodes are the terminals that connect the cell to the external circuit. This means that 

there are two electrodes: the top and the bottom. Since light is coming from one side of the cell, at 

least one of the two electrodes should be transparent. 

With this configuration the photoexcited charges are generated and collected according to a 

selective path. The energy levels of the two selective interlayers provides the built-in field in the 

solar cell, which gives the driving force for the extraction and transportation of carriers to the 

respective electrodes. 

1.4 Solution processed photovoltaics 

As already mentioned in a previous section of this chapter, solution processed photovoltaics 

include different emerging PV technologies, aiming on reaching the Shockley-Queisser limit19 (the 

highest possible efficiency for a single junction solar cell) with affordable fabrication cost. OSCs 

and PSCs are considered the most promising technologies among the third generation PVs due to 

their short energy payback times20 due to their solution processability at low temperatures and 

deployed on massive scale. An important factor that highlights the advantages and the potential 

impact of these two emerging PV technologies on earth transportation or even space travel, is the 

power-per-weight (PPW) metric. M. Kaltenbrunner et al. presented recently a PPW chart that sets 

OPVs and PSCs in the highest positions among other established PV technologies with ~10Wg-1 

and ~23Wg-1 correspondingly.21 
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Figure 1.7 Ultrathin PSCs and OSCs are by far most effective photovoltaic technologies in 

power-per-weight characteristic. Reproduced with permission form reference [21]. 

1.4.1 Organic Solar Cells 

OPVs belong in the large group of organic electronics that utilize organic (polymeric or small 

molecule) semiconductors as the active layer of the devices. On demand functionalization of 

organic materials can create unlimited combination of active semiconductors that can absorb at 

different areas of the solar spectrum and of different in electronic properties. Additionally, the low 

temperature solution processable character of organic semiconductors gives the advantage of such 

materials compared to conversional semiconductors that can be deposited from solutions on a large 

variety of both rigid and flexible substrates. Thus cost-effective production methods and shape 

adaptable, colorful, semi-transparent, light products compensate the lower PCE values compared 

to the inorganic counterpart. Below are presented very briefly the main advancements of this field 

from its early developments. 

In 1960s the first generation OSCs appeared and consisted of a single organic layer sandwiched 

between metals of different work function.22 Despite the relatively low PCEs (<1%), for that period 

of time the demonstration of photovoltaic devices using organic materials was very a ground 
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breaking idea. In 1986 Tang et al. demonstrated the first OSC with a bilayer active medium which 

was consisted of of a p-type and n-type organic semiconductors presenting a PCE of ~1%.23 

Another ground breaking demonstration, and possible one of the greatest in this field, was made 

by Saritcifci et al. observed in 1992. In this work the authors observed the photoinduced transfer 

from a conjugated polymer to a buckminsterfullerene (C60 molecule) which led to the well-known 

polymer-fullerene heterostructure.24 Bulk heterojunction (BHJ), a concept that initiated a change 

in the field of OSCs did not take a lot of time to be proposed,25 which led to higher power 

conversion efficiencies the upcoming years, i.e. up to 4.2% for evaporated bilayer OSCs26 and up 

to 3% for bulk heterojunction OSCs.27 

 

Figure 1.8 The infinityPV HeLi-on is the world's most compact solar charger. It fits into your 

pocket, and the solar panel can be rolled out when needed. Inside HeLi-on there is a powerful 

printed solar panel and a battery, so it can both generate and store energy. (source: Infinity PV) 

Additional research on the BHJ concept to influence morphology with different processing 

conditions28 and post thermal treatment29 resulted in significant progress in the PCE of OSCs with 

values of ~5%. 

The current state of the art single junction OSCs demonstrate PCEs of ~11.5%,30 which is close to 

the theoretical limit of this technology due to the fundamental limitations mainly of the photoactive 

materials, preventing in this way this technology from market implementation. Particularly, the 

high exciton binding energy, the low exciton diffusion length, the low required thickness, the 

relatively narrow absorption bandwidth and the high electronic disorder of the active layer 
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materials result in low photon harvesting and voltage output thus low power generation. One 

promising approach for overcoming these limitations is: a) the utilization of plasmonic metal 

nanoparticles, which is introduced and briefly reviewed later in this thesis and b) the ternary 

concept with two-dimensional (2D) layered materials, which is introduced and briefly reviewed 

later in the thesis. 

1.4.2 Perovskite Solar Cells 

Metal halide PSCs are considered the most promising cost-effective photovoltaic technology as 

they employ ultra-low cost solution-processed semiconductor materials with very unique 

optoelectronic properties. Additionally the progress of their certified PCEs present the steepest rise 

of any other photovoltaic technology have shown to date within a few years of focused research 

efforts. Figure 1.9 shows some prototype demonstrators. The perovskite crystalline structure 

follows the formula ABX3 where A is a small cation, B is a large metal cation, and X is a halogen 

anion. The most commonly-used light absorber for photovoltaics are based on CH3NH3PbX, where 

X is typically I, Cl or Br.31 It is worthwhile noticing that; i) (in difference with OPVs) it is relatively 

easy to control the quality and morphology of the resulting film, ii) different band gaps can be 

easily obtained with different A-cations, B-cations, X-anions or combinations of them. Below are 

presented very briefly the main advancements of this exciting technology. 
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Figure 1.9 (left) Snapshot of the model plane during solar-powered outdoor flight. Scale bar, 10 

cm and (right) close-up photograph of the horizontal stabilizer with integrated solar panel. 

Reproduced with permission form reference [21]. 

It all started back in 2009 when T. Miyasaka and co-workers first demonstrated the use of 

crystalline semiconductor methylamonium lead iodide (CH3NH3PbI3 or MAPbI3) to replace the 

dye absorber of a liquid electrolyte based DSCs.32 PCEs of ~3.9 % were achieved however the 

device suffered of low stability (few minutes) since the perovskite absorber was easily dissolved 

in the presence of the liquid electrolyte. For the next two year there was no other work reporting 

the use of metal halide perovskites in solar cells (probably due to their very short lifetime). In 2011 

N.G. Park et. al. based on the approach of Miyasaka and by applying a TiO2 surface treatment 

before its deposition achieved a PCE 6.54%.33 One year later, i.e. in 2012, appeared two papers 

that changed the potential of solution processed photovoltaics. In particular, H. J. Snaith, T. 

Miyasaka and co-workers34 and N. G. Park, M. Grätzel and co-workers35 almost simultaneously 

introduced the first solid state perovskite solar cells by replacing the liquid electrolyte with a solid 

state hole transport material (HTM) (Spiro-OMeTAD) with PCE of 10.9% and 9.7% respectively. 

Besides the importance of replacing the liquid electrolyte with an HTM, H. J. Snaith, T. Miyasaka 

also presented that the perovskite absorber can effectively transport both electrons and holes by 

applying a non-injecting Al2O3 scaffold instead of the injecting mesoporous TiO2 scaffold. This 

was a very important finding since this enables the fabrication of such devices in thin-film form 

instead of the complicated mesoscopic architecture. In 2013 while all the other groups fabricated 

PSCs employing the mesoscopic TiO2 scaffold,36,37,38 on the contrary H. J. Snaith et. al. reported 

the first PSCs without a mesoporous scaffold, i.e. the first planar or thin-film PSC, and growing 

the perovskite absorber on a flat TiO2 substrate using a dual evaporation source achieved a PCE 

15.4 %.39 In 2014 year Seok’s group using poly-triarylamine (PTAA) as the HTM (instead of 
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Spiro- OMeTAD) and growing a mixed iodide-bromide CH3NH3PbI3-xBrx perovskite utilizing for 

the first time the antisolvent quenching approach achieved a PCE of 16.2%. In early 2015, again 

Seok et. al. boosted the PCE of PSCs at 17.9% by presenting the compositional engineering of 

perovskite absorber introducing the new perovskite formulation (FAPbI3)1-x(MAPbBr3)x by 

mixing both the A-cations and X-halides. Afterwards, several groups reported PCEs higher than 

20% using different approaches such as the intramolecular adduct exchange40 and the multication 

perovskite absorbers,41,42 High PCE of 17.6% in combination with reduced device toxicity was 

recently demonstrated by Y. Yan et. al. by mixing Sn and Pb at the metal B-cation position.43 

Nowadays, the tremendous momentum of PSCs continues and record PCE has reached 22.7%,44 

while everything shows that efficiency can be boosted even higher to reach or surpass the PCE of 

c-Si based solar cells. 

1.5 Plasmonic metal nanoparticles in photovoltaics 

Plasmonics, which covers various aspects of surface plasmons, are the collective 

oscillations of free electrons localized at surfaces of nanostructures made of metals. The induced 

electric charge fluctuations result in electromagnetic oscillations. At resonance, electric fields 

associated with light waves modulate the negatively charged electrons inside a metal, and drive 

the collective oscillations to produce a strong charge displacement and field concentration. 

Coupled oscillations of electromagnetic wave and charged particles are essentially surface 

plasmon polaritons (SPPs).45 Electric fields of SPPs are generally localized at the vicinity of the 

plasmonic material and are higher than the excitation field.46 As the resonantly enhanced electric 

field builds up, a dipolar field is produced outside the particle. This field not only enhances light 

absorption and the scattering cross section (σscattering) for electromagnetic waves, but also leads to 

a strong near-field at the particle surface. Both organic and perovskite solar cells can benefit from 
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light trapping via plasmonics, which scatters light and provides near-field enhancement in the 

device. Specifically, the scattered light effectively increases the optical path length in the device 

while the near-field effect increases the electric field in the vicinity of the metal particle. Both of 

these effects enhance absorption of light in the active absorber layer in a solar cell.47  

While plasmonic materials provide effective scattering, optimizing the size of plasmonic 

particles is required to ensure minimum absorption by the plasmonic material. Indeed, the concern 

that metal absorption would outweigh the benefits to semiconductor absorption must always be 

addressed in any application of plasmonics,48 despite demonstrated efficiency improvements. 

The σscattering for small particles are given via the relation:49 

𝜎𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 =
1

6𝜋
(

2𝜋

𝜆
)

4
|𝛼|2     (1.1) 

where λ is the wavelength of incident light and α is the polarizability of the plasmonic nanoparticle. 

For the case of spherical nanoparticles (NPs), the polarizability can be found via: 

𝑎 = 4𝜋𝑟3 𝜀𝑚−𝜀𝑠

𝜀𝑚+2𝜀𝑠
         (1.2) 

where r is the radius of the plasmonic nanoparticle, εs and εm are the permittivity of the 

semiconductor and metal respectively. It is clear that the σscattering then depends on both the 

dimensions of the particle and the local dielectric environment. At maximum polarizability (εm ≈ 

–2εs), the particle exhibits a dipolar surface plasmon resonance, which red-shifts and broadens as 

the particle size increases. Other plasmonic nanostructures, such as metallic voids, core-shell 

particles, regular and irregularly shaped particles, also exhibit similar resonant dipolar scattering 

behavior50 allowing for tunability of the process. 

 The absorption cross section (σabs) can also be calculated via: 

𝜎𝑎𝑏𝑠 =
2𝜋

𝜆
𝐼𝑚(𝛼)     (1.3) 
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Larger sized particles (>100 nm) are deemed more appropriate for scattering in 

photovoltaic applications, but multipole oscillations, which tend to decrease scattering efficiency, 

become more pronounced if the particle is too large. Particle sizes beyond the Rayleigh 

approximation suffer substantial broadening and red-shifting of the dipolar resonance.51 The 

redshift is caused by retardation effects when free electrons are no longer moving in phase, which 

in turn leads to a diminished depolarization field at the particle core induced by the surrounding 

polarized matter. For the case of smaller particles, parasitic absorption from the particle may be 

significant. Since absorption by the plasmonic nanoparticle does not lead to photocurrent 

generation, σscattering must be larger than σabs for efficient use of the plasmonic NPs. Furthermore, 

particle size also affects the local morphology in the vicinity of its incorporation and may change 

the electronic behavior of solar cells. 

In photovoltaic applications where the near field from localized surface plasmon resonance 

(LSPR) are beneficial, the maximum electric field intensity enhancement in a non-absorbing 

medium at a distance r from the center of a spherical NP can be calculated via:52 

𝜂𝑚𝑎𝑥 = | 1 +
𝑎(𝜔)

2𝜋𝑟3|
2

       (1.4) 

where ω is the frequency of the incident electromagnetic wave. Since this is for a non-absorbing 

medium, the field enhancement is necessarily an upper limit approximation. 

 For solid state devices, placing the NPs in the front or back will ease the process of 

optimizing the plasmon properties. The rationale underpinning this idea is to isolate the optical 

properties of the metal NPs from the electric properties of the active layer. Positioning metal NPs 

in the most active cell regions are likely to introduce regions of metal-semiconductor interfaces 

that are detrimental to electronic activity for solid state devices. Moreover, it poses experimental 

challenges due to the growth process. Instead, it was suggested that the rear side of the device 
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(relative to incoming light) is a promising location for plasmonic scattering with demonstrated 

results in the literature of Si-based PVs.53,54 The placement at the rear avoids destructive 

interference between scattered and unscattered light beams (usually known as Fano resonance) 

that are typically a constraint for front located NPs.55 This type of radiative coupling is due to 

interference of incident and re-emitted light, which generates a complex near-field pattern that 

result in either enhancement (constructive interference) or suppression (destructive interference) 

of the electromagnetic field.56 In the context of organic solar cells, plasmonic nanostructures can 

also be incorporated into the photoactive layer,57 which is in addition to the more common 

integration in buffer layers (charge transport/extraction layers). There is considerable evidence to 

suggest that exposed metallic NPs can cause carrier recombination58 or electron accumulation on 

the particle surface.59 The use of a silica or other organic shells that envelops the particle can 

alleviate these issues,60 but possibly with morphological consequences.61 More recently plasmonic 

NPs have also been applied in various configurations within PSC, and the first results are very 

promising both for the PCE and the lifetime of such devices.62 In particular, metal nanoparticles 

have been successfully incorporated inside the charge transport layers (HTMs and ETMs) of both 

planar and mesoscopic PSCs improving their performance and long term stability.62 On the 

contrary, there are no successful experimental reports regarding the placement of such NPs inside 

the perovskite absorber (since as discussed previously the metal NPs incorporation inside a 

semiconductor materials cause carrier trapping/recombination), although there are a lot of 

theoretical papers giving the guidelines towards this direction with very promising results.62 

In Figure 1.10 are schematically shown the three main mechanisms through which metal NPs can 

improve the absorption and trap the incident light inside a solar cells (scattering, LSPR, SPPs). 
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Figure 1.10 Device configuration of various plasmonic solar cells. a) Metallic NPs behaving as 

scattering centers. b) Embedded metallic NPs near the active layer to provide near-field 

enhancement. c) Periodical plasmonic nanostructures that induce SPPs. Reproduced with 

permission from reference [40]. 

Plasmon enhanced light absorption is not the only mechanism leading to improved device 

performance. Changes in electrical characteristics, such as exciton dissociation, charge carrier 

transport and charge extraction frequently contributed to enhanced performance in plasmonic 

devices. These improvements in electrical properties induced by plasmonic nanostructures can 

either manifest solely or in a combination as enhanced fill factor (FF), Voc and photocurrent 

generation. The plasmon-electrical effects arise from morphology modifications, redistribution of 

exciton generation, hot carrier transfer and charge accumulation effects.62 

1.6 Graphene and related 2D materials in photovoltaics 

1.6.1 Graphene derivatives 

Since the first isolation of graphene in 2004,63 graphene related materials (GRMs) have led to 

substantial progress in both fundamental and applied physics, make them the rising star materials 

due to their extraordinary properties.64,65,66 GRMs are low cost abundant materials that are easily 

processed in low temperatures, theirs exceptional electrical and physical properties are easily tuned 

through functionalization/doping with heteroatoms and are compatible with flexible substrates and 

printing electronics applications. Reduced graphene oxide (rGO), graphene oxide (GO) and 

graphene quantum dots (GQDs) have been extensively explored as transparent conducting 
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electrodes, charge carrier transporter and active electron acceptor materials. This range of 

possibilities arises from the unique properties of graphene. Graphene is a two-dimensional 

atomically thick carbon nanomaterial, with extremely high electron mobility (~20,000 cm2 V−1 

s−1), large theoretical surface area (2630 m2 g−1), excellent thermal conductivity (5000 W m−1 K−1) 

and light weight.67 Graphene can be obtained by several chemical and physical methods. Among 

them, compatible with 3rd generation PVs are the following: i) chemical vapor deposition,68 

chemical,69 thermal reduction of graphene oxide,70 and chemical exfoliation of graphite.71 The 

quality of graphene is highly dependent upon the synthesis method adopted, which can 

significantly affect its physical, mechanical and electrical properties. The most common procedure 

employed in laboratories to obtain graphene is, in fact, a method to produce reduced graphene 

oxide (rGO), a graphene derivative. This method starts from the synthesis of graphite oxide by the 

modified Hummers method,72 which is a chemical process that employs the oxidation of graphite 

in presence of strong oxidants in acidic media. When graphite is treated with a mixture of 

potassium permanganate, sulfuric acid and sodium nitrate, graphite oxide is formed, a compound 

made up of carbon, hydrogen and oxygen molecules. The increase in spacing between the sheets 

weakens the interactions between them, which facilitates the exfoliation of graphite oxide into 

graphene oxide (GO) upon sonication.73 Subsequently, the graphene oxide can be reduced into 

rGO (reduced graphene oxide), in which the most common treatments used are the hydrazine 

hydrate reduction and thermal annealing. 
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Figure 1.11 GO synthesis and reduction. Graphite can be oxidized with different procedures in 

the presence of strong acids. The GO flakes are functionalized with epoxy and hydroxyl groups 

both above and below, and at the edges. A partial recovery of the electronic properties can be 

reached following a reduction treatment but, none of the current approaches can fully remove the 

defects. Reproduced with permission from reference [74] 

The chemical process for obtaining GO and further rGO also requires several washing steps prior 

to the exfoliation, in order to remove oxidizing agents and impurities added during the modified 

Hummers method. It is noteworthy that the process of reduction of GO into rGO partly restores 

the structure and properties of a single graphene. 

The final material usually brings many defects including residual oxygen groups and vacancies 

after the removal of functional groups, as shown in Figure 1.11. The reduction of GO is intended 

to remove the oxygen-containing groups, but it is also aimed to restore the π-conjugated network 

of the graphene. In addition, one must consider that the oxygen remaining groups in rGO affect its 

electrical conductivity, which is not the same as that of a perfect single layer of graphene. In the 

last years, many groups have reported the use of graphene as transparent bottom or top electrodes, 

hole transporting materials, electron transporting materials, charge extraction interlayers and 

active layer materials/components.75 Recently, many carbon materials have been derived from 

graphene such as hydrogenated graphene (graphane), fluorinated graphene (fluorographene), and 

graphene introduced by acetylenic chains (graphyne and graphdiyne). These materials are known 
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as graphene derivatives.76 The work function of graphene and its derivatives can be broadly tuned 

by doping in order to minimize the sheet resistance of graphene (or graphene oxide) films and to 

match the work function of these derivatives with the HOMO (VB) and LUMO (CB) level of many 

photoactive materials, minimizing the potential barriers at interfaces. The work function 

engineering is necessary to improve the device's performance and in the case of graphene and its 

derivatives, this can be modulated by controlling the doping level and oxygen content. 

1.6.2 2D Transition metal dichalcogenides  

The success of graphene has inspired material scientists to explore and apply in 3rd generation 

photovoltaic devices other 2D layered materials beyond graphene. Importantly, transition metal 

dichalcogenides (TMDs) due to their outstanding chemical, physical and electronic properties and 

acceptability on doping or functionalization processes to further improve their properties (e.g. 

enhancement of their conductivity, tuning of their work-function (WF)), constitute an excellent 

new class of materials to be tested in solar energy harvesting devices. Moreover, the existence of 

tunable energy band gap in contradiction with GRMs (depending on the number of employed 

layers) permits the application of the 2D–TMDs as ETLs (or hole blocking) or HTLs (or electron 

blocking) materials. These materials can be fabricated into single layer or few layers usually 

through chemical vapor deposition (CVD) or mechanical exfoliation to demonstrate their superior 

electrical and optical properties. The presence of lone pairs of electrons at the surfaces of 2D-

TMDs, the presence of non-covalent interaction and the absence of dangling bonds could enhance 

their resistance to reactions with other chemical elements [77], enhancing the stability of OSCs and 

PSCs when employed in one of their building blocks. The most commonly reported 2D – TMDs 

exploited in the field of solution processable PVs, after the necessary chemical processing, are few 

layers of the inorganic layered TMDs molybdenum disulfide (MoS2) and tungsten disulfide 
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(WS2).
[78] 2D - TMDs  after appropriate chemical processing, e.g. oxygen plasma assisted doping 

can be energetically matched with the VB of the most employed perovskite absorbing layer 

(MAPbI3), can be utilized as HTLs in various architectures of PSCs. The appropriate energy 

alignment with the VB of MAPbI3 can secure the efficient and fast hole extraction from the 

perovskite active layer into the 2D – TMD based HTL. [79] 

 

Figure 1.12 a) Schematic of the inverted-type organic solar cells. An active layer was 

sandwiched between a ZnO-modified ITO cathode and a MoS2 buffer layer modified Ag-based 

top anode. (b) Schematic drawing of the structure of the thin layer MoS2 buffer layer (side view). 

(c) Schematic drawing of the monolayer flake of MoS2 (top view). Electrical output 

characteristics of devices based on MoS2 as HTL: (d) J–V curves and (e) EQE spectra of the – 

PTB7:PC71BM OSCs with MoS2 as the HTL. Reproduced with permission from reference [78] 

1.7 Aim and outline of this thesis 

Solution-processed solar cells based on organic and metal halide perovskites semiconductors are 

considered among the most promising photovoltaic technologies. However, one major bottleneck 
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for developing these technologies even further is to overcome the performance losses at the 

different interfaces within the device building blocks without compromising low costs and 

stability. Moreover, many of the challenges coming along with the scale-up these technologies 

towards roll-to-roll manufacturing remain unanswered so far. The proper choice of the architecture 

or of the interface materials as well as their impact on the device performance, stability and device 

reproducibility becomes of outmost importance. The topic of the thesis is rather focused on 

studying materials from the GRMs and metal NPs families exploited either as dopants or interfacial 

materials, but gives deep insight into the mechanisms that are relevant for rationalizing the key 

role of each interface and developing customized interface for the both OSCs and PSCs 

technologies. The thesis encompasses performance and stability enhancement of both OSCs and 

PSCs, exploiting different interface engineering concepts such as new interlayers for the 

elimination of recombination and stabilization of the transporting layer/active layer interface, 

novel dopants for improved charge carrier extraction and new active material components for 

better energy level alignment. 

In Chapter 1, the background of the different generations of photovoltaic materials and devices are 

briefly presented including the rapid emergence of third generation solution processable solar cells. 

Moreover, the application of metal NPs and GRMs in solution processed solar cells are reviewed 

in this chapter. In short, I discussed the current challenges in developing this technology further. 

In Chapter 2, I introduce the working principles of organic and perovskite solar cells. Moreover, I 

discuss the operation of solar cells including the J-V characterization in both dark and light 

conditions of solar cells. 



42 

Copyright© 2018, University of Crete 

In Chapter 3, I present the materials and methods section. All materials used in this thesis are 

presented with some of their characteristics. Finally, all the characterization methods used in this 

thesis are extensively presented. 

In Chapter 4, I present my experimental contribution in the field of metal NPs doped solution 

processable solar cells. In particular, in the first part I suggested the introduction of metallic gold 

nanorods within the TiOx ETL of OSCs for efficiency enhancement due to the exploitation of the 

plasmonic backscattering effect. In the second part, I present the beneficial role in the performance 

and stability of PSCs with the immersion of laser generated plasmonic metal NPs (Ag, Au, Al) in 

the HTM. 

In Chapter 5, I investigate the exploitation of GRMs in the field of solution processable 

photovoltaics. In particular in the first part, I use doped GO derivatives and 2D TMDs within the 

device building blocks of OSCs for improving the performance of these devices. In the second 

part, GRMs and TMDs are used as dopants and interfacial layers to improve both the performance 

and long-term stability of PSCs. 

In Chapter 6, i summarize all the important findings of this thesis, highlight the innovations and 

the weak points that must be empowered and give new perspectives for future research in the field 

of solution-processed photovoltaics. 
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Chapter 2  

Fundamentals and Theoretical Principles 

2.1 Organic semiconductor materials 

Heeger, MacDiarmid and Shirakawa demonstrated in 1977 that chemical doping of conjugated 

polymers results in an increase of the latter’s electronic conductivity by several orders of 

magnitude. This discovery was awarded with the Nobel Prize in chemistry in 2000.80,81 Most 

organic semiconductor materials are conjugated polymers that essentially consist of a linear 

framework of alternating single and double bonds between the carbon atoms along the polymer 

backbone. Conjugated polymers are nowadays used in various organic electronic applications, like 

transistors, photodiodes, light emitting diodes, solar cells, etc. The origin of the conductivity and 

semi-conductivity behavior in conjugated polymers, e.g. polyacetylene, is due to alternation of 

single and double bonds across their molecular structure which comes as a result of chemical 

bonding behavior of the carbon atoms (see Figure. 2.1). 

 

 

Figure 2.1 The chain of the carbon atoms with the alternating single and double bonds. 

Reproduced with permission from reference  [82] 

 

The carbon atom, in the ground state, has four valence electrons, 2 in 2s and 2 in 2p orbitals. In 

conjugated polymers carbon atoms are sp2 hybridized. In the sp2 hybridization the 2s orbital is 

hybridized with two 2p orbitals (2px, 2py) giving rise to three sp2orbitals and one 2p orbital (2pz) 

is left (unhybridized). Carbon can form two types of bonds: the σ-bond is formed by the overlap 

of the hybridized orbitals of the adjacent atoms which are oriented along the chain. So there are 
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three coplanar sp2 hybridized orbitals which are at an angle of 120° with each other. Therefore 

three σ bonds are formed, two with neighbor carbon atoms and one with a hydrogen atom. The 

remaining out of plane pz orbitals, each occupied by one electron, overlap with neighboring pz 

orbitals to form bonds which are perpendicular to the chain shown. These electrons are delocalized 

along the entire polymer backbone, which is the reason for the conducting properties of conjugated 

polymers. 

The overlap of pz orbitals forms two molecular orbitals, a bonding π-orbital which is the highest 

occupied molecular orbital (HOMO) and an antibonding π*- orbital which is the lowest 

unoccupied orbital (LUMO). The π-orbital and π*- orbital are equivalent to the valence band and 

conduction band of an inorganic semiconductor, respectively. The difference between the HOMO 

and LUMO is called the band gap of the organic material. The optical and electrical properties of 

an organic material are determined by the band gap. The gap is reduced when the polymer chain 

is longer. The chemical structure and schematic drawing of ethylene is illustrated in Figure 2.2, 

which is the simplest example of a conjugated molecule. 

 

Figure 2.2 Chemical structure and schematic drawing of ethylene. 

 

2.2 Excitons in organic semiconductors 
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The concept of excitons is well known in the field of semiconductors and molecular crystals but 

its existence has been the subject of controversy in the polymer field. For inorganic 

semiconductors, the exciton is defined as an electron-hole pair bound by Coulomb attraction 

(Wannier exciton). In molecular crystals, the exciton can be considered as a bound electron-hole 

pair localized on one molecular unity (molecular exciton or Frenkel exciton). It is also electrically 

neutral and is characterized by an electric dipole moment. When a photon of light of the 

appropriate energy interacts with an electron in the ground state, the electron is excited from the 

HOMO (valence) to the LUMO (conduction) (π-π* transition). However, the resulting electron and 

hole are still bound, and their motion through the material is coupled.83 The intermediate case, 

where the exciton extends over a few adjacent molecular units, can be called the charge-transfer 

exciton. Also, the terms “inter-chain” and “intra-chain” exciton are used for polymeric 

semiconductors to indicate that the constituent charges are located on different or on the same 

polymer chains respectively. 

The exciton binding energy of conjugated polymers depends strongly on their structure.84 For 

highly crystalline polydiacetylene, the binding energy has been determined to be 0.5 eV, while for 

amorphous polymers like the polythiophene and PPV, is about 0.4 eV.85,86 

  

2.3 Organic solar cells device structure 

The device structure of organic solar cells is different from traditional silicon wafer based solar 

cells. The photoactive layer is a blend of conjugated polymers as electron donors (light absorbing 

materials) and fullerene derivatives as electron acceptors (materials with higher electronegativity 

compared to polymer donor). This photoactive layer is sandwiched between two electrodes with 

proper work functions. Fig. 2.3 shows a schematic diagram of organic solar cell device structure. 

In this device architecture, the light is transmitted through the glass substrate. The device is built 
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on a transparent substrate which may be flexible. The substrates are usually glass or polyethylene 

terephthalate (PET). The anode consists of a semitransparent oxide layer, usually indium tin oxide 

(ITO). Its role is to allow light to pass through, and to collect holes from the device. A layer of a 

p-type conductive polymer (usually 3,4-ethylenedioxy-thiophene)-poly (styrenesulfonate) 

(PEDOT:PSS) is applied between the anode and the photoactive layer. Its HOMO level should be 

well aligned with the HOMO level of the polymer donor. This thin layer is spin coated on top of 

the ITO surface. The PEDOT:PSS layer serves as a hole conducting layer and exciton blocker. It 

smooths the ITO surface, seals the active layer from oxygen, and prevents the anode material from 

diffusing into the active layer, which can lead to trap sites.87 For laboratory devices, this layer is 

spin coated from a common solution which contains the polymer donor and fullerene acceptor 

suspended in an appropriate solvent or mixture of solvents. On top of the photoactive layer is 

deposited (through spin-coating) an n-type wide band gap semiconductor (usually zinc oxide 

(ZnO) or titanium dioxide (TiO2)). The role of this layer is the facilitation of the electrons 

extraction from the active layer to the metal cathode and for this purpose its conduction band 

position should be well aligned with the LUMO level of the acceptor material. The cathode is 

usually aluminum, although calcium or silver is sometimes used. The function of the cathode is to 

collect electrons from the device. This layer is deposited by thermal evaporation. 

 



47 

Copyright© 2018, University of Crete 

Figure 2.3 Schematic diagram of organic solar cell device structure. The ITO and Al layer are 

used as anode and cathode, respectively. 

2.4 Operation Principles 

In a silicon solar cell, incident photons break the covalent bonds, which form electron-hole pairs. 

Due to the crystalline nature of silicon, generation and separation of charge carriers requires only 

a small force of interaction. Therefore, absorption in silicon leads to effectively free charge 

carriers. As a result of the low dielectric constant (≈3) in semiconducting polymer materials, the 

columbic forces of attraction between electrons and holes are very high.88,89 This implies that 

unlike inorganic semiconductors, in which photo excitation generally forms a free electron and 

hole, excited states in semiconducting polymers form bound electron-hole pairs. A driving force 

is required to overcome this excitonic binding energy so that free charge carriers can be produced 

and transported throughout the device. In organic solar cells, excitons formed in the donor material 

can be dissociated at the donor-acceptor (D-A) interface. The force required to overcome the 

exciton binding energy is provided by the energy level offset of the LUMO of the donor and the 

LUMO of the acceptor material. Fig. 2.2 displays an energy band diagram of organic solar cells. 

This energy offset used to dissociate excitons is illustrated as ΔΕES Fig. 2.2, which is the excited 

state energy offset. In order to dissociate excitons formed in the acceptor material, the energy offset 

of the highest occupied molecular orbital (HOMO) of the acceptor and the HOMO of the donor 

material is required. This energy offset used to dissociate excitons is illustrated as ΔΕGS Fig. 2.4, 

which is the ground state energy offset. Excitonic dissociation due to these energy offsets occurs 

at the interface between the donor and acceptor phase, therefore, the arrangement of the two 

materials in the active layer is crucial for the successful operation of the device. 
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Figure 2.4 Energy band diagram of donor-acceptor materials in bulkheterojunction organic solar 

cells. 

 

Excitons can be created when photons are absorbed in the donor material. These excitons then can 

be dissociated at a D-A interface. Once separated, the electron can transfer to the acceptor material 

and be transported to the cathode for charge collection. The hole produced in the donor material 

travels throughout the polymer and is collected at the anode. This process is illustrated in Fig. 2.5 

(a). The fullerene acceptor material may also contribute useful photocurrent. When light is 

absorbed in the acceptor material, an exciton is formed which must be dissociated by the energy 

offset of the donor HOMO level and the acceptor HOMO level. The hole is then transferred to the 

donor at an interface and is transported to the anode whilst the electron remains in the acceptor 

material and travels to the cathode for collection. This process is demonstrated in Fig. 2.5 (b). 
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Figure 2.5 Schematic energy band diagramdisplaying charge transfer for (a) photo generation in 

the donor, and (b) photo generation in the acceptor. 

 

Figure 2.6 Schematic diagrams of (a) bi-layer heterojunction and (b) bulkheterojunction 

photoactive layers. 

 

The diffusion length of these bound electron hole pairs, or excitons is very short, of the order of 

10 nm.90,91,92 This induces very poor electronic response in organic devices fabricated using a bi-

layer structure, similar to that of a p-n junction silicon solar cell, as only photons absorbed within 

a diffusion length of the junction can produce free charge carriers. A more successful approach is 

to disperse (blend) the donor and acceptor material intimately throughout the active region, which 

significantly increases the interfacial area. Such a design is referred to as a bulk-heterojunction 

device structure.93 Fig. 2.6 displays a cross sectional illustration of both a bi-layer and BHJ device 

structure. A device with a large dispersion of interfaces throughout the photoactive layer requires 

smaller exciton diffusion distances, and thus, a larger exciton dissociation yield is achieved. There 

exists a trade-off between increasing interfacial area via the intimate dispersion of phases and the 

creation of efficient conductive pathways through which free electrons and holes may be 

transported. The arrangement of donor and acceptor phase is thus crucial to device performance. 

2.5 Ternary Organic Solar Cells 

Although, the BHJ active layer based OSCs have significantly improved in the last 20 years, 

exceeding the PCEs threshold of 10%,94 there are still some drawbacks that could be tackled. These 
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include a) demonstration of not intense and of spectrally narrow absorption organic semiconductor 

materials,95 b) excessive energy loss at donor / acceptor interfaces and limited charge transfer96 

due to energy level misalignment larger than 0.4 eV within the active layer,97 c) charge transport 

pathways between the donor and acceptor building blocks need significant improvement, d) 

Schottky contact formed between the active layer and interlayers98 limit the efficient 

photogenerated charge collection and e) binary blend morphology stability issues under prolonged 

and continuous illumination conditions.99 The introduction of OSCs based on a three component 

active medium blend made of a donor, an acceptor and a third additive material has recently 

attracted increased attention since it addresses the majority of the binary blend devices 

deficiencies.100 The ternary OSC depending on the physical properties of the additive material 

(energy level alignment with the respective one of the primary donor, complementary absorption 

spectrum with this one of the primary donor) can a) increase the intensity and extend the absorption 

of the donor material by demonstrating a complementary absorption spectra, b) build more 

efficient charge pathways at the polymer (donor):acceptor interfaces, c) provide more efficient 

exciton dissociation pathways at the interfaces with the donor material, d) balance the bipolar 

mobility within the active layer, e) increase the crystallinity of the donor material, f) enhance the 

energy transfer from the donor material and g) employ the same simple fabrication techniques of 

the ones used in the binary devices.101 

Ternary OSCs can be distinguished into three different setups according to the function of the 

ternary component: two donors / one acceptor,102 one donor/two acceptors,103 and 

donor/nonvolatile additive/acceptor.104 The four fundamental working principles in ternary BHJ 

OSCs are depicted in Figure 2.7 and include: a) charge transfer, b) energy transfer, c) parallel-
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linkage and d) alloyed donor structure, which are closely dependent on the third 

component/additive location on the blend.   

 

Figure 2.7 The operating principle in ternary OSCs a) charge transfer, b) energy transfer, c) 

parallel-linkage and d) alloyed donor structure. Reproduced with permission from reference [75] 

 

The charge transfer in the ternary devices is governed by parameters such as the constitution of 

the additional component, the energy levels alignment among the building blocks of the active 

layer, the complementary degree of the energy band gaps of the three components, the location of 

the additive material in the active layer and the morphological characteristics in the interfaces 

within the active layer. The incorporation of the third element within the active layer of a ternary 

solar cell is crucial for the effective charge transfer and collection of the photogenerated charges 

in the respective electrodes. High Jsc, FF, Voc and thus PCE can only be obtained if the third 

component is placed at the interface between the donor and acceptor. The principal parameters 



52 

Copyright© 2018, University of Crete 

that determine the exact location of the third element in ternary OSCs are the surface energies of 

the dominating donor, acceptor materials.105 Third component HOMO – LUMO energy levels 

should be energetically aligned between the corresponding ones of the Donor and Acceptor 

materials in order to induce high exciton dissociation and charge transfer rates (Figure 2.7a).106  

The energy transfer acts as a competitor to the charge transfer process in the ternary OSCs.107 

Substantial overlapping between the absorption spectrum (of the low bandgap material) of one 

material with the emission spectrum (of the high bandgap material) of the other is desirable for the 

most efficient energy transfer. Thus, the ternary element, can function as “energy donor” or as 

“energy acceptor” within the active layer of a ternary OSC (figure 2.7b – energy acceptor case). 

Whenever the ternary element operates as ‘energy donor’, the holes are formed in the dominant 

donor material and the ternary element acts as energy absorber.108 The energy donor should be in 

proximity with the energy acceptor material due to the rapid energy decay rate with the distance. 

In the case the third element operates as “energy acceptor”, it should be distanced from the “energy 

donor” material and simultaneously in contact with the donor or acceptor to facilitate the excitons 

dissociation created by the energy transfer. The efficiency of the energy transfer between the donor 

to acceptor is mainly determined by how much the excited state lifetime of the energy donor is 

reduced by the presence of the energy acceptor material. The photogenerated excitons are 

dissociated at the interface of the low band gap material (energy acceptor) with the acceptor.  

The parallel linkage scheme109 (Figure 2.7c) is a more tolerant system since does not request 

very demanded energy level alignment and band gaps between all the components of the active 

layer to safely secure energy transfer. Under this architecture the excitons are independently 

generated in each donor material (in the case of two donors/acceptor scheme) and are dissociated 

in the respective donor/acceptor interfaces. The generated holes will be transferred to the cathode 
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through the respective donor channels whereas the electrons will be transported to the anode via 

acceptor pathways. In the case of two acceptors schemes the excitons will be dissociated in either 

the donor/acceptor one or donor/acceptor two interface. Thereby, the electrons are transported via 

the donor to the anode, whereas the holes through the two acceptors to the cathode. It must be 

emphasized that there is no energy or transfer between the constituents in this configuration.  

Under the alloy model, two electronically similar materials (two donors or two acceptors) build 

an electronically composite with the same orbital energies (LUMO and HOMO). The latter are 

determined by the alloy composition (Figure 2.7d). In this setup, the open-circuit voltage (Voc) 

value changes with the constituent composition of the alloy, whereas the Jsc increases due to the 

complementary absorption spectra of the components of the ternary device active layer. 

In all cases, the ideal additive material in a ternary setup is selected regarding its optical, electrical 

and physical properties. Moreover, its compatibility with large-scale techniques (printing, roll-to-

roll) is also crucial, since a balance between the fabrication cost and the efficiency of the ternary 

OSCs is highly appreciated.  

2.6 Metal-halide perovskite materials 

Metal halide perovskites have the formula of ABX3 (Figure 2.8a), where A is the cation including 

MA+, FA+, Cs+, etc., B is Pb2+ or Sn2+, and the anion X is a halogen ion (usually I-, Br-, or Cl-). 

Ideally, it has a cubic crystal structure consisting of a corner-sharing BX6 octahedral network with 

a cation in the interstices. The first report on semiconductor halide perovskites was via observing 

photoconductivity in the all-inorganic CsPbX3 systems at the late 1950’s by Möller. Later, Weber 

found that the incorporation of organic cations could obtain the same perovskite structure by 

forming hybrid halide perovskite CH3NH3PbX3 compounds showing exciting physical properties. 

This intriguing material was further successfully incorporated into field-effect transistors (FETs) 
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by Mitzi in the middle of 1990s, who for the first time demonstrated the promising property of 

perovskites in electronic devices. 

 

 

Figure 2.8 Cubic perovskite crystal structure and associated tolerance and octahedral factors. 

Reproduced with permission from reference [14] 

 

Until now, the reported perovskites covers a wide range of band gap energies, from MASnI3 (1.1 

eV) to MAPbI3 (1.6 eV), MAPbBr3 (2.3 eV) and MAPbCl3 (3.1 eV). Moreover, by fine tuning the 

composition of cations (MA+, Cs+, FA+, Rb+ etc.) and anions (Cl-, Br-, I- etc.), it is also possible to 

vary the absorption spectrum. In addition, by keeping the same composition but changing quantum 

confinement in perovskite nanoparticles, one can also achieve the same goal. All these flexibility 

and adjustability makes this material not only an ideal semiconductor for photovoltaics, but also 

for many other advanced optoelectronic applications such as light-emitting diode (LED), photo 

detector and laser.  

2.6.1 Tolerance Factor 

Their formability can be estimated by Goldschmidt’s tolerance factor (t) and the octahedral factor 

(μ) (Figure 2.8b). In perovskites, the Goldschmidt’s tolerance factor is the ratio between A-X and 

B-X distances, considering molecules as ideal hard spheres: 
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𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 

where rA , rX, rB are the effective ionic radii of A, X, B. While the octahedral factor is given by: 

𝜇 =
𝑟𝐵

𝑟𝑋
 

For metal halide perovskites is generally expected 0.813 < t < 1.107 and 0.44 < μ < 0.90 however 

for high symmetry cubic structures the window of t becomes smaller (0.89-1.0 with the highest 

symmetry demonstrated for highest t values).14 

By solving those equations for radii of various molecules and atoms of the A,B,X groups scientists 

can study the crystallographic stability of each combination. It has been found that organic cations 

with radii between 0.16-0.25 nm are forming stable crystal structures. Therefore cations such as 

methylamonium (CH3NH3+, rA = 0.18nm), ethylamonium (CH3CH2NH3+, rA = 0.23 nm) are 

giving promising results. As a halogen anion X chloride (Cl-), bromide (Br-) or iodide (I-) are 

commonly used with 0.181 nm, 0.196 nm and 0.220 nm radii correspondingly. Traditionally, for 

the inorganic cation B, Pb (rB = 0.119 nm) or Sn (rB = 0.110 nm)-for lead-free but less stable 

perovskite solar cells- have prevail. In total, the most studied perovskite system is methylamonium 

lead trihalide (CH3NH3PbX3) with a tunable optical bandgap between 1.5 eV (CH3NH3PbI3) and 

2.3 eV (CH3NH3PbBr3) depending on the halide anion.14 

2.6.2 Unique defects physics 

One of the many unique properties of metal halide perovskites is their remarkable tolerance for 

defects. Based on the study in First-principle calculations, the dominant intrinsic defects create 

only shallow levels, which is in line with the reported long carrier diffusion length and small Voc 

loss in solar cell.110 In addition, Huang’s group found that there is a self-doping mechanism 
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behind.111 By varying the MAI and PbI2 ratio, perovskite with MAI rich composition show p-

doped character, whereas PbI2 rich perovskite exhibits n-doped character. 

2.6.3 High absorption coefficient and small Urbach energy 

MAPbI3 perovskite is also a direct band gap semiconductor with a high absorption coefficient in 

solar spectrum. (Figure 2.9) The absorption coefficient of perovskites is even higher than that of 

GaAs, which effectively reduces the required absorber layer thickness down to 500 nm. The 

theoretical band gap of MAPbI3 is predicted as ~1.7 eV by the state-of-art many-body perturbation 

theory, which is slight different from the value obtained from experimental optical band gap value 

of ~1.6 eV. Based on the prediction of Shockley-Queisser efficiency limit model, 1.6 eV is very 

close to the ideal band gap values (1.1 to 1.5 eV) for a single junction solar cell under AM1.5G 

solar illumination. 

A very small Urbach energy of 15 meV for MAPbI3 perovskite is also obtained from the 

particularly sharp absorption onset, which suggests that perovskite is a very pure semiconductor 

without deep trap states.14 All these excellent semiconductors properties enable high performance 

solar cells with very high Voc and FF. 
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Figure 2.9 Absorption coefficient of CH3NH3PbI3 and CH3NH3PBI3−xClx compared 

to other solar cell materials (various sources). Reproduced with permission from 

reference [14]. 

2.6.4 Carrier diffusion length in metal halide perovskites 

The combination of high absorption coefficient with balanced charge transport behavior that 

perovskite absorbers present ensure high efficiency photovoltaic cells. In 2013 Stranks et al. 

investigated the electron and hole diffusion length for CH3NH3PbI3 and CH3NH3PbI3-xClx. For 

CH3NH3PbI3 films the electron and hole diffusion length were found at ~130nm and ~100nm 

correspondingly. Nevertheless, for CH3NH3PbI3-xClx films the diffusion lengths were even larger, 

with the remarkable values of ~1069nm and ~1213nm for electron and hole respectively. These 

extremely long and balanced values –which indicate weakly bound excitons- in combination with 

high absorption coefficient (~104-105cm-1) ensure sufficient photocurrent generation and charge 

extraction in a solar cell based on perovskite absorber. 

2.6.5 Perovskite solar cells architectures 
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By utilizing the concept of mesoscopic DSCs, the first perovskite solar cell was reported in 2009 

from Miyasaka and co-workers.32 At the very beginning, perovskites have been employed as 

sensitizers in photo-electrochemical cells using iodine-based liquid electrolyte achieving power 

conversion efficiency (PCE) of 3.8%. Until now the reported highest efficiency devices still 

require a high temperature processed TiO2 mesoporous layer (Figure 2.10a). 

 

Figure 2.10 Device configurations of (a) mesoscopic, (b) normal planar and (c) inverted planar 

structured perovskite solar cells. 

The perovskite roadmap forces production of cheap materials by a simple solution process at low 

temperatures further reducing costs through production of large areas on plastic substrates. In 

2013, Snaith et al. dramatically improved the PCE to over 15.4% for an regular planar structure 

employing a high-temperature solution processed TiO2 layer as electron transporting materials. 

Quite different from organic semiconductors, the ambipolar carrier diffusion lengths of perovskite 

semiconductors are large enough to allow a planar hetero-junction with charge selective interfaces. 

This enables perovskites to be directly incorporated between a p-type and n-type buffer, which 

forms a quite simple planar p-i-n or n-i-p structure (Figure 2.10 b,c) with performances comparable 
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to its mesoporous counterparts, but with the advantage of low temperature processing and 

hysteresis-free devices for the inverted devices. 

2.6.6 Working principles of perovskite solar cells 

A simplified operation process for perovskite solar cell involves the transmission of the incoming 

light through TCO and front interfaces, and further absorption of by the perovskite. Due to the low 

exciton binding energy and the high absorption coefficient of perovskites (high dielectric constant 

material, ε~34), nearly 100% of the incoming light is captured within a thin perovskite layer with 

thickness below 500 nm. Free electrons and holes are generated in few picoseconds. The large 

carrier diffusion length of perovskite thin films above 1 μm transports the photogenerated carrier 

further transport to the corresponding interface contacts. During this transport process (Figure 

2.11), several undesirable processes may happen, which includes the recombination of 

photogenerated species (4), back charge transfer at the interfaces of TiO2 and the HTM with the 

perovskite (5, 6) and the recombination due to the direct contact between TiO2 and the HTM (7). 

Finally, by overcoming extraction barriers at the interfaces contacts, the remaining charge carriers 

can pass through corresponding selective contact interfaces and will be extracted to the electrodes. 
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Figure 2.11 Working principle of perovskite solar cells a) Schematics of electron-transfer and 

recombination processes in a perovskite solar cell. The thick green and thin red arrows 

respectively indicate the processes desirable for energy conversion and those associated with 

losses. b) Energy-band diagram of a regular structure perovskite solar cell. Reproduced with 

permission from reference [14] 

2.7 Characteristics of a photovoltaic device 
 

2.7.1 Current-Voltage Characteristics 

The light absorbed in the junction creates electron-hole pairs whose concentration is proportional 

to number of absorbed photons with energies larger that the energy gap (Eg) of the material. These 

electrons and holes are separated by the built- in electric field and are responsible for the 

production of an electric current, IL, called the light-generated current. By neglecting the 

recombination effect in the depletion region and including the effect of generation in this region, 

IL can be expressed as follows:                                          

𝐼𝐿 = 𝑞 𝐴 ∫ 𝐺(𝑥)𝑑𝑥
𝑤

0

 

Here G(x) is the generation rate of the electron-hole pairs, A is the device area, and w is the width 

of the depletion region. The direction (and hence, the sign) of the light-generated current is 

opposite to the direction of the dark current, which can be calculated by the following equation: 

𝐼𝑑𝑎𝑟𝑘 = 𝐼𝑠[exp (
𝑉

𝑛𝐾𝑅
) − 1] 

whereas Is is the saturation current of the diode, q the elementary charge, n the diode ideality factor, 

k the Boltzmann constant and T the temperature. If the light generated current is larger than the 



61 

Copyright© 2018, University of Crete 

dark current, the device acts as a current source, that is, as a source of electricity. Then, the total 

diode current under illumination is given by the Schockley equation: 

𝐼 = 𝐼𝐿 − 𝐼𝑠 [exp (
𝑉

𝑛𝐾𝑇
) − 1] 

where, as customary for solar cells, we choose the sign of the light-generated current as positive. 

As can be seen from the above equation, setting I to zero, the ideal value of the open circuit voltage, 

Voc, of a solar cell is given by: 

𝑉𝑜𝑐 =
𝐾𝑇

𝑞
ln (

𝐼𝐿

𝐼𝑠
+ 1) 

The built-in electric field separating the photogenerated electrons and holes can at most provide 

the built-in potential, Vbi. Hence, the built- in voltage gives the upper bound of the open circuit 

voltage. The effect of the parasitic series and shunt resistances, RS and RSH due to its bulk resistivity 

and presence of defects can included in the Schockley equation as: 

𝐼 = 𝐼𝑠 exp (
𝑞

𝑛𝐾𝑇
(𝑉 − 𝐼𝑅𝑠)) − 1) +

𝑉 − 𝐼𝑅𝑠

𝑅𝑆𝐻
− 𝐼𝐿 

Figure 2.12 shows the equivalent circuit of p-n junction solar cell, in which the I-V curve of this 

circuit is described by the equation above. The circuit consists of the following three parts. A 

current source IL that considers the light-generated current, a diode that accounts for the nonlinear 

voltage dependence and a shunt as well as a series resistor. 

 

Figure 2.12 Equivalent circuit of a p-n junction solar cell 



62 

Copyright© 2018, University of Crete 

 

The current source generates a current IL up on illumination. IL can be described as the number of 

free electron/hole pairs immediately after generation - before any recombination can take place. 

The series resistance RS is due to the bulk resistance of the semiconductor material, the bulk 

resistance of the metallic contacts and the contact resistance between the metallic contacts and the 

semiconductor. The shunt resistance RSH is caused by leakage across the p-n junction around the 

edge of the cell and in non-peripheral regions in the presence of defects and precipitates of foreign 

impurities in the junction region.  

In conclusion, in the standard p-n junction solar cell, light absorption occurs via band gap 

excitation of electrons in the bulk of the semiconductor, charge separation in the internal electric 

field of the p-n junction and charge collection by transport of electrons and holes through the bulk 

of the semiconductor to the electrical contacts. 

2.7.2 Solar cell efficiency 

Respectively the net current density is given by  

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽𝑑𝑎𝑟𝑘 = 𝐽𝑠𝑐 − 𝐽0(𝑒
𝑞𝑉

𝑘𝑏𝑇 − 1) 

where Js is the short-circuit current density and Jdark the current flowing under no illumination 

described by the ideal Shockley diode equation. 

It is common to use I-V characteristics to indicate the efficiency of solar cells. The open-curcuit 

voltage Voc and the short-curcuit current Isc are determined by a given light level by the cell 

properties. The open circuit voltage can easily be derived given that there is no net current flowing: 

𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
ln( 1 +

𝐽𝑠𝑐

𝐽𝑜
) 

An expression for the photocurrent density at short circuit can be given by: 
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𝐽𝑠𝑐 = 𝑞 ∫ 𝛼 (𝛦) 𝑛𝑐𝑜𝑙𝑙 (𝐸)[1 − 𝑅(𝐸)]𝛷(𝐸)𝑑𝜆 = 𝑞 ∫ 𝐸𝑄𝐸(𝐸)𝛷(𝐸)𝑑𝜆
∞

0

∞

0

 

 

where, Φ(E) is the incident spectral photon flux density and R(E) the fraction of reflected photons 

as a function of the photon energy.  

α (E) and ηcoll(E) are the absorption coefficient and collection efficiency of the solar cell material, 

respectively. The product α(E) x ηcoll(E) x [1-R(E)] is known as the external quantum efficiency 

(EQE) and reflects the probability of an incident photon generating one electron that is collected 

at the contacts. The EQE does not depend on the incident spectrum, hence it is therefore a key 

quantity in describing solar cell performance under different conditions. 

The maximum power delivered to a load by a solar cell occurs when the product VxI is at its 

maximum, Pm, i.e. when the solar cell operates at its maximum voltage (Vm) and maximum current 

density (Jm). The fraction of maximum power and the product of Voc and Jsc is defined as the fill 

factor, FF (Figure 2.13), which further can be related to the efficiency, η. 

𝜂 =
𝐽𝑚𝑉𝑚

𝑃𝑠
=

𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑠
 

where Ps is the incident light power input from the sun. 

 

Figure 2.13 Current-voltage characteristics and the fill factor of a solar cell 
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Chapter 3  

Materials and Methods 

In this chapter are presented the experimental and characterization methods of the devices prepared 

and studied in this thesis. 

3.1 Materials 

3.1.1 Commercial materials purchased from organic electronics industry 

All the devices were based on rigid glass substrates coated with an ~100 nm thick Indium Tin 

Oxide (ITO) film as the bottom transparent conductive electrode. The glass/ITO substrates were 

purchased prepatterned form Naranjo Substrates B.V. and used as received. 

For the preparation of the photoactive layer of Organic Solar Cells as the electron donor 

materials were used two medium band gap polymers, i.e. the PCDTBT and PTB7 purchased from 

Solaris Chem. and 1-Materials respectively, while as the electron acceptor material was used the 

PC71BM fullerene derivative purchased from Solenne B.V. All the photoactive materials were used 

as received without any further purification step. 

For the preparation of the photoactive layer of Perovskite Solar Cells, the metal halide 

perovskite semiconductors were prepared using methylamonium iodide (MAI) and lead iodide 

(PbI2) for the CH3NH3PbI3 perovskite and MAI and lead chloride (PbCl2) for the CH3NH3PbI3-

xClx, respectively. MAI was purchased from Dyesol while PbI2 and PbCl2 were purchased from 

Sigma-Aldrich and used as received. 

For the extraction materials, in the conventional structure of Organic Solar Cells as the hole 

transport material was used PEDOT:PSS (Al 4083) which was purchased from Heraeus.  

For the extraction materials, in the inverted structure of Organic Solar Cells as the hole 

transport material was used MoO3 and as the electron transport material was used PFN 
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polyelectrolyte. MoO3 was purchased from Kurt J. Lesker, while PFN was purchased from Solaris 

Chem. 

As the extraction materials, in the inverted planar Perovskite Solar Cells as the hole transport 

material were used PEDOT:PSS (Al 4083) or PTAA doped with F4TCNQ and as the electron 

transport material was used the PCBM fullerene derivative while PFN polyelectrolyte was used as 

hole blocking layer. PEDOT:PSS was purchased from Heraeus while PTAA, PFN and F4TCNQ 

were purchased from Solaris Chem. 

As the metal back electrode for all the different devices prepared in this thesis were used 

Aluminum, Silver or Gold all purchased from Kurt J. Lesker. 

A table that summarizes all the materials used for the fabrication of all the devices in this thesis 

is presented below. 

Table 3.1 Materials purchased form industry and used for the fabrication of the devices. 

Type 
Material 

Abbreviation 
Device Applied Provider 

Transparent Electrode 

Substrate 
Glass/ITO OSCs and PSCs 

Naranjo 

Substrates 

p-type dopant F4TCNQ PSCs Solaris Chem. 

Hole Transport Materials 

MoO3 OSCs Kurt J. Lesker 

PEDOT:PSS (Al 4084) OSCs and PSCs Heraeus 

PTAA PSCs Solaris Chem. 

Electron Transport 

Materials 

PFN OSCs and PSCs Solaris Chem. 

PCBM PSCs Solenne B.V. 

Electron Donors 
PCDTBT OSCs Solaris Chem. 

PTB7 OSCs 1-Materials 

Electron Acceptor PC71BM OSCs Solenne B.V. 

MAI PSCs Dyesol 
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Perovskite Precursor 

Materials 

PbI2 PSCs Sigma-Aldrich 

PbCl2 PSCs Sigma-Aldrich 

Metal Electrodes 

Al OSCs and PSCs Kurt J. Lesker 

Ag OSCs and PSCs Kurt J. Lesker 

Au PSCs Kurt J. Lesker 

 

3.1.2 Non-commercial nanomaterials prepared and provided from colleagues 

and collaborators  

3.1.2.1 Chemical Synthesis of Gold Nanorods  

Gold nanorods (Au NRs) were prepared by an optimized one step seed mediated growth method. 

Briefly, a seed solution was prepared by mixing aqueous solutions of 

hexadecyltrimethylammonium bromide (CTAB, 2 M, 1 mL) and sodium tetrachloroaurate (III) 

dehydrate (5 mM, 1 ml) at 40°C. Then, an ice-cold solution of sodium borohydride (0.01 M, 0.5 

mL) was added drop-wise to the solution under rapid stirring, resulting in a colour change from 

dark yellow through to colourless and finally light brown. After the addition, the solution was 

stirred for an additional two minutes and used immediately after. 

A growth solution containing aqueous solutions of CTAB (0.2 M, 14.24 ml), sodium 

tetrachloroaurete (III) dehydrate (5 mM, 2 ml) and silver nitrate (5 mM, 0.21 ml) was prepared 

with gentle stirring at 40°C. After that, a freshly prepared solution of L-ascorbic acid (0.0788 M, 

0.16 ml) was added, resulting in a colour change from deep yellow to colourless. After 30 s, the 

gold seeds solution (16 µL) was injected to the growth solution. The solution was left unstirred 

overnight at 40°C. A colour change from colourless to blue/green indicated the formation of 

AuNRs. Excess of CTAB was subsequently removed by centrifugation (16400 rpm, 15 min, 25°C 

2x) and re-dispersion in Milli-Q water. 
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Figure 3.1 Schematic illustration of Au NRs synthesized via chemical means. 

3.1.2.2 Surfactant-free Metal NPs preparation 

The  generation  of  NPs  was  performed  by  ultrafast  laser  ablation  of   metallic targets 

(Au/99.99% ,Ag/99.99% and Al/99.99%). This technique provides the possibility of generating a 

large variety of NPs that are free of both surface-active substances and counter-ions112. The  targets  

were  placed  into  a  Pyrex  cell  and  covered  by  a  layer  of  absolute  ethanol (Figure 3.2)  A 

femtosecond (pulse duration ≈ 100 fs and repetition rate ≈  1 kHz) laser beam was focused  onto 

the target  through the ethanol layer. The cell was mounted on a computer-driven   XY   stage and 

translated during laser exposure.  More experimental details can be found elsewhere.113 Laser  

irradiation  gives  rise  to  a  high  temperature gradient  in  the  metal  bulk  and  melting  of  a  

thin  layer  of  the  target.  A fraction of the molten layer of the target is dispersed into the liquid 

as NPs. The morphology of NPs was characterized with high-resolution transmission electron 

microscopy (HRTEM). 
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Figure 3.2 Schematic illustration of laser-assisted production of surfactant-free NPs. 

3.1.2.3 TiOx nanoparticles dispersion preparation 

Titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, 5 ml), 2-methoxyethanol (CH3OCH2CH2OH, 20 

ml) and ethanolamine (H2NCH2CH2OH, 2 ml) were added to a three-necked flask under nitrogen 

atmosphere. The solution was then stirred for 1 h at room temperature, followed by heating at 80 

°C for 1 h and 120 °C for additional 1 h. The solution was then cooled to room temperature and 

10 ml of methanol was added. 

 

Figure 3.3 Preparation of the TiOx precursor solution.a. Schematic drawing of the solgel processing apparatus. b. 

Photo of the TiOx sol-gel  precursor  diluted  by  1:200  in methanol (CH3OH). The solution is transparent and 

colorless. 
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3.1.2.4 Preparation of Graphene Oxide (GO):114,115   

GO was prepared from purified natural graphite powder (Alfa Aesar, ~200 mesh) according to a 

modified Hummers’ method. Specifically, graphite powder (0.5 g) was placed into a cold mixture 

of concentrated H2SO4 (40 mL, 98%) and NaNO3 (0.375 g) under vigorous stirring for 1 h, in an 

ice bath. KMnO4 (3 g) was slowly added into the reaction mixture over 1 h. The mixture was then 

stirred at room temperature for 4 h. Thereafter, the reaction mixture was allowed to reach room 

temperature before being heated to 35 °C for 30 min, forming a thick paste. It was then poured 

into a beaker containing 50 mL of deionized water and further heated to 90 °C for 30 min. 200 mL 

of distilled water was added, followed by a slow addition of H2O2 (3 mL, 30%), turning the color 

of the solution from dark brown to yellow. The reaction mixture was then allowed to settle down 

and decanted. The graphite oxide obtained was then purified by repeated high-speed centrifugation 

(4200 rpm, 3 min) and redispersing in deionized water to neutralize the pH (~10 times needed). 

Finally, the resulting GO was dried at 60 °C in a vacuum oven for 48 h. 

3.1.2.5 Preparation of photochlorinated graphene oxide (GO-Cl) films:  

The as-coated GO layers on ITO/glass substrates were subjected to irradiation by a KrF excimer 

laser source emitting 20 ns pulses of 248 nm at 1 Hz repetition rate that was translated onto the 

film area. For uniform exposure of the whole sample to laser radiation, a top-flat beam profile of 

20×10 mm2 was obtained using a beam homogenizer. The whole process took place into a vacuum 

chamber at 50 Torr Cl2 gas pressure maintained through a precision micro valve system. Different 

combinations of laser powers (P) and number of pulses (NP) were tested in an effort to optimize 

the photochemical functionalization processes. In a typical experiment, the sample was irradiated 

at a constant P with Np=10, 20, 30, 40, 50, 60, 120, 600 and 1200, corresponding to different 

photochemical reaction times. 
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3.1.2.6 Preparation of graphene oxide functionalized with lithium (GO-Li):   

The chemical functionalization of GO with lithium was performed using an aqueous solution of 

the previously prepared GO (1.5 mg mL−1, 40 mL). Li2CO3 (200 mg) was then added, and the 

solution was stirred for 1 h. A polyvinylidene fluoride membrane (0.45 μm) was used to filter and 

collect the solid, which was then dissolved in water (20 mL). The process of solution and filtration 

was repeated twice. 

 

Figure 3.4 Energy diagram showing the Fermi level of GO (middle) and its shifting after the 

functionalization with Cl (left) and Li alkali metal (right). In the case of photochlorination 

different WF values can be achieved by controlling the number of pulses(in this case Np=20 or 

60). 

3.1.2.7 Preparation of reduced graphene oxide (rGO):116 

The reduction of GO was performed using a mixture of hydriodic acid (55%)/acetic acid 

(HI/AcOH). In detail, the as prepared GO powder (0.1 g) was sonicated in AcOH (37 mL) for 2 h. 

HI (2 ml) was then added and the mixture was stirred at 40 °C for 40 h. After being isolated by 

filtration, the product was washed through a three step procedure using saturated sodium 

bicarbonate, NaHCO3 (3×2.5 mL), distilled water (3×2.5 mL) and acetone (2×2.5 mL). Finally, 

the resulting rGO was dried at 60 °C in a vacuum oven overnight. A solution of rGO in 
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chlorobenzene with a resulting concentration of 0.055 mgmL-1 was prepared through sonication 

for 2 h. 

 

Figure 3.5 Schematic illustration of the reduction processes of GO (left) to rGO (right) using 

chemical means. 

3.1.2.8 Preparation of WSe2 flakes with different lateral sizes 

Exfoliation of WSe2 

Three different samples are prepared. 1) 1.5 g of WSe2 (99.8% purchased from Alfa Aesar) are 

dispersed in 150 mL of ethanol (99%, Sigma Aldrich). The exfoliation of the bulk of WSe2 flakes 

is carried out in a sonic bath (VWR®, USC2600THD) for 6 hours.  

Size selection of WSe2 

Experimentally, one batch of 50 mL of the as-prepared dispersion is centrifuged at ̴ 120 g for 15 

min, in a Beckman Coulter Optima XE-90 ultracentrifuge, using a SW32Ti rotor. The 90 % of the 

supernatant is recovered and the precipitated is discarded. To this supernatant a second centrifuge 

is performed at ̴ 27500 g for 15 min. The supernatant from this second centrifuge is collected 

(sample 1). A second batch of 50 mL of the WSe2 dispersion is centrifuged at  ̴ 3000 g, using the 

same rotor, for 15 min at 15 °C. The supernatant (sample 2) is then collected for analysis and the 

precipitate discarded. A last batch of 50 mL, is centrifuged at ̴ 120 g for 15 min using the same 

rotor. The 90 % of the supernatant is recovered and the precipitated is discarded. To this 

supernatant a second centrifuge is performed at ̴ 27500 g for 15 min. The supernatant from this 

second centrifuge is discarded. The precipitate is recovered in 50 mL of ethanol and re-dispersed 

using a sonic bath for 5 min. Further steps of centrifugation (27500 g for 15 min) and re-dispersion 
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(5 min in the sonic bath) are repeated for the precipitated portion until no yellowish coloration is 

observed in the supernatant after every centrifuge run, at this point the supernatant is discarded 

and the precipitated is re-suspended in 50 mL of ethanol (sample 3). 

 

Figure 3.6 Schematic representation of the WSe2 flakes liquid phase exfoliation and separation 

processes. 

3.1.2.9 Synthesis of MoS2 2D crystals 

50 mg of bulk MoS2 crystals (form HQ graphene) is sonicated (sonic bath VWR®) for 6 hours, in 

50 ml of a mixture ethanol/water 60:40 in volume. Afterwards, the dispersion is centrifuged for 30 

min at 768 g in an Optima™ XE-90 ultracentrifuge, Beckman Coulter (SW32Ti rotor), in order to 

separate the un-exfoliated material, form the exfoliated ones. The upper 70 % is recovered and 

stored for characterization. 

 

Figure 3.7 Schematic illustration of the MoS2 flakes liquid phase exfoliation. 



73 

Copyright© 2018, University of Crete 

3.2 Fabrication of Solar Cells 

3.2.1 Organic Solar Cells 

The OSCs reported in this thesis were fabricated using both the conventional and inverted 

architectures. 

3.2.1.1 Conventional Organic Solar Cells 

All the conventional OSCs fabricated in this thesis had the structure glass/Transparent 

Electrode/HTL/Active Layer/ETL/Metal Cathode, as it can be seen below in Figure 3.8. 

 

Figure 3.8 Architecture of conventional OSCs 

All the photovoltaic devices reported were fabricated on 20 mm by 15 mm indium-tin-oxide (ITO) 

glass substrates with a sheet resistance of ~20 Ω sq-1. The impurities were removed from the ITO 

glass through a 3-step cleaning process (detergent deionized water, aceton, isopropanol). Before 

the deposition of the hole transport layer (HTL) the substrates were placed inside a ultraviolet 

ozone cleaner in order to remove the organic contamination and increase the surface hydrophilicity 

of ITO coated substrates. Afterwards, poly(ethylene-dioxythiophene) doped with poly(4-

styrenesulfonate) (PEDOT:PSS), was spin-cast from an aqueous solution on the ITO substrate at 
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6000 rpm for 60 s and the average thickness of the layer was 30 nm, followed by baking for 15 

min at 120 °C inside a nitrogen-filled glove box. PCDTBT:PC71BM were dissolved in 1,2-

dichlorobenzene:chlorobenzene (3:1) (o-DCB:CB) with a 1:4 (4 mg:16 mg) ratio. A 

PTB7:PC71BM 1:1.5 (10mg : 15mg) ratio was dissolved in chlorobenzene, followed by the 

addition of 1,8-diiodooctane (DIO) to give overall DIO amount of 3%. Both photoactive layers 

were subsequently deposited by spin-coating the blend solutions at 1000 rpm on top of 

PEDOT:PSS layer (under inert atmosphene). The thickness for PCDTBT:PC71BM active layer 

was found to be ~80 nm and for PTB7:PC71BM blend was found to be ~100nm. The devices with 

PCDTBT:PC71BM blend were then heated at 80 °C for 1 min in air, while the PTB7:PC71BM 

based devices were dried inside a vacuum antichamper with dynamic vacuum for ~15 min. TiOx 

interlayer was dissolved in methanol (1:200) and then spin-coated to a thickness of approximately 

10 nm (6000 rpm, 40 s) in air.117 Lastly, 100 nm of aluminum was deposited through a shadow 

mask by thermal evaporation on the devices to define an active area of 4 mm2 for each device. 

Plasmonic Backscattering Effect in High-Efficient Organic Photovoltaic Devices 

In this project, metallic Au NRs were placed inside the TiOx ETL. Before the mixing of the NRs 

inside the TiOx the NRs solution was left to settle for 24 h to allow the heavy NRs (with large 

diameter) to sediment out. Au NRs was subsequently mixed in TiOx solution immediately before 

the deposition of the ETL. The spin-coating conditions kept exactly the same with the undoped 

TiOx ETL. 

Highly efficient organic photovoltaic devices utilizing work-function tuned graphene oxide 

derivatives as the anode and cathode charge extraction layers 

In this project, as the HTL were used and compared GO, GO-Cl and PEDOT:PSS, while as the 

ETL were used either TiOx or GO-Li/ TiOx.  
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Hole Transport Layer 

GO thin films (2 nm) were fabricated on mixed cellulose ester membrane with 0.025 μm pores 

(Millipore) and then transferred on the ITO substrates. The membranes coated with GO were cut 

into the substrates size, wetted by immersing them in deionized water and placed the membrane 

with the film side down onto a substrate surface. The GO film was allowed to dry and adhere to 

the substrate at room temperature. After 5 h the membrane was removed and the prepared GO 

films were annealed at 160 oC for 30 minutes. The as prepared GO films on ITO/glass substrates 

were subjected to irradiation by a KrF excimer laser source emitting 20 ns pulses of 248 nm at 1 

Hz repetition rate that was translated onto the film area. For uniform exposure of the whole sample 

to laser radiation, a top-flat beam profile of 20×10 mm2 was obtained using a beam homogenizer. 

The whole process took place into a vacuum chamber at 50 Torr Cl2 gas pressure maintained 

through a precision micro valve system. Different combinations of laser powers (P) and number 

of pulses (NP) were tested in an effort to optimize the photochemical functionalization processes. 

In a typical experiment, the sample was irradiated at a constant P with Np=10, 20, 30, 40, 50, 60, 

120, 600 and 1200, corresponding to different photochemical reaction times. 

Electron Transport Layer 

The GO-Li dispersion was deposited through spin coating at 2000 rpm for 60 s on top of the as 

prepared PCDTBT:PC71BM and PTB7:PC71BM  and was controlled to be 2±0.3 nm thick. 

3.2.1.2 Inverted Organic Solar Cells 

All the inverted OSCs fabricated in this thesis had the structure glass/Transparent 

Electrode/ETL/Active Layer/HTL/Metal Cathode, as it can be seen below in Figure 3.9. 
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Figure 3.9 Architecture of inverted OSCs 

The photovoltaic devices are fabricated on 20 mm by 15 mm indium-tin-oxide (ITO) glass 

substrates with a sheet resistance of ~20 Ω sq-1. The impurities are removed from the ITO coated 

substrate through a 3-step cleaning process (detergent, deionized water, acetone, 2-propanol). 

Before the deposition of the electron transport layer (ETL) the substrates are placed inside 

ultraviolet ozone cleaner in order to remove the organic contamination and increase the surface 

hydrophilicity of ITO coated substrates. Afterwards, 3 layers of PFN solution (2 mg in 

methanol/acetic acid) were spin-cast on the ITO substrate at 1000 rpm for 40 s, the average 

thickness of the layer is 10 nm, followed by baking for 30 s at 150 °C in a nitrogen-filled glove 

box. 

A PTB7:PC71BM photoactive blend with 1:1.5 (10 mg : 15 mg) ratio was dissolved in 970 μl 

chlorobenzene, followed by the addition of 1,8-diiodooctane (DIO) to give overall DIO amount of 

3%. 

The photoactive layer was subsequently deposited by spin-coating the blend solutions at 2500 rpm 

on top of PFN layer (under inert atmosphere). The thickness for the active layers was found to be 
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~100 nm. The films were dried inside a vacuum anti-chamber with dynamic vacuum for 20 min. 

For the metal cathode MoO3 (10 nm) / Aluminum (100 nm) was thermally evaporated through a 

shadow mask to define an active area of 4 mm2 for each device. 

Size-Tuning of WSe2 Flakes for High Efficiency Inverted Organic Solar Cells 

The WSe2 based ternary blends, were prepared by separately adding the different WSe2 samples 

(sample 1, sample 2 and sample 3), in different concentrations (1.5%, 2.0%, 2.5% v/v), in the as-

prepared binary PTB7:PC71BM solutions. All the ternary blends are stirred for at least 3 hours at 

80 oC before their deposition in order to ensure the dispersion of the WSe2 flakes in the 

polymer:fullerene matrix and the removal of the residual ethanol solvent. All the ternary 

photoactive layers were subsequently deposited by spin-coating the solutions at 2500 rpm on top 

of PFN layer (under inert atmosphere). The thickness of all the ternary active layers was found to 

be ~100 nm. 

3.2.2 Perovskite Solar Cells 

3.2.2.1 Inverted Planar Perovskite Solar Cells 

All the PSCs reported in this thesis were fabricated using the inverted planar architecture and had 

the structure glass/Transparent Electrode/HTL/Perovskite Active Layer/ETL/Hole Blocking 

Layer/Metal Cathode, as it can be seen below in Figure 3.10. 
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Figure 3.10 Architecture of inverted planar PSCs 

The PSC reported were fabricated on pre-patterned ITO coated glass substrates (Naranjo 

Substrates) with dimensions of 20 x 15 mm and sheet resistance of ~20 Ω sq-1. The impurities are 

removed from the ITO/glass through a three-step cleaning process (detergent deionized water, 

acetone, isopropanol). Before the deposition of the HTL, the substrates are placed inside an 

ultraviolet ozone cleaner in order to remove the organic contamination and increase the surface 

hydrophilicity of ITO coated substrates. In the case of CH3NH3PbI3-xClx based PSCs, as the HTL 

was used the aqueous processed PEDOT:PSS. PEDOT:PSS was spin cast at 4000 rpm for 60 

second and then annealed at 120 oC for 15 minutes. Contrary, in the case of the CH3NH3PbI3 based 

PSCs, as the HTL is used the polymer PTAA (10 mg/ml in toluene) doped with 1.5% F4TCNQ 

small molecule. The PTAA thin film is prepared by spin casting the solution at 4000 rpm for 35 

second, following by an annealing of the as prepared thin film at 110 oC for 10 minutes. The mixed 

halide perovskite (CH3NH3PbI3-xClx) precursor solution was prepared by mixing 

methylammonium iodide (MAI, Dyesol) with lead(II) chloride (PbCl2, 99.999% Sigma Aldrich), 
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molar ratio of 1:3, in anhydrous N,N-dimethylformamide (DMF). The final concentration was 40 

wt% and the prepared solution was stirred overnight at 70oC. For the fabrication of CH3NH3PbI3 

perovskite, 450 mg lead(II) iodide (PbI2, 99.999% Sigma Aldrich) were dissolved in 1 ml 

anhydrous DMF and 45 mg of MAI were dispersed in 1 ml anhydrous 2-propanol. Both solutions 

were kept at 70 oC and stirred overnight in separate vials. 

Afterwards, the CH3NH3PbI3-xClx precursor solution was deposited onto PEDOT:PSS film by spin 

coating at 4000 rpm. The precursor films were annealed at 100 oC for 75 minutes in inert 

atmosphere. The CH3NH3PbI3 perovskite was sequentially deposited onto PTAA thin film, i.e. 

PbI2 solution was spin coated on the PTAA substrates at 6000 rpm for 35 s and dried at 100 oC for 

10 min. Subsequently, MAI was spin coated at 6000 rpm for 35 s and annealed at 100 oC for 40 

min to form the CH3NH3PbI3 perovskite based absorber. Then, a 2% phenyl-C61-butyric acid 

methyl ester (PCBM) in chlorobenzene solution is coated onto the perovskite layers at 1000 rpm. 

After that, 0.04% polyelectrolyte poly[(9,9-bis(30-(N,N-dimethylamino) propyl)-2,7-fluorene)-

alt-2,7-(9,9-dioctylfluorene)] (PFN) in methanol (with a small amount of acetic acitd) was spin-

coated on PCBM layer at 2000 rpm. Finally, the devices are transferred to vacuum chamber for Al 

electrode evaporation. 

Efficient and stable planar inverted perovskite solar cells with the addition of metal 

nanoparticles in the hole transport layer 

In this project, the as prepared NPs via ultrashort pulsed laser ablation of the respective metal 

targets in ethanol, were dispersed in proper concentration inside the PEDOT:PSS and stirred for 

at least two hours. Afterwards, the solutions with metal NPs were spin coated onto the indium tin 

oxide (ITO) coated glass substrates, following by annealing the films for 15 minutes at 120oC in 

ambient atmosphere. 
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Efficient and Highly Air Stable Planar Inverted Perovskite Solar Cells with Reduced 

Graphene Oxide Doped PCBM Electron Transporting Layer 

In this project, different concentrations of rGO (0, 2.5, 5 and 7.5%) were added to the PCBM 

(Solenne B.V), having an initial concentration of 20 mg ml-1 in chlorobenzene and stirred for at 

least 5 h. Afterwards the different ETL solutions were spin-coated at 1000 rpm for 45 s and the 

films were left to dry for ~30 min in a closed petri dish under inert atmosphere. 

Extending the continuous operating lifetime of perovskite solar cells with a molybdenum 

disulfide hole extraction interlayer 

In this project, the as prepared MoS2 dispersion was used on the one hand as HTL and compared 

with PEDOT:PSS in the case of CH3NH3PbI3-xClx based PSCs. MoS2 thin film was prepared by 

spin casting the dispersion at 2000 rpm for 45 second for several times to achieve the desired 

thickness. Between each spin coating step the as prepared film was annealed at 100 oC for ~1 

minute. Contrary, in the case of the CH3NH3PbI3 based PSCs, MoS2 was used as the hole extraction 

interlayer on top of the PTAA HTL. Following the deposition of PTAA, the MoS2 dispersion is 

spin cast at 2000 rpm for 45 second for two consecutive times. 

3.3 Characterization 

The performances of the devices were measured under inert atmosphere with an Air Mass 

1.5 Global (A.M. 1.5 G) Oriel solar simulator at an intensity of 100 mW cm-2 using an Agilent 

B1500A Semiconductor Device Analyzer (both dark and light I-V curves were collected). A 

reference monocrystalline silicon solar cell from Newport Corp. was used to calibrate the light 

intensity at one sun irradiation conditions.  

The external quantum efficiency measurements were conducted immediately after device 

fabrication using an integrated system (Enlitech, Taiwan) and a lock-in amplifier with a current 
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preamplifier under short-circuit conditions. The light spectrum was calibrated using a 

monocrystalline photodetector of known spectral response. The devices were measured using a Xe 

lamp passing through a monochromator and an optical chopper at low frequencies (~200 Hz) in 

order to maximize the signal/noise (S/N) ratio. 

The illumination intensity dependence of Jsc, TPV decay and rise and TPC decay 

measurements are performed with a modular testing platform (Arkeo - Cicci research s.r.l.) 

composed by a white LED array (4200Kelvin) tunable up to 140 mWcm2 of optical power density 

and a high speed source meter unit (600 Ksamples/s) in a four wire configuration.  

For the degradation studies of the un-encapsulated devices, the as-fabricated cells are 

exposed in continuous solar irradiation, using an A.M. 1.5 G solar simulator, under ambient 

conditions with relative humidity (RH) constantly above 50% and data plots are obtained by 

periodically scanning the devices from SC to OC. For the long-term stability tests of the sealed 

cells, the devices are prepared and encapsulated, using an UV-curable epoxy and a glass coverslip, 

inside a nitrogen filled glove box. Afterwards, the cells maximum power point is tracked by a 

modular testing platform (Arkeo - Cicci research s.r.l.) composed by a white LED array 

(4200Kelvin) under ambient conditions. The LED intensity is calibrated at the equivalent of 1 Sun 

intensity by adjusting the Jsc value to be equal with the measured in the J-V curve using the solar 

simulator. 

The photoluminescence (PL) measurements of the thin films were carried out at room 

temperature and resolved by using a UV grating and a sensitive, calibrated liquid nitrogen cooled 

CCD camera, in the wavelength range from 600 to 950 nm using a He-Cd CW laser, at 325 nm 

with a full power of P0 = 35 mW, as the excitation source. UV-vis absorption and reflectance 
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spectra were recorded using a Shimadzu UV-2401 PC spectrophotometer over the wavelength 

range of 300-800 nm.  

Micro-photoluminescence (μPL) studies at 295K were performed using a setup in 

backscattering geometry, with a He-Ne 543 nm continuous wave laser as an excitation source. 

With a microscope objective lens (Mitutoyo 50X) the laser beam was focused down to 1 μm on 

the sample, placed on an XYZ translation stage, at normal incidence. A spatial filter system was 

used to obtain the central part of the beam and acquire a uniform energy distribution. In a typical 

μPL experiment, different excitation positions of the samples were checked with low laser power 

(controlled by a neutral density filter). 

 For the time-resolved photoluminescence (TRPL) measurements, the samples are excited 

using a 515 nm picosecond laser (Light Conversion Pharos system); the dynamic signal is recorded 

using a time-correlated single photon counting (TCSPC) spectroscopy. The system exhibited a 

time-resolution of 50 ps after deconvolution with the spectrometer response function. The PL 

decay data are fitted using a double exponential function of the form:  

 I(t) = I1e−
t

τ1  
  + I2e−

t

τ2  
  
  

where I1,2  are the amplitudes of the decay with τ1,2 are the corresponding exponential constants. 

The contribution of each of the two time constants is quantified by its relative amplitude, A1,2, 

expressed as  

 A1,2 =
I1,2

I1+I2
∗ 100%  

To obtain a quantitative measure of the charge transfer process, an effective exciton lifetime is 

defined in the blends as τexc=A1τ1+ A2τ2. 

The femtosecond transient absorption spectroscopy (TAS) measurements were performed 

using the Newport transient absorption spectrometer. The incident to the instrument laser pulse is 
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generated from a Yb:KGW-based laser system (PHAROS, Light Conversion). The pulse duration 

used was 170 fs at 1026 nm wavelength and repetition rate of 1 KHz. The initial laser beam splits 

into two beams, the pump (90% of the incident), which excites the sample and the probe (10% of 

the incident), which generates a white light supercontinuum probe, routed with reflective optics to 

minimize chirp. In a typical pump-probe experiment, the sample was excited by the pump pulse 

and the dynamics of the sample’s relative optical density is monitored as a function of wavelength 

at various time delays after photoexcitation. The probe light is sensed as a function of wavelength 

by the combination of a fiber coupled multichannel detector and imaging spectrograph. A 

biexponential equation of the form 𝑦=𝑦0+𝐴1exp(−𝑥/𝜏1)+𝐴2exp(−𝑥/𝜏2) was used to fit the 

normalized excited state decay kinetics of both samples. The coefficients 𝐴1 and 𝐴2 represent the 

weighted contribution of each exponential component to the overall kinetics, and 𝜏1 and 𝜏2 are the 

time constants of the two exponential decay elements. The average lifetime at the specified spectral 

position for film samples was calculated using the equation <𝜏> =𝐴1𝜏1+𝐴2𝜏2. 

The absorbance, transmittance and reflectivity measurements of the samples were recorded 

using a Shimadzu UV-2401 PC spectrophotometer over the wavelength range of 300-850 nm. 

The cross-section images of the devices, the size distribution and the morphology of the 

as-fabricated perovskite crystalline structures were collected characterized respectively by a field 

emission scanning electron microscope (FESEM JEOL-JSM7000F). 

The transmission electron microscopy (TEM) of the samples was performed by a TEM 

JOEL JEM 1011, with an acceleration voltage of 100 kV. The samples were drop casted on copper 

grids (200 mesh), and dried in vacuum overnight at room temperature. 

The Raman spectroscopy of the samples was performed onto a 0.5x0.5 cm Si/SiO2 wafer 

(LDB Technologies Ltd.) and dried under vacuum. Raman measurements were collected with a 
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Renishaw inVia confocal Raman microscope using an excitation line of 514 nm with a 100X 

objective lens, and an incident power of ~1 mW on the sample. The spectra are analysed using 

Wire 4.4 software. 

The Atomic Force Microscopy (AFM) of the samples was performed onto Si/SiO2 wafers, 

and let them dry at 50 °C overnight. AFM images are acquired with Bruker Innova® AFM in 

tapping mode using silicon probes (frequency = 300 kHz, spring constant = 40 Nm-1).  

The Ultra Violet Photoelectron Spectroscopy (UPS) studies are performed in a UHV 

chamber with a SPECS LHS-10 hemispherical electron analyzer. The UPS spectra are obtained 

using HeI irradiation with hν = 21.22eV produced by a UV source (model UVS 10/35). During 

UPS measurements the analyser was working at the Constant Retarding Ratio (CRR) mode, with 

CRR=10. A bias of −12.29 V is applied to the sample in order to avoid interference of the 

spectrometer threshold in the UPS spectra. The high and low binding energy cut-off positions are 

assigned by fitting straight lines on the high and low energy cut-offs of the spectra and determining 

their intersections with the binding energy axis. Regarding measurement errors, it should be noted 

that an error of ±0.1 eV is assigned to the absolute values for ionization energies, work function 

and other UP-spectra cutoff features where the error margin is significant, due to the process of 

fitting straight lines.   

The X-ray diffraction measurements (XRD) measurements were performed by means of a 

Panalytical Empyrean Diffractometer, equipped with a ceramic Cu-anode (40kV-40mA). A 

parallel plate collimator is used as incident optical pathway to maximize diffracted signal response 

from layered samples and devices, whilst a unique 2D solid-state hybrid pixel detector (Pix’cel 

3D) accomplished the signal detection. The samples, allocated into an Eulerian cradle, are studied 

in reflection mode and gonio-collections, performed at different angular ranges (5° < 2θ < 80°).  
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The energy dispersive X-ray reflectivity measurements were performed on a especially 

designed X-ray spectrometer (Patent No. RM 93 A000410, 1993, R. Felici, F. Cilloco, R. Caminiti, 

C. Sadun, and V. Rossi Albertini, Italy) characterized by a non-symmetric configuration, the 

detection optical path being much longer than the incident one in order to maximize the 

Reflectivity and reduce the undesired scattering/noise. A polychromatic incident radiation 

produced by a W-anode is used as probe (operating Energy range 10-55keV), and the reflected 

signal was collected by means of an energy sensitive Solid State High purity Ge-single crystal 

detector cooled to cryogenic temperatures by means of an electro-mechanical cooler. The samples 

are mounted into an appropriate sample holder (transparent to the incident radiation) on top of a 

two axes cradle used to optimize the reflectivity conditions. A controlled N2 atmosphere is kept 

inside the sample holder during the data collection to prevent materials degradation. Experiments 

are conducted in the following experimental conditions: E =55 keV, I = 30 mA and the samples 

are kept in controlled N2 atmosphere in an appositely designed sample holder during the 

completely experimental procedure. 

Optical calculations were performed by full-vector 2D and 3D finite-difference time 

domain (FDTD) methods. Normal incidence plane wave excitation was employed in all cases. 

Input to the simulations is the refractive index of each material and the dimensions of each layer 

and of the Au NR nanostructure. The boundary conditions of the simulation were periodic 

boundary conditions along the lateral dimensions and perfectly matched layer (PML) boundary 

conditions along the normal direction. In the 3D calculations we assume a semi-infinite grass 

medium and the incident light coming from within it, and post-corrected for reflections at the 

air/glass interface. For the 2D calculations we assume a finite glass of ~1μm thickness, and 

repeated calculations for several different glass thicknesses to average-out the artifact Fabry-Perot 
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resonances. Fourier transforms at every point in the active layer provide full spectral information 

and the detailed absorptionat every point inside the active layer. The exciton generation G(r) is 

found by spectrally integrating the absorption A(r,λ)  inside the active 

, where  is the solar irradiance spectrum AM1.5. For direct 

comparison with experiments we get by spatial integration the sort-circuit current density

, where is the internal quantum efficiency and V’ the active volume 

excluding the plasmonic nanoparticles. In these calculations we quoted the ideal current generated 

by ignoring recombinations, i.e. by setting =1. 

 One-dimensional transfer matrix formalism based on optical modeling calculations 

assuming monochromatic light propagating normal to the device layers was conducted; (G. F. 

Burkhard, E. T. Hoke, M. D.  McGehee, Adv. Mater., 2010, 22, 3293) experimentally measured 

refractive indices and extinction coefficients were used. Optical electric field distribution |E2| as a 

function of wavelength were calculated within the devices. 
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Chapter 4 

Plasmonic Metal Nanoparticles in Solution Processed 

Photovoltaics 

Parts of this chapter have been published and reproduced with permission from: 

 G. Kakavelakis, I. Vangelidis, A. Kanaras, E. Lidorikis, E. Stratakis, E. Kymakis, 

Plasmonic Backscattering Effect in High‐Efficient Organic Photovoltaic Devices, 

Advanced Energy Materials 2016, 6, 1501640. 

 G. Kakavelakis*, K. Alexaki, E. Stratakis, E. Kymakis*, Efficiency and Stability 

enhancement of Inverted Perovskite Solar Cells via the addition of metal nanoparticles in 

the Hole Transport Layer, RSC Advances 2017, 7, 12998-13002 (* corresponding author). 

 G. Kakavelakis, C. Petridis, E. Kymakis, Recent advances in plasmonic metal and rare-

earth-element upconversion nanoparticles doped perovskite solar cells, J. Mater. Chem. A 

2017, 5, 21604-21624. 

4.1 Metal Nanoparticles in Organic Solar Cells 

4.1.1 Motivation and State of the art 

While the maximum theoretical efficiency for single junction OSCs has been calculated ~15%, 

several limitations are holding the efficiency below 11%.118 One of the most prominent limitations 

in OSCs, is the fundamental trade-off between light absorption length and exciton diffusion length, 

which hinders the further increase of exciton generation by an increase in the active layer 

thickness.119 The dissociated charge carriers have to travel a longer distance in order to reach the 

respective electrodes, while at the same time the built-in electric field across the BHJ due to the 

donor-acceptor energy offsets decreases. Therefore, the time of the charge collection from the 

electrodes is increased, leading to an increase in charge recombination probability.120 Owing to 

this, the optimized active layer thickness of high performance OSCs is around 100 nm, despite the 

low absorption. 
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An appealing approach to unblock this bottleneck is the introduction of an efficient light 

concentration and coupling mechanism to enhance the photon absorption in the thin active layer. 

In this context various approaches, including tandem structures,121 ternary blends,122 surface 

texturing,123 metal nanogratings,124 photonic crystals,125 resonance cavity,126  ray-optical light 

trapping systems127 and plasmonic metal nanoparticles128 have been suggested.  

Among these approaches, there has been growing interest in the utilization of metal nanoparticles 

(NPs) in OSCs129 to boost their absorption. In particular, plasmonic NPs have been recently 

incorporated either between interfaces,130,131 inside the front contact buffer layers132,133,134 or in the 

active layers135,136,137,138,139 and combinations of them in OSC devices in order to promote light 

absorption and thus enhance the exciton yield.  

A significant part of the incident photons are transmitted through the active layer and remain 

unexploited due to the required low active layer thickness. A theoretical study suggested, that NPs 

located at the rear part of photovoltaic devices can provide light trapping via scattering while at 

the same time avoids the optical losses of light back-scattering in a front-type plasmonic devices.140 

Furthermore, by placing NPs on the rear, potential absorption losses in the metal are suppressed, 

as shorter wavelength light is first absorbed in the active layer. To our knowledge, however, before 

this work, there were no reports in the literature on the use of metal NPs acting as back contact 

light-concentrators and scatterers in OSCs. 

4.1.2 Plasmonic Backscattering Effect for High Efficiency Organic 

Photovoltaics  

 In this work, it was demonstrated a significant increase on the PCE of OPV devices 

incorporating high aspect ratio Au nanorods (NRs) inside the titanium suboxide (TiOx) electron 

transport layer (ETL), and established a universal light trapping strategy. This mechanism was 
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applied in high efficiency BHJ OSCs based on PTB7:PC71BM and PCDTBT:PC71BM photoactive 

layers, with the champion plasmonic device achieving an efficiency of 8.25%,  enhanced by 8.3%  

compared to the pristine one. Au NRs were used because NRs in general demonstrate superior 

wide-spectrum scattering efficiency compared to other metallic nanostructures141 and can be 

produced through a complete controllable and facile process.142 A series of measurements were 

conducted to understand the underlying mechanism for the enhanced device performance. This 

work provided a simple and generally applicable approach to enhance light harnessing of various 

low bandgap high efficiency OSCs, which can be easily extended in tandem OSC devices, organic 

light emitting diodes and many other organic and hybrid optoelectronic devices, establishing a 

universal photon management technique. 

4.1.2.1 Characterization of the Au NRs  

The as-prepared Au NRs (Figure 4.1a), exhibited relatively uniform diameters (width and 

length). Figure 4.1b shows the transmission electron microscopy (TEM) image of the synthesized 

Au NRs (on average the NRs were 30 nm in length and 10 nm in width). The extinction spectrum 

of the colloidal Au NRs in aqueous solution is shown in Figure 4.1c with two distinct peaks, at 

~510 nm and ~650nm, which correspond to the theoretically predicted enhanced extinction due to 

transverse and longitudinal surface plasmon resonance. 
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Figure 4.1 (a) Schematic illustration of Au NRs using the proposed method, (b) Transmission 

electron microscopy (TEM) image of the synthesized Au NRs, (c) Absorption spectrum of the 

colloidal Au NRs in aqueous solution.  

 

4.1.2.2 Optical and Electrical Characterization of the OPV devices 
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 Figure 4.2a,b shows UV-Vis absorption spectra of pristine and Au NRs doped  

PCDTBT:PC71BM and PTB7:PC71BM based devices. To avoid repetitions, all the experimental 

and theoretical analysis was conducted in optimum concentration Au NRs (1.5%) doped devices 

in comparison with the pristine devices. The addition of Au NRs inside the back contact ETL, 

results into a broad enhancement of the active layer absorption that was attributed to light 

scattering by the Au NRs.  

 
Figure 4.2 UV-Vis absorption spectra of pristine and AuNRs doped (a) PCDTBT:PC71BM and 

(b) PTB7:PC71BM based devices. In the insets shows the respective enhancement of absorption 

(Dabs) of the plasmonic compared to the pristine device for each case.  

That is, the Au NRs act as an effective “optical scatterer” for solar light: light scattered at larger 

angles will have a longer optical path through the active region, and also multiple reflections will 

cause the light to pass through the BHJ film many times, increasing its contribution to exciton 

generation. On the other hand, the near-field LSPR effect is not clearly observed because the NRs 

are mainly located inside the ETL and above the active layer, whereas near-field effects can only 

be observed if the metal NPs are embedded inside the photoactive layer.143 

 A series of BHJ photovoltaic devices were fabricated with structure of 

ITO/PEDOT:PSS(30 nm)/PCDTBT or PTB7:PC71BM/TiOx/Al(100 nm) by using Au NRs as back 

contact scatterers. Specifically, different volume ratios of Au NRs (0, 1, 1.5 and 2% (v/v)) were 
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incorporated in the TiOx ETL. The device structure is schematically shown in Figure 4.3a, while 

Figure 4.3b displays the respective current density-voltage (J-V) characteristics for PCDTBT and 

PTB7-based devices with and without AuNRs, under illumination with 100 mW cm-2 power 

intensity. The respective averaged photovoltaic characteristics are summarized in Table 4.1. It was 

shown that the incorporation of Au NRs inside the TiOx on top of the active layer induces an 

enhancement of ~11% and ~6% to the short-circuit current density (Jsc) for PCDTBT and PTB7 

respectively, and an enhancement of ~2% to the fill factor (FF) for both blends, whereas the open-

circuit voltage (Voc) remains constant. As a result, an increase of ~13% and of ~8% for PCDTBT 

and PTB7 respectively was observed in efficiency after the incorporation of Au NRs. The Au NRs-

doped device exhibited a power conversion efficiency (PCE) of 8.25% for PTB7 based devices 

(Voc=0.76 V, short-circuit current: Jsc=17.46 mA cm-2, fill factor: FF=0.62). The lower 

enhancement in the case of PTB7 compared to PCDTBT based devices was attributed to the fact 

that PTB7:PC71BM photoactive blend has higher extinction coefficient compared to 

PCDTBT:PC71BM,144 and as a result absorbs more incident photons allowing less light to transmit 

and reach the Au NRs. As noted before, this significant performance enhancement was attributed 

to the high scattering efficiency of the Au NRs, which traps the transmitted photons inside the 

photoactive layer and increases their absorption probability. 
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Figure 4.3 (a) Schematic illustration of the fabricated plasmonic BHJ OPV device, (b) Current 

density-voltage (J-V) curves for PCDTBT and PTB7 based active layer.  

 

Table 4.1 Average photovoltaic characteristics for OPV devices with and without AuNRs as 

back reflectors with PCDTBT and PTB7 as polymer donor materials.  

 

Donor ETL Jsc 

(mA cm-2)a 

Calculated 

Jsc (EQE) 

Voc 

(V)a 

FF 

(%)a 

PCE 

(%)a 

Rs  

(Ω cm) 

Rsh  

  (Ω cm) 

PCDTBT 

TiOx 10.87±0.21 10.61±0.32 0.890±0.02 61.7±0.4 5.96±0.18 8.13 555 

+1% Au NRs 11.66±0.20  0.890±0.02 62.7±0.7 6.51±0.20   

+1.5% Au NRs 12.03±0.26 11.69±0.36 0.890±0.04 62.9±0.5 6.75±0.22 4.60 769 

+2% Au NRs 11.23±0.19  0.888±0.03 61.9±0.4 6.17±0.17   

PTB7 

TiOx 16.27±0.22 15.75±0.38 0.760±0.03 60.1±0.5 7.43±0.19 10.15 472 

+1.5% Au NRs 17.17±0.29 16.71±0.41 0.760±0.02 61.4±0.6 8.01±0.24 5.71 609 

aTo account for experimental errors, the reported averages for each case are taken for 10 

identical devices, consisting of six photovoltaic cells each. 

In order to get an insight for the responsible mechanism of the enhanced device 

performance, the incident photon-to-electron conversion efficiency (IPCE) curves (Figure 4.4a,b) 

of the plasmonic device was measured and compared with the pristine one. The pristine device 

exhibited a maximum IPCE of ~69% and ~75%, while the Au NRs doped devices exhibited an 

enhanced maximum of ~75% and ~81% for PCDTBT and PTB7, respectively. As shown in DIPCE 
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spectra (insets of Figure 4.4a,b respectively), the IPCE enhancement is broad and almost uniform 

ranging from 350 to 600 nm, showing also a distinct peak at ~650 nm which can be directly 

attributed to the transverse surface plasmon resonance of Au NRs, as evident by the calculations 

that will be presented below in the optical simulations section (Figure 4.7). Thus, we postulated 

that the NRs protrude inside the active layer, allowing the utilization of surface plasmon resonance 

effects for enhanced absorption resulted from the local electric field at the vicinity of NRs. The 

overall increase in IPCE upon the introduction of Au NRs is significant, complying well with the 

enhanced Jsc observed, and is mainly attributed to scattering effects as the enhancement in the 

IPCE spectrum is broad and uniform. Therefore, we can claim a dual plasmonic effect: the 

enhancement caused by Au NRs is a contribution of scattering effects of the NRs inside the ETL 

and the near-field LSPR of the NRs that penetrate inside the photoactive layer. However, it was 

confirmed from integrating the DIPCE spectra of both blends that the IPCE enhancement is mainly 

caused by scattering effects and that a minor contribution is due to LSPR (~0.7% enhancement). 

The schematic figure of Au NRs ETL doping explaining the light trapping mechanism and optical 

reflection by the scattering and excitation of localized surface plasmons resonance is shown in 

Figure 4.4c. 
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Figure 4.4 IPCE spectra for the devices with and without Au NRs for (a) PCDTBT and (b) 

PTB7 based active layer. In the insets are shown the DIPCE spectra for each BHJ system used. 

(c) The schematic figure of Au NRs ETL doping explaining the light trapping mechanism. 

To further support and quantify the proposed mechanisms responsible for the enhanced 

performance, the photocurrent densities (Jph) of devices with and without Au NRs were measured 

and plotted (Figure 4.5a,b) versus the effective voltage (Veff), from which the maximum exciton 

generation rate (Gmax) and charge collection probabilities P(E,T) were calculated. Jph is determined 

as Jph=JL-JD, where JL and JD are the current densities under illumination and in the dark 

respectively. Veff is determined as Veff=V0-Va, where V0 is the voltage at the point of Jph=0 and Va 

is the applied bias voltage. If we assume that the saturated Jsc,, Jsat,  is defined by the total amount 

of the absorbed photons and all the photogenerated excitons are dissociated into free charge 

carriers, then Gmax could be calculated by the formula Jsat = qGmaxL, where q is the electron charge 

and L is the thickness of the active layer. The values of Gmax as calculated from the Figure 4.5a, 
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were 8.44x1027 s-1m-3 (Jsat = 10.8 mA cm-2) for the pristine and 9.69x1027 s-1m-3 (Jsat = 12.4 mA 

cm-2) for the Au NRs doped device in the case of PCDTBT:PC71BM and from the Figure 4.5b, 

were 1.05x1028 s-1m-3 (17.0 mA cm-2) for the pristine and 1.13x1028 s-1m-3 (18.0 mA cm-2) in the 

case of PTB7:PC71BM photoactive blend. An impressive enhancement of Gmax occurred after 

incorporation of Au NRs. Since Gmax is related to maximum absorption of incident photons145,146, 

the enhanced Gmax suggested increased light absorption in device with NRs, in good agreement 

with the increased absorption from UV-vis absorption spectra. The P(E,T) could be obtained from 

the ratio of Jph/Jsat.
147 P(E,T) values under Jsc condition increased from 88% in control device to 

93% in device with Au NRs for the PCDTBT based devices and from 91% in control device to 

94% in the device with Au NRs for the PTB7 based devices. This indicated that the excitation of 

LSPR also benefits the dissociation of excitons into free charge carriers, a result that further 

supports the IPCE measurements. Taking into account the also higher FF of the doped devices, we 

can conclude that a synergy of optical and electrical effects take place in our devices, leading to 

the combined effects of enhanced exciton generation, enhanced exciton dissociation and enhanced 

charge transport. 

 

Figure 4.5 Photocurrent density (Jph) versus effective voltage (Veff) curves of the devices 

fabricated with and without Au NRs for (a) PCDTBT and (b) PTB7 based active layer.  

4.1.2.3 Optical Simulations and Modeling 
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 Afterwards, the study was turned to optical simulations of plasmonic light trapping in such 

devices. The main objective was to understand the two effects of near-field focusing and far-field 

scattering and quantify their effect on enhanced absorption. We use the finite-difference time-

domain (FDTD)148,149,150 method and consider for simplicity the PCDTBT:PC71BM active layer, 

assuming the set of materials and device vertical architecture used in the experiments. To 

separately probe the longitudinal and transverse plasmon effects, the Au NRs were placed either 

parallel (probing the longitudinal LSPR) or perpendicular (probing the transverse LSPR) to the 

electric field of a linearly polarized incident light. Also, the NRs were located in three different 

positions inside the device: (a) inside the TiOx ETL, (b) at the TiOx/BHJ interface, and (c) inside 

the active layer (just above the TiOx/BHJ interface). Finally, to clearly separate the synergetic 

effects of LSPR near-field focusing and far-field scattering onto the enhanced optical absorption, 

we performed simulations on both short-period periodic Au NR arrays (i.e. below the diffraction 

limit) that inhibit far-field scattering as well as on large disordered Au NR arrays for which far-

field scattering is allowed. 

 The effect of plasmonic near fields in the absorption enhancement is best captured with 

full 3D FDTD calculations assuming small-period periodic NR arrays. Due to the small 

periodicity, the system is below the diffraction limit (i.e. L<λ0/n, where L=124 nm is our simulated 

system periodicity, λ0 the vacuum wavelength and n the refractive index) and thus far-field 

scattering is inhibited and only the near-field effects are probed. The total ideal current (i.e. 

assuming carrier recombination is zero) for the cases without Au NRs (pristine) and with Au NRs 

in different positions and different orientations inside the device was calculated. Results are shown 

in Figure 4.6, where absorption maps vs wavelength and position in the active were plotted, which 

provide explicit information of where absorption is happening. For both NR orientations relative 
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to the incident electric field, when the NRs were embedded inside the TiOx layer (Figure 4.6a,d) 

we find no significant change compared to the pristine case. This was expected, since the field 

enhancement is localized in the vicinity of the NRs and thus does not really affect the absorption 

in the BHJ. In contrast, when the Au NRs were embedded inside the BHJ (Figure 4.6b,e), we 

obtained a small enhancement in absorption and generated current. This enhancement is localized 

near the BHJ/TiOx interface, i.e. at <10 nm distances in Figure 4.6b,e, clearly pointing to a near-

field effect. In Figure 4.6c,f we plotted the current generated at each position in the BHJ, where 

the effect of the Au NRs in the active are clearly shown close to the BHJ/TiOx interface. 

Interestingly, both NR orientations yield similar enhancements of the order of 1%, with the 

transverse orientation (Figure 4.6f) yielding a slightly higher enhancement than the longitudinal 

one.  

 
 

Figure 4.6 Spectral and spatial absorption maps obtained by 3D FDTD calculations of periodic 

Au NR arrangements (Au cylinders of 10 nm cross section and 30nm length, at 124 nm 
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periodicity and 1.5% volume filling when inside the 10 nm TiOx layer): (a)-(c) for E||NR axis 

and (d)-(f) for ENR axis. In (a) and (d) the NRs are inside the TiOx layer, while in (b) and (e) 

they are inside the active layer (PCDTDT:PC71BM). The absorption is measured in %/nm 

thickness and the height scale is zero at the TiOx/BHJ interface and 80nm at the 

BHJ/PEDOT:PSS interface. In (c) and (d) is the corresponding current generated as a function of 

depth inside the active. Black lines are for NR inside TiOx (cases a and d) while dashed red is for 

NR inside the BHJ (cases b and e). The total current generated is obtained by vertical integration 

and is noted inside the graphs.  

This was because the longitudinal LSPR is shifted to even higher wavelengths (>800 nm, see 

Figure 4.7) compared to that when the NRs were inside an aqueous solution (~650 nm), in which 

region the BHJ does not absorb light and so the effect of the enhanced near fields was minimized. 

The transverse LSPR on the other hand was observed in the wavelength region above 600nm, also 

shifted compared to that in the aqueous solution (~510 nm), but still in the region where the BHJ 

absorbs light. 

 
Figure 4.7 The E||NR axis and ENR axis response of the Au NRs in different host indices 

(nwater~1.33, nBHJ~2.0, nTiO2~2.5).  
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 The next set of calculations was performed to investigate the scattering effect of disordered 

in the Au NR arrays. Unlike the short-period periodic NR arrangements, the disordered NR 

arrangements were above the diffraction limit and able to produce off-normal scattering, i.e. they 

only have both near-field and far-field scattering effects. Off-normal scattering has two effects: (i) 

increases the optical path inside the active layer and (ii) light can get trapped in the cell by total 

internal reflection at the glass/air interface. For this purpose, 2D calculations were deemed more 

suitable given that a large super-cell 3D system was computationally too expensive. We assumed 

a L=2 μm cell system with 8 randomly positioned Au NRs, with a statistical sampling of 10 random 

distributions performed in each case. Similarly to the periodic calculations, the Au NRs was 

introduced inside the TiOx layer, at the BHJ/TiOx interface and inside the BHJ. Both NR 

orientations relatively to the incident field were considered, as well as a mixture of them. The 

average current resulted in each case is plotted in Figure 4.8. For direct comparison in this 

geometry, periodic Au NR arrangements in these 2D cells were also considered and plotted in 

Figure 4.8. We obtained a clear 4-5% enhancement in all disordered cases relatively to the periodic 

cases, irrespectively of where the NRs were positioned in the device (in TiOx or in BHJ). Needless 

to stress that this was just a lower limit for scattering: as the super-cell size is increased beyond 

2μm, more scattering should be produced, as more diffraction orders become active. Also, all our 

NRs were assumed to be parallel to the TiOx/BHJ interface. Relaxing this, should add even more 

to the scattering. 
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Figure 4.8. Scattering calculations assuming large 2D cells of 2μm width. A statistical sampling 

of 10 random distributions is performed in each case. The green line is the current obtained for 

no NRs. 

 To demonstrate the effect on light absorption, we plotted in Figure 4.9 the spectral 

absorption inside the BHJ (absorption in the Au NRs and rest of materials in the device have been 

subtracted) for three cases: (a) pristine (no Au NRs), (b) periodic arrangement of Au NRs (average 

of all 3D calculations), and (c) disordered Au NRs (average of all 2D disordered calculations). A 

clear wide-spectrum absorption enhancement coming from far-field scattering, very similar to the 

experimental one is obtained, while the near-field contribution is marginal. 
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Figure 4.9 The BHJ spectral absorption for the pristine (no NRs) case, the 3D periodic NR 

arrangement and for the 2D disordered NR arrangement. An average of different cases was taken 

in the latter two cases. 

Difference between simulation and experiment was attributed to possible small discrepancies 

between the actual BHJ refractive index in the devices and the one used in the simulations. Our 

calculations thus clearly point to far-field scattering as being the dominant mechanism for the 

absorption enhancement in the devices incorporating Au NRs.  

 

4.1.2.4 Conclusions 

OPV devices with significantly enhanced PCEs (exceeding 8%) have been demonstrated by 

doping the rear TiOx ETL with Au NRs to enhance light trapping within the BHJ layer. The 

enhanced light trapping was systematically investigated through complementary experimental 

techniques, as well as detailed numerical simulations. We attributed the recorded PCE 

enhancement to light trapping by the highly efficient Au NR scattering and secondarily to the near-

field LSPR effects by Au NRs partially protruding inside the active layer. An electrical 
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contribution to increased exciton dissociation and charge transport was also evident. The 

successful demonstration of this novel device architecture provides a very useful design guideline 

for achieving efficient light harnessing in thin film OPVs and organic/hybrid optoelectronics in 

general. 

4.2 Metal Nanoparticles in Perovskite Solar Cells 

4.2.1 Motivation and State of the art 

  One of the main advantages of PSCs compared to the commercial photovoltaics is that all the 

device layers can be deposited at room temperature, through solution process, making this 

technology able to be also established as a low cost and flexible photovoltaic technology. 

However, since the high PCEs in PSCs have reached using the mesoporous architecture151 that 

requires thermal treatment of ~450o C for the TiO2 sintering, the development of PSCs in flexible 

substrates is impossible. Alternatively, the fabrication of PSCs using the inverted structure fulfil 

all the requirements towards room temperature production on flexible substrates, however the 

PCEs to date are significantly lower,152,153 and thus alternative roots needs to be adopted to tackle 

this temperature process - efficiency tradeoff. Further improvements are still likely through 

enhanced electronic properties of the crystalline perovskite thin films and the interfacial layers. 

Despite the acceptable PCEs and the low fabrication cost of inverted PSCs on flexible and ultra-

lightweight substrates, their commercialization requires also high levels of stability. In this context, 

the long-term operational instability of PSCs,154,155 need to be effectively resolved. Thus, the high 

sensitivity of lead halide perovskites to ambient conditions (humidity) is still significant bottleneck 

towards the commercialization of the PSCs. 

One strategy to improve the PCE of thin film solar cells, including PSCs, could be by optically 

engineering the device to maximize light coupling into the active layer. For this purpose, metal 
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nanoparticles (NPs), that confines resonant photons by LSPR, at which a significant enhancement 

of light absorption and scattering takes place,156 can be introduced inside the device building block. 

Furthermore, it has been previously demonstrated that the addition of metal NPs in organic solar 

cells can also improve the charge extraction and the stability of the device.157,158 In addition, the 

facile tunability of their optical properties by modifying the type, size, shape, and surrounding 

materials of NPs has shown high potential as an optical/electrical engineering tool in thin-film 

optoelectronic devices.159 However, before this work, only a few studies in the literature reported 

the use of metal NPs in normal or mesoscopic architecture of PSCs,160,161,162,163,164,165 with no direct 

evidences regarding the metal NPs beneficial role in inverted PSCs structure. 

4.2.2 Efficient and stable planar inverted perovskite solar cells with the addition 

of metal nanoparticles in the hole transport layer 

In this work, was reported the addition of noble metal NPs in the hole transport layer (HTL) of 

planar inverted perovskite solar cells. In particular, we studied the beneficial role of adding 

individually gold (Au), silver (Ag) and aluminum NPs (Al) in the 

poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) HTL. It was shown that, in 

all cases, the addition of NPs gives rise to enhanced electron extraction and in turn device 

efficiency, while the addition of Al NPs resulted in a significant enhancement of the device 

stability. More importantly, we showed that the simultaneous addition of Ag and Al NPs in the 

HTL, gives rise to a hysteresis-free inverted PSC with efficiency of ~12.4% and improved ambient 

stability. 

4.2.2.1 Metal nanoparticles characterization and device structure 

The as prepared surfactant-free Au, Ag and Al nanoparticles were spherical and had relatively 

uniform diameters. The respective size distributions determined from TEM images (Figure 4.10 
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a,c,e) are presented in Figure 4.10 b,d,f. The analysis of the TEM images indicated that the majority 

of Au NPs exhibited sizes ranged from 2.5 to 22.5 nm with an average of ~10nm, the majority of 

Ag NPs exhibited sizes ranged from 10 to 50 nm with an average of ~20nm and the majority of Al 

NPs exhibit sizes ranged from 10 to 70 nm with an average of ~30 nm. 

 
Figure 4.10 TEM images (left) and size distribution histograms (right) of gold nanoparticles 

(top), silver nanoparticles (middle) and aluminum nanoparticles (bottom) respectively. 

 

To assess the viability of metal NPs in the planar inverted PSCs, devices with architecture of 

ITO/PEDOT:PSS/CH3NH3PbI3−xClx/PCBM/PFN/Al, with and without the addition of Au, Ag and 

Al NPs in the PEDOT:PSS HTL were fabricated (see Figure 4.11). 
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Figure 4.11 Schematic representation of the PSCs doped with metal NPs in the PEDOT:PSS 

HTM.  

4.2.2.2 Electrical and Optical Characterization 

Figure 4.12a displays the current density-voltage (J-V) curves of the pristine and the Au, Ag, and 

Al NPs-doped PEDOT:PSS PSCs using the CH3NH3PbI3−xClx as the solar absorber. An important 

enhancement in the short-circuit current density (Jsc) was observed for the Au and Ag NPs-doped 

devices, accompanied by a satisfactory enhancement in the fill factor (FF) compared to the pristine 

device, while the open circuit voltage (Voc) remained constant. On the other hand, a smaller 

enhancement was observed for the Al NPs-doped devices Jsc while the Voc remained almost the 

same. The highest PCE was observed for the Ag-NPs doped device, with a record value of ~13%. 

Contrary highest PCE values for the pristine, Au and Al NPs-doped devices were ~11.5%, ~ 12.5% 

and ~ 12% respectively. As a result, a ~13% enhancement in PCE was obtained for the Ag NPs-

doped devices compared to the pristine one (Table 4.2 and Figure 4.12a). After systematic 

investigation of the effect of the different NPs concentration in PEDOT:PSS on PSCs performance, 

we concluded that a concentration of ~5% v/v NPs was the optimum for each case, in terms of 

PCE. It is also important to mention, that a smaller series resistance (Rs) measured for the Ag 

doped PSCs (6.18 Ω cm2) compared to the reference device (7.46 Ω cm2), explaining also the 
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important improvement in the FF value of the former. The lower PCE enhancement of Al doped 

PSCs and the higher measured Rs, was ascribed to the fact that, in such NPs an ultra-thin oxide 

layer is formed, right after their preparation through laser ablation in liquids, reducing in this way 

the NP conductivity.166 

 
Figure 4.12 (a) The J-V curves of perovskite solar cells doped with and without Au, Ag and 

Al NPs and measured under AM 1.5G (100 mW cm-2) illumination. (b) External quantum 

efficiency (EQE) spectra of the same devices.  

Table 4.2 Photovoltaic characteristics of PSCs with different NPs embedded in the 

PEDOT:PSS HTL. 

NPs JSC  (mA/cm2) VOC(mV)   FF (%) PCE (%) Rs (Ω cm2) 

No  20.55±1.04 838±9 65.83±0.57 11.33±0.81 7.46 

Au  21.69±0.98  837±10 67.03±0.45 12.18±0.78 7.14 

Ag  22.37±1.02  838±10 67.64±0.62 12.68±0.86 6.18 

Al 20.94±0.89  839±11 65.97±0.54 11.58±0.76 8.69 
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To confirm the enhancement of the Jsc in the NP-based devices, the external quantum efficiency 

(EQE) spectra of CH3NH3PbI3-xClx PSCs, with and without the addition of the different NPs in 

PEDOT:PSS were measured (Figure 4.12b). It is clear, that for all the NPs doped devices the EQE 

spectra exhibits a broad increase in the entire active spectrum compared to the pristine device. The 

highest increase is observe for the Ag NPs doped PSCs. Additionally, we measured the absorption 

spectra of the CH3NH3PbI3-xClx on ITO/PEDOT:PSS substrates with and without the addition of 

the different metallic NPs in the HTL, showing almost no discrepancy among the different samples 

(Figure 4.13). This indicates that the mechanism of efficiency enhancement cannot be attributed 

to plasmonic contribution. 

 
Figure 4.13 Calculated absorption spectra (1-R-T) of the mixed halide perovskite deposited in 

the pristine and the different metal NPs doped PEDOT:PSS hole transport layers. 

 Furthermore, Figure 4.14 provides the transmittance spectra of pristine PEDOT:PSS and Au, 

Ag and Al NPs doped PEDOT:PSS films, spin-coated on ITO substrates which gives important 

information regarding the parasitic absorption/reflection of the metal nanoparticles. Compared 

with the pristine, Au, Ag and Al doped devices showed slightly lower transmittance in the range 
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of 300–400 and 400–500 nm and 500-600 respectively, because of their LSPR. If we combine the 

transmittance measurements with the IPCE we can conclude that tradeoff between charge 

extraction and parasitic reflection in the front surface of the cell was significantly improved with 

the addition of the NPs in the HTL of the PSCs.   

 
Figure 4.14 Comparison of transmittance between PEDOT:PSS and Au, Ag and Al doped 

PEDOT:PSS films on the glassITO substrate. 

Τo get an insight into the charge extraction properties of the photogenerated carriers from the 

hybrid perovskite to the different NPs-doped HTLs, the samples’ steady state photoluminescence 

(PL) spectra were measured and analyzed as shown in Figure 4.15a. It was evident that, the 

CH3NH3PbI3-xClx film deposited on Ag doped PEDOT:PPS showed the most significant PL 

quenching, compared to the pristine and the Au and Al NPs doped devices, proving that the Ag 

NPs doping successfully enhanced the rate of carrier extraction at the HTL/perovskite interface.167 

The PL results further supported our findings from the I-V and EQE spectra, suggesting that upon 

the addition of Ag NPs in the HTL, the Jsc was significantly enhanced due to improvement in hole 

extraction. 



110 

Copyright© 2018, University of Crete 

 
Fig. 4.15 (a) Photoluminescence (PL) spectra (excitation at 543 nm) of glass/PEDOT:PSS and 

NPs:PEDOT:PSS/CH3NH3PbI3-xClx substrates. (b) I-V characteristics of ITO/ PEDOT:PSS/Au 

and ITO/NPs:PEDOT:PSS /Au devices. 

To better understand the origin of the performance enhancement in the NP-based PSCs, the I-

V characteristics were measured in sandwich cells composed by ITO/HTL/Au, with pristine 

PEDOT:PSS or PEDOT:PSS doped with Au, Ag and Al  used as HTLs (Figure 4.15b). The DC 

(direct current) conductivity (σ0) can be determined from the slope of I-V plot, using the equation 

I=σ0Αd-1V, where A is the area of sample (0.04 cm2) and d is the thickness of sample (40 nm), 

respectively. The conductivity of pristine PEDOT:PSS was 0.599±0.004 mS cm-1, whereas the Ag 

doped PEDOT:PSS film presented ~4 fold higher conductivity (2.412 ± 0.001 mS cm-1). As a 
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result, it was expected that the photogenerated charge carriers in CH3NH3PbI3-xClx based absorber 

were more efficiently transported to the Ag NPs-doped PEDOT:PSS HTL than to the pristine 

PEDOT:PSS. The higher conductance of the Ag NPs based HTL justified the observed PL 

quenching, originating from the improved charge extraction from the perovskite towards the HTL. 

The Au and Al NPs-doped devices conductance follow the same trend as that shown by the of I-V 

and EQE measurements; i.e. the σ0 of Au doped device (2.087 ± 0.001 mS cm-1) was significant 

higher compared to the Al doped device (0.897 ± 0.007 mS cm-1). 

4.2.2.3 Stability Test 

Apart from the study of the NPs effect on the PCE, we also studied their effect on the device 

stability (Figure 4.16). 

 
Figure 4.16 Evolution of normalized PCE of PEDOT:PSS and NPs:PEDOT:PSS HTLs 

based unencapsulated PSCs under continuous A.M. 1.5 G illumination in ambient conditions 

(~50% RH). 

 It has been recently demonstrated that the PEDOT:PSS based PSCs are very unstable when 

exposure to ambient conditions with constant light soaking and thus rapidly degrade.168 By 

comparing the degradation rate of the pristine and the NPs- doped devices, it was observed an 

entirely different trend from that observed for the respective device efficiencies. In particular, the 

degradation rate of the pristine and the high efficiency NPs-doped devices, i.e. the Ag and Au 
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doped cells, was almost the same with a slight increase in the case of the NPs doped devices. On 

the contrary, the addition of Al NPs in the PEDOT:PSS HTL slowed down the degradation rate by 

a factor of ~2. This trend has already observed before in organic photovoltaic cells incorporating 

Al NPs,169 attributed to the fact that Al NPs retard the degradation of the PEDOT:PSS buffer layer 

in the presence of moisture. This mechanism was not observed here upon doping with Ag or Au 

NPs. Similar to this study, the degradation of the PSCs was monitored in ambient conditions with 

high levels of humidity (>50% relative humidity).  

4.2.2.4 Structural analysis of the fresh and aged samples 

In order to have a clear view regarding the mechanism responsible for the higher lifetime of 

PSCs doped with metal NPs and in particular those incorporating Al NPs into the PEDOT:PSS 

HTL, we monitored the XRD pattern evolution of the hybrid perovskite deposited on the different 

PEDOT:PSS doped substrates under continuous solar illumination in ambient conditions. For this 

purpose, we have collected the respective XRD patterns before and after degradation for 24 hours. 

Figure 4.17a presents the spectra for pristine samples; one can observe almost identical XRD 

patterns among the different samples, indicating that the perovskite absorber is not affected in the 

initial stage from the presence of the metal NPs in the HTL. On the other hand, when the different 

films were stressed with continuous solar illumination in ambient conditions (Figure 4.17b), we 

obtained completely different trends. In particular, for the NPs-free thin film, we observed the 

formation of a new high intensity peak at ~12.80o, which is directly correlated with the degradation 

of the perovskite crystal structure due to the formation of PbI2 moieties into the crystal.170 In the 

cases of Ag and Au-doped HTL based layers, the perovskite seems to follow almost the same trend 

with the NPs-free sample, with a slight decreased intensity of the PbI2 characteristic peak, which 

is directly correlated with the slightly slower degradation rate that such devices showed with 
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respect to the undoped device. On the other hand, in case of the Al-doped HTL based layers, the 

perovskite structure appeared to become less degraded, since the intensity of the PbI2 peak is less 

pronounced. This is again in full agreement with the respective PCE degradation rate of the 

devices. It is highly possible that Al NPs may be further oxidized from the residual water present 

into the PEDOT:PSS layer, considering that aluminum is very reactant in the presence of water 

and becomes oxidized immediately. As a result the amount of water molecules that can reach the 

perovskite layer in this case becomes limited. 

 

 
Figure 4.17 XRD patterns of perovskite deposited in pristine and the different NPs doped 

PEDOT:PSS substrates a) before and b) after the degradation. 

4.2.2.5 Combination of Ag and Al NPs for improved Stability and efficiency 
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Thus, to further extend this approach, we fabricated inverted PSCs with the addition of both 

Ag and Al in the PEDOT:PSS HTL, to study their affect in performance and stability at the same 

time. As it can be clearly observed in Figure 4.18a,b the efficiency of Ag-Al doped devices was 

almost the same with the Ag doped ones with a slight decrease in Jsc, while the degradation rate of 

such device was at the same levels of the highly stable Al doped device. 

 
Figure 4.18 (a) The J-V curves of PSCs based on Al, Ag and Al-Ag doped PEDOT:PSS HTLs 

measured under AM 1.5G (100 mW cm-2) illumination. (b) Evolution of normalized PCE of Al, 

Ag and Al-Ag doped PEDOT:PSS HTLs based PSCs under continuous solar illumination in 

ambient conditions (~50% RH). 
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 Thus, by simply adding both Al and Ag NPs, with equal concentration, and using exactly the 

same fabrication conditions, we were able to fabricate PSCs with high efficiency and ambient 

stability.  

4.2.2.6 Conclusions 

In summary, metal NPs were successfully added in the PEDOT:PSS HTL of fully solution 

processable planar inverted PSCs. The introduction of Ag and Au NPs in PEDOT:PSS resulted in 

a significant PCE enhancement of  PSCs, while the addition of Al NPs in the PEDOT:PSS 

significantly extended device stability upon prolonged illumination under ambient conditions. The 

introduction of both Ag and Al NPs in the HTL of the device resulted simultaneous and significant 

enhancement of the device efficiency and stability compared to the pristine PSC. Our work opens 

new pathways for efficiency and stability optimization of PSCs, perovskite light emitting diodes, 

perovskite photodetectors and other novel perovskite-based devices, using low cost, solution 

processable noble metal NPs, deposited and treated at low temperature, providing the opportunity 

for the development of high efficient devices in flexible, ultra-lightweight substrates. 
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Chapter 5 

Graphene and related 2D materials in Solution Processed Solar Cells 

Parts of this chapter have been published and reproduced with permission from: 

 D. Konios†, G. Kakavelakis†, C. Petridis, K. Savva, E.Stratakis, E. Kymakis, Highly 

efficient organic photovoltaic devices utilizing work-function tuned graphene oxide 

derivatives as the anode and cathode charge extraction layers, Journal of Materials 

Chemistry A 2016, 4, 1612-1623 († co-first authors). 

 G. Kakavelakis, A. E. Del Rio Castillo, V. Pellegrini, A. Ansaldo, P. Tzourmpakis, R. 

Brescia, M. Prato, E. Stratakis, E. Kymakis, F. Bonaccorso, Size-tuning of WSe2 flakes for 

high efficiency inverted organic solar cells, ACS Nano 2017, 11, 3517–3531. 

 G. Kakavelakis*, T. Maksudov, D. Konios, I. Paradisanos, G. Kioseoglou, E. Stratakis, E. 

Kymakis*, Efficient and Highly Air Stable Planar Inverted Perovskite Solar Cells with 

Reduced Graphene Oxide doped PCBM Electron Transporting Layer, Advanced Energy 

Materials 2017, 7, 1602120 (*corresponding author). 

 G. Kakavelakis, I. Paradisanos, B. Paci, A. Generosi, M. Papachatzakis, T. Maksudov, L. 

Najafi, A. E. Del Rio Castillo, G. Kioseoglou, E. Stratakis, F. Bonaccorso, E. Kymakis, 

Extending the continuous operating lifetime of perovskite solar cells with a molybdenum 

disulfide hole extraction interlayer, Advanced Energy Materials 2018, 8, 1702287. 

 K. Petridis†, G. Kakavelakis†, M.M. Stylianakis, E. Kymakis, Graphene Based Inverted 

Planar Perovskite Solar Cells: Advancements, Fundamental Challenges and Prospects, 

Chem. Asian J. 2018, 13, 240–249 († co-first authors). 

 C. Petridis*,†, G. Kakavelakis*,†, E. Kymakis*, Renaissance of graphene-related 

materials in photovoltaics due to the emergence of metal-halide perovskite solar cells, 

Energy Environ. Sci., 2018, DOI:10.1039/C7EE03620E (* Corresponding authors, † co-

first authors). 

 G. Kakavelakis*, E. Kymakis, C. Petridis*, Two – dimensional materials beyond graphene 

for metal halide perovskite solar cells, Submitted (* Corresponding authors). 

5.1 Graphene and other 2D crystals in Organic Solar Cells 
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5.1.1 2D layered crystals as buffer layers in OSCs: Motivation and State of the 

art 

Aiming to improve the competitiveness of OPVs, extensive research effort has been devoted 

to the interface engineering of devices and especially to the introduction of charge extracting 

interlayers between the BHJ layer and the electrodes.171,172  

In contrast to inorganic PVs where surface doping is responsible for Ohmic contacts, OPVs 

require alternative strategies in terms of the interface engineering. The introduction of buffer layers 

with electron and hole blocking (or transport) properties between the donor:acceptor active layer 

and the anode and cathode respectively, can effectively reduce recombination and current leakage 

generated at the photoactive layer-electrode interfaces and enhance the open circuit voltage (VOC) 

of the device173. A number of hole transporting layer (HTL) materials for OPVs have been used, 

including transition metal oxides (e.g. MoO3, NiO)174,175 and self-assembled organic 

molecules176,177, with the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

being the current state-of-art material. On the other hand, the most regularly used electron transport 

layer (ETL) materials include certain metal fluorides178,179, n-type inorganic (e.g. TiOx, ZnO)180,181 

and organic (e.g. bathocuproine)182 semiconductors. However, there are several drawbacks 

concerning the current state-of-the-art buffer layers, leading to decreased OPV stability, arising, 

for example, from the acidic and hygroscopic character of PEDOT:PSS183 or the sensitiveness of 

sol-gel prepared TiOx to moisture, and also the increased manufacturing cost, since some metal 

oxides and metal fluorides require high vacuum thermal deposition and therefore are incompatible 

with roll-to-roll (r2r) processes and thus with flexible photovoltaics. In addition, the majority of 

the aforementioned materials do not allow their work function (WF) tuning,184 preventing the 

direct energy match with the numerous active layer donors and acceptors and urging the need for 

universal, tuned WF buffer layer materials. 
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Recently, graphene oxide (GO) and its derivatives have been investigated as alternatives HTLs 

and ETLs185,186,187,188,189. The availability of the reactive groups on GO sheets enables its further 

functionalization with molecules or atoms, manipulating in this way its optoelectronic 

properties190,191. More importantly, its tunable WF character makes GO an ideal precursor for 

creating new materials with WF values perfectly matching the HOMO level of the donor material 

and the LUMO level of the acceptor material. So far, only one study have investigated the 

photovoltaic performance of devices incorporating simultaneously GO derivatives as HT and ET 

layers, demonstrating 16% increase in the power convention efficiency (PCE).192 Nevertheless, 

the lack of WF tunability of the produced GO derivatives limits its application on only the well-

studied poly(3-hexylthiophene-2,5-diyl) (P3HT): [6,6]-phenyl-C61-butyric acid methyl ester 

(PC61BM) based cell, since hole or electron transport is not energetically possible with the current 

cutting edge active layers, such as PTB7:PC71BM. Therefore low-cost, high-throughput, facile and 

r2r compatible methods for WF tuning of the GO buffer layers, which will allow their application 

in high efficient BHJ OPVs are highly desirable. 

5.1.2 Highly efficient organic photovoltaic devices utilizing work-function 

tuned graphene oxide derivatives as the anode and cathode charge extraction 

layers 

In this work, a novel, all graphene-based buffer layer OPV device was realized, investigating 

the effect of the simultaneous utilization of two different solution processable functionalized GOs 

as cathode and anode buffer layers, on the PCE of the device. The two r2r compatible graphene-

based materials, previously prepared by our group, the first one through laser-induced doping of 

GO with chloride (GO-Cl) lead to a WF increase from 4.9 to 5.16 eV and 5.23 eV and the second 

one after a simple and fast functionalization of GO with Li alkali metal (GO-Li) lead to a WF 

decrease from 4.9 to 4.3 eV, exploited unique electron and hole blocking (or transport) properties, 
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respectively. The increased WF of GO-Cl and on the other hand the reduced surface potential of 

GO-Li provided a direct match with the HOMO level of the donor PTB7 and the LUMO level of 

the acceptor PC71BM respectively, leading to enhanced photovoltaic performance, outperforming 

by ~19% the reference graphene free device. To our knowledge, at that time, the achieved PCE 

was the highest reported for all graphene based buffer layers OPV devices, opening new paths to 

develop a new generation of low cost, high efficient, solution processable solar cells. 

5.1.2.1 Work function tuning of graphene oxide 

The as synthesized through the modified Hummers method GO was used as the pristine 

material to perform the functionalization and the subsequent WF tuning. In particular, the as 

deposited GO film on ITO/glass substrates were subjected to irradiation by a KrF excimer laser 

source emitting 20 ns pulses of 248 nm at 1 Hz repetition rate in the presence of chlorine (Cl2) 

precursor gas. To implement and investigate the GO WF tuning, different number of pulses (NP) 

was used, increasing from 1 to 65. Figure 5.1a presents the GO WF change with respect to the 

applied NP. It is clear that the WF increases as the exposure is more intense, and tends to saturate 

at 5.23 eV for NP=60, because after this point the level of reduction tends to be very important in 

the tradeoff between the reduction and doping. In particular, the polar character of C-Cl bonds 

induced by the formation of surface Cδ+-Clδ- dipoles owing to the different electronegativity 

between carbon and chloride (2.55 for C compared to 3.16 for Cl) was responsible for the Fermi 

level downward shift towards the valence band of GO-Cl, and the subsequent increase in the 

WF.193,194 Thus, this simultaneous chloride doping and the partial reduction process195 gives the 

possibility of a wide WF tuning allowing the use of GO-Cl as a universal HTL in different 

optoeletronic devices. Figure 5.1b demonstrates such dipoles formation in the C-Cl covalent bonds 

at the edges and/or Cl-C=O groups located outside the graphene basal plane.  
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Figure 5.1 a) Work function tuning of GO-Cl films as a function of the Np exposure. b) 3D 

chemical structure if the photochlorinated GO, illustrating the formation of Cδ+-Clδ- dipoles. 

In contrast to laser induced chloride doping of GO, the replacement of -H in the carboxyl 

groups of GO with Li atoms can effectively reduce the WF of GO. The GO doping was performed 

using lithium carbonate (Li2CO3) as a precursor. Lithium has low electronegativity value and low 

WF (2.9 eV). When bonded in GO, Li atoms lose their valence electrons to the GO plane, with the 

resulted positive Li+ inducing dipoles.196 The generated charge transfer from the metal to the GO 

plane lead to an upward shift of the Fermi level toward the vacuum, yielding a difference in the 

Fermi level between the two materials of 0.68 eV, which is responsible for the WF decrease to 

~4.3 ± 0.1 eV as depicted in the ultraviolet photoelectron spectra (UPS) (Figure 5.2a) establishing 

GO-Li as an ideal candidate ETL material for OPVs, since its WF perfect matches the LUMO 

level of the state of the art electron acceptor materials (PC71BM). Figure 5.2b summarizes our 

findings on GO functionalization to produce GO-based materials with tunable WF (increased or 

decreased) values with respect to the pristine materials to be used in a variety of optoelectronic 

applications. 
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Figure 5.2 a) UPS valence (right) band region (the inset represents the expanded view of the 

shallow valence features) and secondary cutoff (left) region for GO and GO-Li (expanded view 

of the secondary cutoff region features). b) Energy diagram showing the Fermi level of GO 

(middle) and its shifting after the functionalization with Cl (left) and Li alkali metal (right). In 

the case of photochlorination different WF values can be achieved by controlling the number of 

pulses (in this case Np=20 or 60). 

5.1.2.2 Photovoltaic performance  

To assess the viability of the proposed GO WF tuning methods in optoelectronic applications, 

different structures of PCDTBT:PC71BM and PTB7:PC71BM-based OPV devices were fabricated. 

More particular, the effects by the incorporation of GO-Cl (with different WF values) as HTL and 

the GO-Li as ETL on device performance were investigated and compared with the state of the art 
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buffer layer materials (PEDOT:PSS and TiOx as HTL and ETL respectively). The device structure 

and the energy level diagrams of the different materials used in this study are shown in Figure 5.3.  

 

 

Figure 5.3 a) Schematic illustration of the BHJ OPV device with GO-Cl as the HTL and GO-

Li/TiOx as the ETL. b) Energy level diagram depicting the relevant energy levels under flat 

conditions of all materials used in OPV cells studied and not the actual interfaces. 

The averaged photovoltaic characteristics are summarized in Table 5.1, indicate that the 

incorporation of GO-Cl as HTL and GO-Li as ETL significantly increases the device efficiency 

by ~12% and ~8% compared to the reference device (PEDOT:PSS as HTL and TiOx as ETL). As 

depicted in Figure 5.3b, the proposed laser induced technique for WF tuning, allowed to produce 
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universal graphene-based HT material with desirable electronic properties. In particular, OPV 

devices with two different polymer donors a) PCDTBT with HOMO of 5.5 eV and b) PTB7 with 

HOMO of 5.15 eV were fabricated to clarify the effect of the use of GO-Cl with different WF 

values on photovoltaic performance. Figure 5.4a demonstrates the typical illuminated (100 mW 

cm-2) J-V curves of the PCDTBT:PC71BM OPV devices incorporating PEDOT:PSS, GO and GO-

Cl with different WF as HTLs. A significant enhancement in the photovoltaic performance upon 

the increase of GO-Cl WF values was observed, leading to a PCE of 6.56% for GO-Cl (5.23 eV) 

compared to the references devices with PEDOT:PSS (5.49%) and GO (5.59%) HTLs, which was 

attributed to the improved hole transport as verified by the hole mobility measurements. The 

universal applicability of the proposed method was demonstrated by the fact that the less laser 

exposed GO-Cl sample exhibiting WF of 5.16 eV (Np = 20) was used as HTL in PTB7:PC71BM 

devices achieving a record PCE of 8.28 % for graphene-based HTL devices (Figure 5.4b). This 

difference in optimum WF value for GO-Cl applied in the two different photoactive blends can be 

explained by the induced offset between the two donors HOMO level and the WF of the GO-Cl. 

In particular, for PTB7-based devices using 20 pulses for GO chlorination induces a ~0.01eV 

energy barrier between the HOMO of the PTB7 and the WF of GO-Cl, while in the PCDTBT case, 

the corresponding minimum energy offset was 0.27 eV (Figure 5.4c). Therefore, it can be 

concluded that the ability to fine tune the GO-Cl WF with respect to the polymer-donor energy 

levels offered a facile route to boost the OPV PCEs. 



124 

Copyright© 2018, University of Crete 

 

Figure 5.4. J-V characteristics of a) PCDTBT:PC71BM and b) PTB7:PC71BM-based 

photovoltaic devices incorporating different HTLs, but the same TiOx ETL. c) Graph 

demonstrating the WF tuning of GO-Cl films as a function of the Np exposure and the relevant 

energy offset between the photochlorination treated films and the polymer donor HOMO level.  

Figure 5.5 shows the illuminated J-V curves of the PCDTBT:PC71BM and PTB7:PC71BM-

based OPV devices with TiOx, and GO-Li/TiOx as ETLs. The reference PCDTBT:PC71BM-based 

device incorporating TiOx ETL yielded a PCE of 5.53%, with a short circuit current density (JSC) 

of 11.28 mA cm-2, an open circuit voltage (VOC) of 882 mV, and a fill factor (FF) of 55.6%, 

compared to the GO-Li/TiOx bilayer ETL based device that yielded a significantly enhanced PCE 
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of 6.25%, with JSC of 12.51 mA cm-2, VOC of 884 mV, and FF 56.5%. For ideal electron transport, 

the LUMO level of the acceptor material should be absolute equal to the WF of the ETL. Therefore, 

as the GO-Li WF perfectly matches the LUMO of PC71BM and TiOx ETL, the electrons transport 

to the cathode is conducted without energy barrier. The JSC enhancement can be attributed to the 

improved electron transportation due to the 2D nature of the GO-Li interfacial ETL. Atomic force 

microscopy measurements have also verified that GO-Li has a planarizing role, creating a perfect 

interface between the TiOx ETL and the cathode, leading to an improved Ohmic contact and 

therefore minimizing the contact resistance at the interface. In this context OPV devices were 

fabricated using PTB7 as polymer donor. After the introduction of GO-Li between the active layer 

and the TiOx the device PCE was increased from 7.4% to 7.98%, mainly due to a significant 

increase in the Jsc which is maybe caused by the improved electron extraction as in the case of 

PCDTBT based devices.  

 

Figure 5.5 J-V characteristics of a) PCDTBT:PC71BM and b) PTB7:PC71BM-based photovoltaic 

devices incorporating different ETLs, but the same PEDOT:PSS HTL.  

To further support the excellent hole and electron extraction capabilities of GO-Cl and GO-Li 

respectively, OPV devices incorporating graphene-based materials as both HT and ET layers were 
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fabricated. For this purpose, both the performance of the reference device with the configuration 

of glass/ITO/PEDOT:PSS/PCDTBT:PC71BM or PTB7:PC71BM/TiOx/Al and the one structured as 

glass/ITO/GO-Cl/PCDTBT:PC71BM or PTB7:PC71BM/GO-Li/TiOx/Al were investigated. Figure 

5.6 depicts the J-V curves for the tested devices. Clearly, in both BHJ active layer there is a 

significant JSC improvement (28% for PCDTBT and 18% for PTB7-based devices) upon the 

addition of graphene-based interlayers. One the one hand, this is because of the WF match between 

GO-Li and the LUMO level of PC71BM, with the GO-Li modified electrode forming an Ohmic 

contact with the PCDTBT:PC71BM and PTB7:PC71BM active layer for improved electron 

extraction. On the other hand, the WF tuning of GO-Cl produces HTL materials that match the 

HOMO level of PCDTBT and PTB7 ensuring an Ohmic contact at the interface for efficient hole 

extraction. As a result, both graphene-based buffer layers OPV devices significantly outperformed 

the reference ones, leading to a PCE improvement of 30% for PCDTBT and 19% for PTB7-based 

devices and to a record PCE of 9.14% for graphene-based buffer layer devices. 

In order to get an insight for the responsible mechanism of the enhanced device performance, 

the incident photon-to-electron conversion efficiency (IPCE) curves (Figure 5.6c) of the devices 

with different buffer layer combinations was measured and compared with the pristine one. The 

pristine device exhibited a maximum IPCE of ~69%, while the GO-Cl / GO-Li based devices 

exhibited an enhanced maximum of ~86% using PTB7 as donor material. This significant and 

broad enhancement is in agreement with increased Jsc observed in the J-V measurements. 
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Figure 5.6 J-V characteristics of a) PCDTBT:PC71BM, b) PTB7:PC71BM-based photovoltaic 

devices and c) IPCE spectra for the devices using different combinations of hole and electron 

transport layers of PTB7 based OPV devices. 

Table 5.1 Summary of the averaged photovoltaic parameters of the fabricated OPVs. Devices with 

two different polymer donors a) PCDTBT with HOMO of 5.5 eV and b) PTB7 with HOMO of 

5.15 eV were fabricated. PEDOT:PSS, GO and GO-Cl with different WF values were used and 

compared with respect to their HTL performance in PCDTBT:PC71BM and PTB7:PC71BM-based 

photovoltaic devices incorporating the same TiOx ETL. In addition, TiOx, GO/TiOx and GO-

Li/TiOx were used and compared with respect to their ETL performance in PCDTBT:PC71BM and 

PTB7:PC71BM-based photovoltaic devices incorporating the same PEDOT:PSS HTL. Finally, 

combo OPV devices incorporating GO-Cl and GO-Li/TiOx as HT and ET layers respectively were 

fabricated and compared with the reference device incorporating PEDOT:PSS and TiOx as buffer 

layers. 

HTL Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PCDTBT:PC71BM 
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PEDOT:PSS 11.28±0.12 0.880±0.02 55.6±0.3 5.51 (5.61) 

GO 11.52±0.15 0.880±0.02 55.1±0.4 5.59 (5.71) 

GO-Cl (5.04 eV) 11.78±0.14 0.880±0.02 55.1±0.3 5.71 (5.82) 

GO-Cl (5.11 eV) 12.19±0.17 0.880±0.02 55.2±0.5 5.92 (6.07) 

GO-Cl (5.16 eV) 13.32±0.15 0.880±0.02 55.1±0.5 6.46 (6.61) 

GO-Cl (5.23 eV) 13.65±0.19 0.880±0.02 55.3±0.4 6.57 (6.79) 

PTB7:PC71BM 

PEDOT:PSS 16.27 ±0.23 0.760±0.03 59.8±0.6 7.40 (7.60) 

GO 16.65±0.21 0.760±0.03 59.7±0.5 7.56 (7.74) 

GO-Cl (5.04 eV) 17.13±0.18 0.760±0.02 59.6±0.5 7.78 (7.93) 

GO-Cl (5.11 eV) 17.58±0.25 0.760±0.03 59.6±0.6 7.97 (8.19) 

GO-Cl (5.16 eV) 18.30±0.27 0.760±0.02 59.9±0.8 8.28 (8.52) 
GO-Cl (5.23 eV) 17.09±0.19 0.760±0.03 59.5±.05 7.73 (7.91) 

ETL Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PCDTBT:PC71BM 

TiOx 11.28±0.12 0.882±0.02 55.6±0.3 5.53 (5.61) 

GO/TiOx 10.73±0.19  0.883±0.05 51.6±0.3 4.89 (5.03) 

GO-Li/TiOx 12.51±0.35 0.884±0.05 56.5±0.5 6.25  (6.57)  

PTB7:PC71BM 

TiOx 16.27±0.23 0.760±0.03 59.8±0.6 7.39 (7.60) 

GO/TiOx 15.32±0.31 0.757±0.02 54.8±0.8 6.35 (6.60) 

GO-Li/TiOx 17.16±0.25 0.759±0.02 61.2±0.5 7.98 (8.17) 
Combo Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PCDTBT:PC71BM 

PEDOT:PSS & TiOx 11.28±0.12 0.878±0.02 55.6±0.3 5.51 (5.61) 

GO-Cl & GO-Li/TiOx 14.48±0.13 0.880±0.01 56.3±0.5 7.17 (7.31) 

PTB7:PC71BM 

PEDOT:PSS & TiOx 16.27±0.23 0.760±0.03 59.8±0.6 7.39 (7.60) 
GO-Cl & GO-Li/TiOx 19.28±0.31 0.760±0.02 60.5±0.7 8.83 (9.14) 

*Average photovoltaic characteristics and standard deviations for the different structured OPV 

devices. The numbers in parentheses represent the values obtained for the champion OPV cells. 

To account for experimental errors, the reported averages and deviations for each ETL are taken 

for 10 identical devices, consisting of six cells each. 
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5.1.2.3 Advanced Electrical and Optical Characterization 

The increased value of Jsc was also investigated through electron and hole mobility 

measurements (Figure 5.7). For that purpose electron- and hole-only devices were fabricated with 

the following structure: ITO/HTL/Active layer/Au for the hole-only and ITO/Al/Active 

layer/ETL/Al for the electron only device respectively. The values calculated were improved for 

both electron and hole mobilities. Calculations were based on Mott–Gurney equation: 

𝐽𝑆𝐶𝐿𝐶 =
9

8
 𝜀𝑟𝜀0𝜇 

(𝑉 − 𝑉𝑏𝑖)
2

𝑑3
 

in which εr is the relative dielectric constant, ε0 is the permittivity of free-space, m is the charge 

carrier mobility, V is the applied voltage, Vbi is the built-in potential and d is the thickness of the 

active layer. The mobility values for the reference OPV device were μe=7.86 x 10-5 cm2 V-1 s-1 for 

the electron and μh = 1.30 x 10-4 cm2 V-1 s-1 for the hole mobility while for the GO-Cl / GO-Li 

based cells the values were μe=1.59 x 10-4 cm2 V-1 s-1 for the electron and μh = 1.91 x 10-4 cm2 V-1 

s-1 for the hole mobility, respectively. The mobilities were not only increased, especially the 

electron mobility, but also balanced which is a very important factor in order to prevent charge 

accumulation in the device. Before further analyzing our results we should first shed light in the 

functional mechanism taking place. Because holes are collected at the front electrode in the 

conventional device structure, and taking into account that the most of the excitons are created 

near by the front contact the holes mobilities should have slightly lower value compared to the 

electron mobility. Thus, this is the reason that PTB7 based OPV devices (μh>μe) have lower PCE 

values in the conventional structure compared to the inverted one and in our case this is maybe the 

reason for the lower PCE enhancement of PTB7 compared to PCDTBT (μh<μe). In this context, 

this is a crucial improvement because electron transport is considered as a factor that limits the 
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photocurrent generation in the conventional PTB7 based devices, since the electron mobility is 

much lower than the hole mobility. Both electron and hole mobility increase should be attributed 

on the one hand to GO–Li planarizing role and perfect energy levels matching and on the other 

hand to perfect WF tuning of GO after the photochlorination process. As a result, when we 

combined GO-Cl HTL and GO-Li interfacial layer the μh/μe ratio was significantly reduced, from 

1.65 to 1.20 as it is observed in Table 5.2.  

 

Figure 5.7. J-V2 characteristics under dark conditions of the fabricated devices for the 

calculation of (a) hole and (b) electron mobilities using the Mott–Gurney equation. 

Table 5.2 Electron and hole mobilities of the reference and the device with graphene based 

buffer layers 

HTL / ETL μh (cm2 V-1 s-1) μe (cm2 V-1 s-1) Ratio (μh / μe) 

PTB7:PC71BM 

PEDOT:PSS / TiOx 1.30 x 10-4 7.86 x 10-5 1.65 

GO-Cl / GO-Li 1.91 x 10-4 1.59 x 10-4 1.20 
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In order to examine and confirm our findings (increased Jsc and balanced mobilities) we 

studied the charge recombination kinetics at short circuit for the reference and for the devices with 

graphene based buffer layers. The Jsc can be correlated to illumination intensity (Ilight) by, 

𝐽𝑠𝑐 =∝ 𝐼𝑙𝑖𝑔ℎ𝑡
𝑛  (𝑛 ≤ 1) 

At short circuit, the bimolecular recombination should be minimum (n ≤ 1) for maximum carrier 

sweep out. Any deviation from a ≤ 1 implies bimolecular recombination197. Figure 5.8 shows Jsc 

vs. I fitted using the power law described above. The fitting of the data yield a=0.870 for reference 

device, which can be attributed to bimolecular recombination. After the introduction of GO-Cl and 

GO-Li, n was increased to 0.968, which imply that bimolecular recombination was significantly 

reduced. To gain further insight into the origin of the enhanced Jsc in the device, one-dimensional 

transfer matrix formalism based on optical modeling calculations assuming monochromatic light 

propagating normal to the device layers was conducted.198 

 

Figure 5.8 Measured Jsc of PTB7:PC71BM BHJ OPVs using different combination of buffer 

layer plotted against light intensity (symbol) and fitted power law (line) yield n.  
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5.1.2.4 Conclusion 

In summary, this work demonstrated how the WF tuning of the buffer layers can affect the 

performance of OPV devices. Two facile, fast, non-destructive and r2r compatible methods are 

briefly presented, which allowed the WF fine tuning of graphene-based derivatives to develop 

universal buffer layers that direct match the energy levels of the polymer donor and electron 

acceptor in the state-of-the art OPVs. OPVs with a GO-Cl as HTL exhibited a PCE of 8.28%, 

much higher than those of reference devices with GO (7.56%) or PEDOT:PSS (7.40%), while the 

incorporation of GO-Li as ET interlayer between the active layer and the TiOx optical spacer led 

to a PCE of 7.98% which was significantly increased compared to the reference one (7.40%). The 

excellent hole and electron extraction capabilities of GO-Cl and GO-Li were combined to an all 

graphene-based buffer layer OPV device which exhibited a PCE of 9.14% (8.83% average), 

significantly outperforming the reference one by ~19%. The described methods can contribute to 

novel interface engineering approaches, creating graphene- and other 2D materials-based 

derivatives as excellent potential candidates for a wide range of new applications with tunable 

optoelectrical properties, including flexible electronic OPVs, perovskite solar cells, organic light 

emitting diodes, and photosensors, as well as traditional electronic devices. 

5.1.3 2D layered Crystals in the active layer of OSCs: Motivation and State of 

the art 

An option to tackle the limitations of binary BHJ OSCs, and thus significantly improve their PCE, 

is the addition of a third component material into the active layer, thus forming a ternary BHJ OSC 

structure.199 Different materials have been explored yielding PCE enhancement with respect to the 

binary blend in different ways: by broadening the absorption bandwidth of the active layer,200 by 

means of either the addition of a second acceptor201 or second donor202 material, by contributing 
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to energy or charge transfer,203 or, finally, by improving the photo-generated charge 

dissociation.204 In this context, the high charge-carrier mobility (~202 and ~140 cm2V-1·s-1 for 

electrons and holes respectively)205 and the high absorption coefficient (105 - 106 cm−1,206,207,208 in 

the visible and near infrared region209,210,211) of WSe2 fulfill the requirements of a third component 

in a BHJ OSC. Most importantly, the valence band position of WSe2 is theoretically calculated to 

be 4.9 eV, while its conduction band is positioned at 3.6 eV.212 Therefore, WSe2 energy levels are 

placed in between the ones of the PTB7-donor (3.3 eV) and PC71BM-acceptor (4.3 eV), a widely 

used and highly performing donor-acceptor couple composing the active material,213,214,215 

enabling an efficient electron-cascade transfer. Critical to the optimization of the aforementioned 

processes is the morphology of the final blend and thus, how the third component mixes with the 

other two materials.216,217  

For this purpose, WSe2 flakes with controlled morphological properties (i.e., area and thickness) 

should be homogeneously mixed in the thin layer (typically ~100 nm) of polymer-fullerene 

composite to determine the optimal 2D flake morphology able to maximize the efficiency of the 

resulting device. This is a challenging step that requires the production of optimized flakes 

morphology. 

Among the methods for the production of 2D materials, the liquid phase exfoliation (LPE) of bulk 

WSe2,
218,219 as well as of layered crystals in general,220 offers a viable route to obtain stable 

dispersions of exfoliated flakes. A key advantage of LPE over other methods relies on the 

possibility of scaling up and thus being appealing for the industrial exploitation of 2D crystals. 

However, LPE of WSe2 leads to a broad distribution of flake sizes. Flakes with diverse area behave 

differently from the optoelectronic point of view, due to the edge and quantum confinement 

effects,221,222,223 as well as for the electronic coupling with the blend, which is key for the extraction 
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of charge pairs. While it is known that the optimum morphology of the different components of 

the blend determines the BHJ OSCs performance, the broad distribution of 2D flakes obtained by 

LPE would make not possible to get quantitative information of the interplay between WSe2 flakes, 

as well as 2D crystals in general, and fullerene domain sizes. 

 

5.1.4 Size-Tuning of WSe2 Flakes for High Efficiency Inverted Organic Solar 

Cells 

To address this issue, in this work we exploit the LPE of bulk WSe2 crystals in ethanol, by 

combining an ultrasonication process with sedimentation-based separation to produce three 

different WSe2 samples with fine-tuned area (~70, ~240 and ~720 nm2) and thickness (~2.6, ~6.1 

and ~8.5 nm) called sample 1, sample 2 and sample 3, respectively). The three samples have an 

area that is about one third, the same, and three times larger than the average PC71BM domain size 

in our PTB7:P71BM blend. We use ethanol, a low boiling point organic solvent, which is 

compatible with the PTB7:P71BM blend preparation and can be easily removed by low temperature 

annealing.224,225 The as-prepared WSe2 samples were mixed with PTB7 and PC71BM to obtain 

ternary (PTB7/WSe2/PC71BM) blends used as the active materials for the OSCs and resulting 

performance of the BHJ OSCs were measured allowing to determine the impact of the different 

WSe2 flake morphologies on the performance of inverted ternary blend BHJ OSCs.  

We showed that the integration of WSe2 flakes of ~240 nm2 in area (similar to the area of the 

PC71BM domain) and 6.1 nm in thickness gives the best result amongst the three different WSe2 

samples used yielding an increase by ~15% of the PCE of the BHJ OSCs (PCE=9.28%) with 

respect to standard devices, i.e., without WSe2 flakes (PCE=8.10%). This is the highest ever 

reported PCE for 2D materials based OSCs. The PCE enhancement due to the addition of the WSe2 

with the above sizes, was ascribed to the optimization of the ternary blend morphology, i.e., area 
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matching between the WSe2 flakes and the P71BM domains, which determines (i) optimized charge 

transfer through the introduction of additional conducting bridges, i.e., conduction band of WSe2 

flakes is in between the PTB7 and PC71BM ones, and (ii) exciton generation by the WSe2 absorbing 

flakes, enhanced exciton dissociation at the WSe2:PC71BM interface and electron extraction to the 

back metal contact due to balanced charge carriers mobility. The latter reduces charge 

accumulation at the interfaces hindering the formation of a positive space charge builds up at the 

photoanode, determining a trapping of electrons near the back electrode.226 

5.1.4.1 Material preparation and characterization 

To prepare the WSe2 flakes with controlled morphology, we exploited the LPE of bulk WSe2 

crystals, (Figure 5.9a) in ethanol, a low boiling point solvent. After the ultrasonication process 

(Figure 5.9b), we used the sedimentation-based separation (SBS)227 to sort the exfoliated WSe2 

flakes by ultracentrifugation (Figure 5.9c). 

 

Figure 5.9 Schematic representation of the WSe2 flakes liquid phase exfoliation process. (a) The 

WSe2 bulk flakes are exfoliated and dispersed by (b) ultrasonic waves in a solvent and (c) 

purified by ultracentrifugation by means of the sedimentation-based separation, promoting (d) 

the separation of different WSe2 flake sizes. 
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The area of the differently sorted WSe2 samples was evaluated by transmission electron 

microscopy (TEM) analysis. Statistical analysis gave us information on the size distribution of the 

WSe2 flakes, with area values that were peaked at ~70, ~240 and ~720 nm2 for sample 1, 2, and 3, 

respectively, see Figure 5.10. The as-prepared samples had an area that is about one third (sample 

1), the same (sample 2), and three times larger (sample 3) than the average PC71BM domain size 

in the PTB7:P71BM blend, as measured by atomic force microscopy (AFM) phase image reported 

in Figure 5.11. 

 

Figure 5.10 Transmission electron microscopy images of (a) sample 1, (b) sample 2 and (c) 

sample 3. The scale bars are 100 nm. (d) Lateral size distribution of each sample show the 

maximum population found at 71, 240, and 720 nm2, with log-normal standard deviation of 1.3, 

0.85 and 1.53 for sample 1, 2 and 3, respectively. 
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Figure 5.11 a) AFM phase image of a PTB7:P71BM blend film; b) domain area distribution. 

The thicknesses of the as-produced WSe2 flakes were analysed by AFM. The sample 1 (Figure 

5.12a) contained flakes with an average thickness of 2.6 ± 0.27 nm, while sample 2 and 3 were 

enriched of flakes having average thickness of 6.1 ± 1.19 and 8.5 ± 2.54 nm, respectively. The 

statistical analysis of the three samples is shown in Figure 5.12d. 

 

Figure 5.12 Representative AFM images for (a) sample 1, (b) sample 2 and (c) sample 3, 

respectively. (d) Statistical analysis of the thickness measured by AFM. 
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From the optical extinction spectra we got information about the excitonic peaks of WSe2, where 

the main peaks are found at ~780 nm and ~600 nm (A and B, respectively).228 The normalized 

extinction spectra of the three samples are shown in the Figure 5.13. Additionally, the 

deconvolution of the extinction spectra of the samples 1 and 3 are zoomed in Figure 5.13a. All the 

components (A, B, A’ and B’) show a blue shift when decreasing the flake thickness, i.e. from 

sample 3 to sample 1, which corresponds to a decrease in thickness from 8.5 to 2.6 nm, 

respectively. 

 

Figure 5.13 Optical extinction spectra of WSe2 flakes with different lateral sizes. 

5.1.4.2 Photovoltaic performance 

To test the dependence of the exfoliated WSe2 flakes morphology on the performances of 

optoelectronic devices, we used the three different WSe2 samples for the realization of three 

inverted BHJ ternary OSCs. The extinction spectra of the blends with and without WSe2 flakes 

were measured and compared (see Figure 5.14a). The structure of the as-prepared BHJ OSC and 

its corresponding energy band diagram are illustrated in Figure 5.14b and c, respectively.  
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Figure 5.14 (a) Extinction spectra of the ternary blends of the different sized WSe2 flakes. (b) 

Schematic representation of the fabricated ternary OSC with the addition of WSe2 flakes in the 

BHJ. (c) Schematic energy levels of the inverted devices under flat band conditions. 

The photovoltaic performance of the above ternary system was investigated on the basis of the 

following inverted OSC structure: indium tin oxide (ITO)/PFN/PTB7:WSe2:PC71BM/MoO3/Al 

(see Figure 5.14b). The different WSe2 samples were incorporated at a concentration of 2% v/v. 

The current density versus voltage (J–V) characteristics of the devices with the three different 

WSe2 flake sizes are illustrated and compared with the one obtained by reference OSC in Figure 

5.15a. The respective averaged photovoltaic characteristics are summarized in Table 5.3. The 

incorporation of WSe2 flakes with area of ~240 nm2 and thickness of ~6.1 nm (sample 2) induced 

the highest PCE improvement compared to the reference device. In particular, our results 

demonstrated that the photovoltaic characteristic that most affected by the WSe2 addition, was the 

short-circuit current density (Jsc), having improvements of ~3, ~11 and ~6 %, for the sample 1, 2 

and 3, respectively. Additionally, there was a significant enhancement in the fill factor (FF) of the 

ternary devices (71.7% for the sample 2), with respect to the one of the reference BHJ OSC 

(FF=68.7%). This result indicated a reduction in the charge carrier recombination inside the BHJ, 
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due to the cascade-like energy levels offset, introduced by the WSe2 flakes contribution, suggesting 

a more efficient charge extraction for the ternary system.  

Table 5.3 Summary of the average photovoltaic parameters of the fabricated BHJ OSCs. 

WSe2 Sample 

(area/thicknes

s ratio (nm)) 

Area 

(nm2) 

Thickness 

    (nm) 
Jsc (mA cm-2)* 

Calculated Jsc 

(IPCE) 
Voc (V)* FF (%)* 

PCE 

(max.)* 

Reference - - 15.94 ±0.17 15.52±0.21 0.740±0.02 68.6 ±0.2 8.10 (8.22) 

1 (~27) 70  2.6 ±0.27 16.46 ±0.14 15.88±0.27 0.732±0.02 70.0±0.3 8.43 (8.57) 

2 (~40) 240  6.1 ±1.19 17.69 ±0.15 17.13±0.27 0.731±0.03 71.7±0.5 9.28 (9.45) 

3 (~85) 720  8.5 ±2.54 16.97±0.20 16.46±0.35 0.732±0.02 70.5±0.2 8.74 (8.91) 

* The numbers in parentheses represent the values obtained for the best value from BHJ OSCs. 

To account for experimental errors, the reported averages and deviations are taken for 5 identical 

devices, consisting of six cells each. 

The small decrease of the open-circuit voltage (Voc) in all the ternary-based BHJ OSCs was 

explained by the higher WSe2 valence band maximum value in comparison to the PTB7 HOMO 

level (4.9 eV to 5.1 eV, respectively). Additionally, since the LUMO levels of PTB7, WSe2 and 

PC71BM are 3.3, 3.6 and 4.3 eV, respectively; a cascade-like charge transfer mechanism is also 

possible. To provide an insight about the different mechanisms responsible for the differences in 

PCE as a function of the flakes size, we further investigated the as-produced BHJ OSCs. The 

devices built with the sample 2 and 3 (~240 and ~720 nm2 area, respectively) showed an increase 

in the optical extinction of ~7% and ~12.5%, respectively, meanwhile the addition of sample 1 

(~70 nm2) does not affect significantly the extinction spectra. Despite the highest extinction value 

(in the range from 300 to 750 nm) was obtained by the blend containing the sample 3 (Figure 

5.14a), the best PCE was reached by using the sample 2. These results lead us to consider that the 

optical extinction of the blend is not the main phenomenon involved in the improvement of the 



141 

Copyright© 2018, University of Crete 

PCE of the BHJ OSCs. This consideration gave us a clue on the importance of the flake size on 

the photovoltaic performances of the device.  

 

Figure 5.15 (a) Current density vs voltage the PTB7:PC71BM solar cell under illumination of a 

100 mW cm-2 and (b) incident photon-to-electron conversion efficiency measurements of 

different sizes WSe2 flakes in solar cell devices. 

In order to get an insight of the mechanism responsible for the PCE enhancement of the BHJ OSCs 

following WSe2 addition and the role of the flakes morphology, we carried out incident photon-

to-electron conversion efficiency (IPCE) measurements. The IPCE curves of the reference and the 

ternary devices incorporating WSe2 are reported in Figure 5.15b. For small WSe2 flakes (sample 

1) there was no significant change in the IPCE spectra, with respect to the reference device. This 

suggested that one possible mechanism for the enhanced charge transfer was due to the 

supplementary interfaces for exciton dissociation following the addition of WSe2 in the binary 

system (WSe2:PTB7 and the WSe2:PC71BM). On the contrary, sample 2 and 3 show an increase 

of the IPCE with respect to the binary blend (reference BHJ OSC) in a wide wavelength range, 

i.e., from 350 to 700 nm,, which may be caused by the absorption features, indicating an enhanced 

exciton generation in the ternary devices. By a direct comparison between the IPCE and the UV–

Vis absorption spectra of the BHJ films, emerges that the IPCE enhancement is not entirely due to 

a) b) 
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changes in the absorption properties upon WSe2 flakes addition. In fact, it is worth to mention that 

the addition of sample 3 WSe2 flakes gives rise to higher light absorption intensity compared to 

the sample 2 WSe2 one. This result indicates the presence of an additional mechanism responsible 

for the IPCE enhancement. 

5.1.4.3 Determination of electron and hole transport behavior  

To study the effect of the first mechanism for the PCE enhancement that arises from the electron 

cascade that WSe2 flakes provides the BHJ blend, we on-demand fabricated devices designed for 

the evaluation of electron and hole only transport properties (Figure 5.16 a and b, respectively).  

 

Figure 5.16 J-V2 characteristics under dark conditions of the fabricated devices for the 

calculation of (a) electron and (b) hole mobility using the Mott–Gurney equation. 

For this purpose electron- and hole-only devices were fabricated with the following structure: 

ITO/PEDOT:PSS/active layer/MoO3/Au for the hole-only and ITO/PFN/active layer/Ca/Al for the 

electron only device respectively. From one hand, the electron mobility (μe) increased from 

7.86±0.11 × 10-5 cm2V-1s-1, in the pristine devices, to 1.05±0.01 × 10-4, 1.20±0.02 × 10-4 and 1.09 

±0.02 × 10-4 cm2V-1s-1 in the OSCs made with sample 1, 2 and 3, respectively. On the other hand, 

the hole mobility (μh) was not significantly affected with values of 1.33±0.02×10-4, 1.31±0.02×10-
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4  and 1.32±0.02×10-4 cm2V-1s-1, for sample 1, 2 and 3, respectively, close to the one of the binary 

devices (1.30±0.02 × 10-4 cm2V-1s-1). The improvement of the μe for all the WSe2 doped devices 

was due to the cascade-like electron extraction in the ternary device. In particular, the significant 

improvement of the μe for sample 2-based device (~65% with respect to the reference one) could 

be ascribed to several reasons.229 However, since nanoscale phase separation has major influence 

on both the carrier mobility as well as the recombination process,230,231 the fact that the area of 

sample 2 WSe2 was very close of one of the P71BM domains in PTB7:P71BM blend, the addition 

of such flakes created the appropriate percolation pathways, beneficial for both electron transport 

and collection.232 The high μe value (i.e., 1.20±0.02×10-4 cm2V-1s-1) shown by sample 2-based 

device was of paramount importance for the balancing of the charge carriers mobility (μe vs μh), 

which is a key feature in the transport properties of the active blend (see Table 5,4). In fact, the 

ratio of μh/μe is a crucial factor for preventing the charge accumulation in the device, because a 

charge carriers mobility imbalance determines a positive space charge builds up at the photoanode, 

leading to trapping of electrons near the back electrode in the BHJ OSC. The addition of WSe2 in 

BHJ OSCs dramatically decreases the μh/μe ratio. In fact, the μh/μe ratio for the reference device 

was 1.65 while for the WSe2 based device was significantly lower, e.g., 1.09 for the sample 2-

based devices. 

Table 5.4 Electron and hole mobility of the reference OSC and the ternary ones with WSe2 

flakes of different lateral size and thickness. 

WSe2 Sample 

(area/thickness ratio 

(nm)) 

μh (cm2 V-1 s-1) μe (cm2 V-1 s-1) Ratio (μh / μe) 

No (1.30±0.02) x 10-4 (7.86±0.01) x 10-5 1.65 

1 (~27) (1.33±0.02) x 10-4 (1.05±0.02) x 10-4 1.26 
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2 (~40) (1.31±0.02) x 10-4 (1.20±0.02) x 10-4 1.09 

3 (~85) (1.32±0.02) x 10-4 (1.09±0.01) x 10-4 1.21 

 

The higher μe of the ternary devices, with respect to the binary ones, minimized the exciton 

recombination inside the active blend, and thus increased the FF achieved by these BHJ OSCs. 

Indeed, such high FF values in OSC have only been reported if the μh/μe ratio is close to 1. 

Furthermore, the balance in the charge carriers mobility of the ternary devices reduces the charge 

accumulation effect, which determines the improved Jsc of the WSe2-based BHJ OSC with respect 

to the reference cell.  

Thus, the PCE enhancement of sample 1-based devices can be explained in terms of mobility 

balancing compared to the pristine binary device. For what concerns sample 2- and 3-based 

devices, the more intense absorption demonstrated by these two samples, with respect to the 

sample 1, can enhance the exciton generation rate in the BHJ and dissociation in the WSe2:PC71BM 

interface, in combination with the balanced charge transport. Here, the morphology of the WSe2 

flakes played a key role. In fact, sample 2, having an area similar to the one of the P71BM domains 

in PTB7:P71BM blend was beneficial for the optimization of percolation pathways, showing 

balanced charge carriers ratio. This, results in the higher Jsc and PCE values obtained by sample 2-

based BHJ OSC with respect to the ones achieved with the other devices. 

5.1.4.4 Photocurrent measurements 

In order to gain more insight into the effect of WSe2 on charge generation and dissociation 

processes, the photocurrent densities (Jph) of the reference and ternary cells incorporating sample 

1, 2 and 3 WSe2 flakes were measured and plotted (Figure 5.17a) versus the effective voltage 

(Veff), from which the maximum exciton generation rate (Gmax) and charge collection probabilities 

P(E,T) were calculated. The values of Gmax, as calculated from Figure 10a, were 1.03×1028 s-1m-3 
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(164 A m-2) for the binary, 1.05×1028 s-1m-3 (168 A m-2) for sample1, 1.16×1028 s-1m-3 (185 A m-

2) for sample 2, 1.13×1028 s-1m-3 (181 A m-2) for sample 3 WSe2-based OSCs. An enhancement of 

Gmax occurred upon the incorporation of sample 2 (~13%) and sample 3 WSe2 flakes (~10%), while 

for sample 1 WSe2 the Gmax remained almost unchanged (~2%), with respect to the value achieved 

with the PTB7:PC71BM-based device. Since Gmax is correlated to the maximum absorption of 

incident photons,233,234 the increase of Gmax upon sample 2 and sample 3 WSe2 addition suggests 

an increase of the overall exciton generations,Error! Bookmark not defined. because of the complementary 

absorption properties of WSe2 and PTB7. Taking this into account, we expected the Gmax to be 

much higher for the L-WSe2 compared to M-WSe2. Thus, an additional mechanism could also be 

envisioned for the enhancement of the Jsc in sample 2 WSe2-based ternary device. The P(E,T) can 

also be calculated from the ratio of Jph/Jsat.
235 P(E,T) values under Jsc condition increased from 

91% for the reference to 92% for sample 1 and sample 3 WSe2 and to 94% for sample 2 WSe2-

based devices, respectively. The incorporation of WSe2 into PTB7:PC71BM improved the overall 

charge dissociation process. The explanation could be twofold. From one hand, the WSe2 addition 

determines a cascade-like energy level offset between the LUMO energy levels of PTB7 and 

WSe2, which also improves the dissociation of excitons generated by PTB7 at the PTB7:WSe2 

interface. On the other hand, the improvement of the charge dissociation process was due to the 

higher μe of the ternary blend devices (e.g., μe=1.2×10-4 cm2 V-1 s-1 for M-WSe2–based device), 

with respect to the binary one, i.e. PTB7:PC71BM (i.e., μe=7.8×10-5 cm2 V-1 s-1). We cannot 

exclude a synergistic effect of the two aforementioned mechanisms, which could also be 

responsible for the improvement of the charge dissociation process. 

5.1.4.5 Time-resolved photoluminescence (TRPL) spectroscopy  
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An additional insight of the binary and ternary devices in terms of charge dissociation 

dynamics was provided by time-resolved PL (TRPL) spectroscopy. TRPL measurements are 

widely used to determine the exciton lifetime and in our case could provide insights into the 

dynamics of the photogenerated excitons. Figure 5.17b displays the PL intensity decay profiles 

obtained for the different blends onto PEDOT:PSS films. The PL decay data were fitted using a 

double exponential function and the associated fitting parameters are listed in Table 5.5. The 

corresponding effective exciton lifetimes, τexc, were calculated to be 69 ps, 59 ps, 34 ps and 49 ps 

for the reference, sample 1, sample 2 and sample 3 WSe2-based blends, respectively. The fast 

decay time (i.e., 34 ps) measured in sample 2 WSe2 based blends was attributed to the efficient 

exciton dissociation and in turn to a more efficient charge collection. This is in full agreement with 

the higher measured electron mobilities and the more balanced mobility ratio. 

 

Figure 5.17 a) Photocurrent density (Jph) versus effective voltage (Veff) curves of the devices 

fabricated with and without the different WSe2 flakes in the active layer. b) Time resolved PL 

decay profiles of the reference and the S-M-L WSe2 doped active layers. 

Table 5.5 TRPL decay fitting parameters 

Active Layer A1 τ1 (ps) A2 (%) τ2 (ps) τexc (ps) 

PTB7:PC71BM 0.639 96.03 0.361 21.74 69.21 

PTB7:S-WSe2:PC71BM 0.445 15.49 0.555 93.08 58.55 
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PTB7:M-WSe2:PC71BM 0.385 76.60 0.615 7.76 34.27 

PTB7:L-WSe2:PC71BM 0.617 27.84 0.383 83.24 49.06 

 

5.1.4.6 Conclusions 

We have demonstrated the impact of WSe2 flake morphological properties on the performance of 

BHJ OSCs. We prepared WSe2 flakes by liquid phase exfoliation having three different 

morphological properties, i.e. areas of 70, 240, and 720 nm2 and thicknesses of 2.6, 6.1 and 8.5 

nm, respectively. The as-prepared samples were specifically designed to have an area that is about 

one third, the same, and three times larger than the average PC71BM domain size in the 

PTB7:P71BM blend. We have then investigated the impact of these different WSe2 flakes 

morphologies on the performance of ternary BHJ OSC, having PTB7 and PC71BM as donor 

polymer and acceptor, respectively, with the three sorted samples added as the ternary component. 

We found that the integration of WSe2 flakes with area of ~240 nm2, a value on the order of the 

domains in PTB7:P71BM blend, increases by ~15 % the PCE of the BHJ OSCs (PCE = 9.32%) 

with respect to binary devices (PCE = 8.10%). This PCE enhancement following the WSe2 

addition was strictly linked with the morphology of the added ternary compound. Matching the 

area of the WSe2 flakes with the domain sizes of the PTB7:P71BM blend lead to the best 

photovoltaic performances of the resulting photovoltaic devices, thanks to the establishment in the 

active layer of optimized percolation pathways. This positively affected the transport properties 

by: (i) charge transfer through the introduction of additional conducting bridges, i.e., conduction 

band of WSe2 flakes is in between PTB7 and PC71BM, and (ii) enhanced exciton dissociation at 

the WSe2:PC71BM interface and electron extraction to the back metal contact following balanced 

charge carriers mobility. Our results demonstrated that solution processable 2D WSe2 flakes with 
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fine tuned morphological characteristics could significantly boost the photovoltaic performances 

of OSCs if used as third components in the active material blend. 

5.2 Graphene and other 2D crystals in Perovskite Solar Cells 

5.2.1 2D layered Crystals as dopants in PSCs: Motivation and State of the art 

Despite the high record PCEs of PSCs, the commercialization of every photovoltaic technology 

requires the development of low-cost and highly stable devices. In this context, open issues such 

as the hysteresis in the current-voltage (I-V) curve and the long-term operational instability of 

PSCs,[236,237] need to be effectively resolved.  

One way to improve the photovoltaic properties and deal with the above issues of PSCs is by 

the incorporation of solution processable graphene-based materials in the device architecture, 

mainly aiming to improve the interface between the perovskite absorber and the electrodes and 

simultaneously extend the device operational stability.[238] In particular, reduced graphene oxide 

(rGO) and other solution processable graphene derivatives have been mainly investigated in the 

normal (mesostructured and planar) perovskite photovoltaic structure to increase the electron 

extraction from the perovskite to the compact TiO2 and suppress the hysteresis effect.[239,240] On 

top of that, recent studies demonstrated the positive function of graphene-based materials in a way 

to increase the grain size of the perovskite absorber[241] and improve the operational stability of 

PSCs by using it as the hole transport layer (HTL)[242,243] and exploiting its exceptional electrical, 

optical, and physical properties as well as its low-cost solution-phase production techniques.[244] 

However, there is no direct evidence regarding the graphene-based materials beneficial role in 

perovskite/electron transport layer (ETL) interface of planar inverted PSCs. 
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5.2.2 Efficient and Highly Air Stable Planar Inverted Perovskite Solar Cells 

with Reduced Graphene Oxide Doped PCBM Electron Transporting 

Layer 

 In this work, we demonstrated, the utilization of rGO as an additive in the PCBM ETL of planar 

inverted PSCs, using both the CH3NH3PbI3-xClx perovskite deposited through one step method and 

the CH3NH3PbI3 using a two-step spin coating processes. It was firstly shown that, the addition of 

rGO in the PCBM layer increased its conductivity, leading to higher short circuit current density 

(Jsc) and fill factor (FF) values, while it simultaneously reduced the surface traps and passivates 

the perovskite surface, resulting in higher open circuit voltage (Voc) and reduced light soaking 

effect. Secondly, rGO stabilizes the PCBM/perovskite interface with the degradation rate 

significantly suppressed, making the rGO doped devices highly stable under continuous solar 

illumination in ambient conditions. The resulting two step solution processed CH3NH3PbI3 PSCs 

exhibit an average hysteresis-free PCE of 14.5%, compared to 12.9% PCE of the reference cell, 

where all the device layer components, except the back metal contact, were deposited at room 

temperature through solution process. 

5.2.2.1 Characterization of the CH3NH3PbI3−xClx and rGO thin film 

The as crystallized mixed halide perovskite, CH3NH3PbI3−xClx, on glass/ITO/PEDOT:PSS 

substrate was fully characterized. Figure 5.18a demonstrated the typical X-Ray diffraction (XRD) 

pattern of a mixed halide perovskite fabricated using the typical reported method,[245] with the 

14.15o and 28.47o peaks ascribed to (110) and (220) lattice plain, confirming the as expected cubic 

perovskite phase.[246] The top view morphology of the as-crystallized CH3NH3PbI3−xClx was 

characterized with scanning electron microscopy (SEM) (Figure 5.18b). It was obvious that a 

compact perovskite layer with only a few pinholes and with quite large grains was obtained. The 

perovskite grains distribution (Figure 5.18c) was extracted by fitting the data (SEM), presenting 
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an average size of 325 nm. The absorption spectra was plotted together with the sharp 

photoluminescence spectra at ~770 nm (Figure 5.18d) to further confirm the proper formation of 

the mixed halide perovskite onto ITO/PEDOT:PSS substrate.  

 
Figure 5.18 (a) XRD pattern of CH3NH3PbI3-xClx/PEDOT:PSS/ITO substrate, (b) Top view 

SEM images of ITO/PEDOT:PSS/perovskite thin film. Inset is a magnified image of the same 

sample, (c) Size distribution of the as fabricated Perovskite on top of ITO/PEDOT:PSS substrate 

extracted from the several SEM images, (d) Absorption (left axis) and PL (right axis) of the 

mixed halide perovskite. 

The as-prepared rGO was studied and compared to the pristine GO in terms of the chemical 

bonding and the reduction degree, by X-ray photoelectron spectroscopy (XPS). Figure 5.19 shows 

the XPS C1s spectra of GO and rGO. The peaks for GO clearly indicated a substantial degree of 
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oxidation with four components corresponding to carbon atoms in different functional groups: the 

non-oxygenated C at ~285 eV (C=C/C-C), the hydroxyl/epoxy groups at ~286.5 eV (C-OH/C-O), 

the carbonyl groups at ~288 eV (C=O), and the carboxylate carbon at ~289 eV (O=C-OH).[247] 

XPS analysis revealed that a significantly larger proportion of oxygen in GO existed in the form 

of hydroxyl/epoxy groups and fewer proportion of oxygen was associated with C=O and O=C-OH 

functionalities. Compared to GO, the rGO C1s spectrum clearly exhibited much smaller related to 

oxygen peaks, indicating an efficient restoration of the sp2 C-C bonds. 

 

Figure 5.19 High-resolution XPS C1s spectra for (a) GO and (b) rGO. 

5.2.2.2 Optical and Electrical Characterization of the PSCs 

To assess the viability of rGO in the planar inverted PSC, devices with architecture of 

ITO/PEDOT:PSS/CH3NH3PbI3−xClx or CH3NH3PbI3/PCBM or rGO:PCBM/PFN/Ag were 

fabricated (Figure 5.20a). Figure 5.20b displays the current density-voltage (J-V) curves of the 
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reference and the rGO doped PCBM PSCs using the mixed halide perovskite as the solar absorber. 

An important enhancement in the short-circuit current density (Jsc) from 20.65 to 22.92 mA cm−2 

was observed, accompanied by a slight enhancement in the open-circuit voltage (Voc) from 836 to 

850 mV and the fill factor (FF) from 65.3 to 65.8%. As a result, a ~14% enhancement in PCE was 

obtained (Table 5.6 and Figure 5.20c). After systematic investigation of the effect of rGO 

concentration in PCBM on PSCs performance, we concluded that a concentration of 5% v/v rGO 

was the optimum, in terms of PCE. While, further spectroscopic characterization and analysis was 

conducted in the devices incorporating the rGO:PCBM ETL with the optimum concentration of 

rGO (5% v/v), in direct comparison with the pristine ones.  

 
Figure 5.20 (a) Schematic device architecture of the fabricated planar inverted perovskite solar 

cells, (b) The J-V curves of perovskite solar cells based on 5% rGO-doped PCBM and PCBM 

ETL measured under AM 1.5G (100 mW cm-2) illumination, (c) PCE distribution of the devices 

with and without rGO in the PCBM ETL extracted from 20 identical devices. 
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Table 5.6 Summary of the average photovoltaic characteristics of inverted CH3NH3PbI3-xClx 

based planar perovskite solar cells with and without the addition of rGO in PCBM. 

rGO  

Concentration (%) 

Jsc (mA/cm2) Integrated Jsc  (mA/cm2) 

(IPCE) 

Voc (mV) FF (%)     PCE (%)  

(max.) 

0 20.65 20.09 836 65.3 11.27 (12.30) 

2.5 21.33  844 65.8  11.85 (12.76) 

5 22.92 22.32  850 65.8 12.82 (13.50) 

7.5 22.24  866 64.7 12.46 (13.15) 

Figure 5.21a,b present the J-V characteristic plotted for both the forward and reverse scan, 

showing almost no discrepancy among the device parameters, indicating the absence of the 

hysteresis effect for both devices tested. 

 

Figure 5.21 J-V curves of the (a) reference and of the (b) rGO doped PSCs with both forward 

(black) and reverse (red) scan of the applied voltage. 

The interface between the semiconductror material and the metal electrode plays a crucial role 

for the proper operation of solar cells, and in particular in PSCs in either the normal or the inverted 

structure. Accordingly, the optimization of the perovskite/ETL/Metal Contact interface is vital for 

the passivation of the pinholes formed during the crystallization process of the perovskite absorber, 
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and in turn for the passivation of the of anion vacancies at the interface ETL/Perovskite. An ohmic 

contact is also required for the effective transport of the photoexcited eletrons from the perovskite 

to the metal electrode. For this purpose, we obtained AFM images (Figure 5.22) of the neat 

perovskite thin film as well as for the perovskite film passivated with PCBM and rGO:PCBM 

ETL. It was observed that, following the coating of the CH3NH3PbI3-xClx thin film with  PCBM 

the root-mean-square (RMS) value of surface roughness was significantly decreased from ~31 to 

~10 nm. Moreover, following the doping of PCBM with rGO the RMS was further decreased to 

~9 nm, which was an indication that the rough perovskite film became smoother when it was 

coated by rGO:PCBM ETL compared to that coated by pure PCBM ETL. The graphene based 

ETL may also passivated the grain-boundary of the perovskite and thus reduced the surface traps 

to mitigate carrier recombination, since we have observed a slight increase in Voc of the rGO-based 

devices.[248] The improved morphology ensured efficient coverage of the perovskite film together 

with a smaller series resistance measured for the graphene based device (4.92 Ω cm2) compared to 

the reference device (5.47 Ω cm2), explaining also the slight improvement in the FF value of the 

former. 
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Figure 5.22 AFM images of (a) neat Perovskite, (b) Perovskite passivated with PCBM and (c) 

Perovskite passivated with rGO:PCBM, showing that roughness is decrease after the 

incorporation of rGO in PCBM ETL. 

To confirm the enhancement of the Jsc in the graphene-based device, the external quantum 

efficiency (EQE) spectra of CH3NH3PbI3-xClx PSCs, with and without the addition of the optimum 

concentration of rGO in PCBM (5% v/v) was measured (Figure 5.23a). It is clear, that following 

the incorporation of rGO in the ETL the EQE exhibited a broad and almost uniform increase in 

the entire active spectrum of the device. It is reported that the EQE is the product of light harvesting 

efficiency (ηlh), charge injection/transfer efficiency (ηinj), and charge collection efficiency (ηcc).
[249] 

In our case, the enhancement of the rGO based device quantum efficiency can be attributed to the 

improved ηinj and ηcc; ηlh is the same for both cell types studied, since the perovskite absorber is 

not affected by the addition of rGO in the PCBM ETL. 
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Τo get an insight into the charge extraction properties of the photogenerated carriers from the 

hybrid perovskite to the two different ETLs, the samples’ steady state photoluminescence (PL) 

spectra were measured and analyzed as shown in Figure 5.23b It was evident that, the 

CH3NH3PbI3-xClx perovskite film deposited on 5% rGO-doped PCBM showed significant PL 

quenching, compared to the pristine PCBM films, proving that the rGO doping had successfully 

enhanced the rate of carrier extraction at the ETL/perovskite interface.[250] The PL results further 

supported the findings from the I-V and EQE spectra, suggesting that upon the addition of rGO in 

the PCBM ETL, the Jsc was significantly enhanced. 

To better understand the origin of the performance enhancement in the graphene-based 

inverted PSC, the I-V characteristics were measured in sandwich cells composed by ITO/ETL/Au, 

with PCBM or rGO:PCBM used as ETLs (Figure 5.23c). The conductivity of pristine PCBM was 

0.109±0.005 mS cm-1, whereas the rGO doped PCBM film presented ~5 fold higher conductivity 

(0.495 ± 0.001 mS cm-1). As a result, it was expected that the photogenerated charge carriers in 

CH3NH3PbI3-xClx based absorber were more efficiently transported to the rGO:PCBM electron 

conductor than to the pristine PCBM. The higher conductance of the graphene-based ETL justified 

the observed PL quenching, originating from the improved charge extraction from the perovskite-

based absorber towards the ETL. 
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Figure 5.23 (a) External quantum efficiency (EQE) spectra of the optimal rGO:PCBM and 

PCBM based devices, (b) Photoluminescence (PL) spectra (excitation at 543 nm) of 

CH3NH3PbI3-xClx/PCBM and rGO:PCBM/glass substrates , (c) I-V characteristics of 

ITO/PCBM/Au (black squares) and ITO/rGO:PCBM/Au (red spheres) devices. 

To further shed light on the photoexcited carrier dynamics in our devices we performed femto-

second transient absorption spectroscopy (TAS) of the glass/PCBM and 

rGO:PCBM/CH3NH3PbI3-xClx systems. TAS has been recently demonstrated to be a useful tool to 

detect charge separation and electron injection in PSCs.[251,252] As it can be seen in Figure 5.24a,b, 

where the respective TAS spectra are displayed, our samples presented two main features: a 

photoinduced bleaching at ~ 736 nm and a photoinduced transient absorption at ~ 800 nm. To 

study the relaxation dynamics, the decay kinetics of the related band edge bleaching were 

measured (Figure 5.24c), and the kinetic fits obtained are summarized in Table 5.7. It is widely 
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known from previous studies, that the photoinduced bleaching band dynamics will follow the 

electron and hole population dynamics in the hybrid perovskite semiconductor as it originates from 

the transparency induced at the onset of the optical absorption after population of the bottom of 

the conduction band and top of the valence band by photogenerated electrons and holes, 

respectively. Also in our case, the bleaching band at 736 nm was directly correlated with the onset 

in the ground state absorption spectra, located at practically the same spectral region. Following 

calculation of the average lifetime of the photo-bleaching decay, we observed that a significantly 

shorter time (152 ps) was required for the carriers in the rGO based sample to relax compared to 

the pristine PCBM sample (548 ps). Specifically this average lifetime corresponds, to the time 

required for an excited electron to be separated from a hole,[253] and be inject to the ETL.[251] 

Accordingly, upon the addition of rGO in PCBM ETL, the photoexcited electrons exhibit the 

tendency to inject significantly faster from the photo-excited perovskite to the graphene based 

ETL. It may be postulated that the rGO additive functions as a bridge for charge injection from the 

perovskite towards the ETL.  
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Figure 5.24 fs-TAS spectra, relative optical density as a function of wavelength, at various time 

delays after photoexcitation of (a) pristine and (b) rGO doped PCBM ETLs. The broad negative 

band with minima at ~ 736 nm for both samples is associated to the photo-bleaching (PB) of the 

material due to the presence of hot carriers. (c) Transient band edge of bleach (symbols) and 

their decay fits (lines) for perovskite with (cyan) and without (green) rGO in the PCBM 

respectively. 

Table 5.7 Kinetic Fit Parameters of TA bleaching for samples with and without rGO in PCBM. 

Sample λprobe (nm) τ1 (ps) τ2 (ps) <τ> (ps) 

Without rGO in PCBM 736 39.84 796.08 548.44 

With rGO in PCBM 736 43.65 303.13 152.23 

 

5.2.2.3 Ambient Stability Tests of the PSCs 
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Apart from the improved PCE, the incorporation of rGO in PCBM ETL affects the device 

stability as well (Figure 5.25). It has been recently demonstrated that the PCBM layer has very 

low fracture energy and thus planar inverted PSCs based on PCBM ETL can easily degrade.[254]  

Indeed, compared to the reference device, the rGO based devices preserved an almost 5-fold higher 

PCE after ~50 h of continuous solar illumination at high levels of relative humidity (RH) (>50%). 

In Figure 5.25, the Jsc, Voc and FF were plotted independently to provide a better understanding on 

the characteristics of this remarkable difference in stability between the two cell types. The most 

prominent difference was observed in the plots of Voc and FF against illumination time. In the 

reference device, a constant decay of the Voc, which is the fingerprint of the perovskite layer 

degradation, was observed, while on the other hand the rGO doped device exhibited an almost 

unchanged Voc after more than 100 h of continuous light soaking under ambient conditions. The 

above results suggest a perfect and very stable ETL/perovsktite interface that efficiently retards 

the CH3NH3PbI3-xClx degradation. Indeed, focusing on the FF degradation rate, which is 

determined by the changes of the interface between the perovskite and the hole/electron transport 

layer, one can clearly observe a fast FF decay in the reference device, contrary to the rGO doped 

device, that exhibited an extremely stable FF. One way to understand this important improvement 

in stability could be that the addition of rGO enhances the fracture resistance of the PCBM layer. 

Indeed, rGO has already shown the tendency to enhance the fracture resistance when combined 

with other materials.[255] It can be concluded that doping of PCBM with rGO gives rise to the 

passivation of the perovskite top surface and in turn, to improved stabilization of the 

ETL/perovskite interface against photodegradation.  
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Figure 5.25 Evolution of normalized (a) PCE, (b) Jsc, (c) Voc and (d) FF of PCBM (black) and 

rGO:PCBM (red) ETLs based PSCs under continuous solar illumination in ambient conditions 

(~50% RH). 

5.2.2.4 Universality of the method 

To prove the universality of our approach, solar cells based also on the CH3NH3PbI3 were also 

fabricated using the sequential spin-coating deposition technique.[256] The rest of layers comprising 

the sandwich like architecture were kept identical to the mixed halide device. Figure 5.26 shows, 

the J-V characteristics of planar inverted PSCs using the two different ETLs, one consisting of 

pristine PCBM and the other of rGO doped (5% v/v) PCBM. It is clear that the PCE and in general 

all the photovoltaic parameters, were significantly enhanced in the latter case and following the 

same trend as in the mixed halide perovskite case. In particular, the main reason for the PCE 
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enhancement is again the Jsc improvement, which can be attributed to the higher conductivity of 

the rGO:PCBM ETL compared to the pristine PCBM one; moreover both Voc and FF follow again 

the same trend, i.e. show a slight increase. Following the systematic optimization for the 

sequentially deposited CH3NH3PbI3 fabrication, a higher average PCE was obtained for the 

reference device (12.9% for CH3NH3PbI3 compared to 11.3% for the CH3NH3PbI3-xClx). This was 

mainly attributed to the significantly higher Voc of 926 mV, suggesting the high quality of the 

fabricated perovskite absorber. On the other hand, the rGO doped device, exhibited an average 

PCE of 14.5%, which, at that time, was one of the highest PCEs obtained for low temperature, 

fully solution processable planar inverted perovskite solar cells, exhibiting no hysteresis. 

 

Figure 5.26 The J-V curves of two step processed CH3NH3PbI3 based PSCs with and without 

rGO in the PCBM ETL measured under AM 1.5G (100 mW cm-2) illumination. 

5.2.2.5 Conclusion 

In summary, rGO was successfully added in the PCBM ETL of both fully solution processable 

CH3NH3PbI3−xClx and CH3NH3PbI3 based planar inverted PSCs. The introduction of rGO in 

PCBM resulted in a hysteresis-free and high efficient (14.5%) PSC, with all the device component 

layers deposited at room temperature and treated below 120 oC. On top of that, significantly 
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extended stability in prolonged illumination under ambient conditions compared to the reference 

device was also identified. The PCE enhancement was mainly due to the significantly increased 

Jsc of the graphene-based device, attributed to the improved conductivity of the rGO:PCBM ETL 

and the more effective extraction of photoexcited electrons from the perovskite to the back metal 

contact. On the other hand, the improved stability of the rGO doped devices was due to the 

stabilization of ELT/perovskite interface, which in turn results in the stabilization of perovskite 

crystal. This is also demonstrated by the stable values in Voc and FF of the graphene based device 

after intense ageing stress. Our work opens new pathways for efficiency and stability optimization 

of PSCs, perovskite light emitting diodes, perovskite photodetectors and other novel perovskite 

based devices using low cost, solution processable graphene-based materials, deposited and treated 

at low temperature, giving the opportunity for the development of such high efficient devices in 

flexible and ultra-lightweight substrates. 

 

5.2.3 2D layered Crystals as extraction interlayers in PSCs: Motivation and 

State of the art 

Currently, the main issue of PSCs is the low device lifetime under continuous operating conditions 

in air, i.e. constant light exposure at maximum power output under ambient conditions.[257] 

Recently, the importance of engineering the different interfaces inside the device for the 

development of both efficient and stable PSCs was highlighted.[258] Regarding the long-term 

instability of these devices, one of the main reasons is associated with the hole transport material 

(HTL)/perovskite interface. In particular, the instability is attributed to the use of organic hole 

transporting materials (HTMs), [259] e.g., Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

PEDOT:PSS, 2,2′,7,7′-tetrakis(N,N-di-pmethoxyphenylamine)-9,9′- spirobifluorene (spiro-
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MeOTAD) or poly(triarylamine) (PTAA), which need a doping process with hygroscopic 

materials to improve their charge transport properties. However, the doping procedure limits the 

long-term air stability of PSCs due to the deterioration of the HTL/perovskite 

interface.[260,261,262,263,264,265] Additionally, further improvement of PCEs towards the theoretical 

limit and scalability are issues that need to be addressed for the commercialization of the PSCs 

technology. 

Solution processed (SP) two dimensional (2D) materials, e.g., graphene, tungsten diselenide 

(WSe2) or molybdenum disulphide (MoS2), due to their unique optoelectronic and mechanical 

properties, are valuable candidates to enhance the PCE and stability of solution processable solar 

cells.[266-274] In fact, the exploitation of 2D materials as interfacial layers have already shown 

promising results in terms of PCE and stability optimization in PSCs.[266,267,268,269,270,271,272,273] In 

particular, the addition of reduced graphene oxide (rGO) at the interfaces of both the mesoscopic 

and planar structure PSCs have shown to improve both the PCE and durability of the devices. 

Additionally, the introduction of nitrogen-doped rGO inside the perovskite layer of mesoscopic 

PSCs, resulted in higher efficiency compared to the un-doped device, due to the larger formed 

grains inside the CH3NH3PbI3 (MAPbI3) absorber. Moreover, the use of other graphene derivatives 

(e.g., lithium neutralized graphene oxide and pristine few-layer graphene flakes) resulted in higher 

PCEs and lifetimes in both small and large PSCs as well as in large area perovskite modules, if 

compared with standard devices. However, the beneficial role of SP 2D transition metal 

dichalcogenides (TMDs) in PSCs is largely unexploited. [274] In particular, before this work, there 

were no reports in literature using TMDs in inverted planar PSCs. 

5.2.4 Extending the continuous operating lifetime of perovskite solar cells with 

a molybdenum disulfide hole extraction interlayer 
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In this work, we proposed the use of MoS2 flakes as the hole extraction interlayer in inverted PSCs. 

The MoS2 flakes were produced by liquid phase exfoliation (LPE) of their bulk counterpart. When 

the MoS2 flakes were introduced in between the state of the art HTM, i.e., PTAA and the halide 

perovskite absorber, MAPbI3, the devices PCE and reproducibility was increased (i.e., PCE of 

16.89 Vs 16.25 %). This effect was ascribed to the hole extraction process improvement following 

the addition of MoS2 at the HTL/perovskite interface. Most importantly, the MoS2 based PSCs’ 

lifetime increased significantly, compared with the reference devices. The improvement was 

attributed to the stabilization of the HTM/perovskite interface, inhibiting the bulk degradation 

process of the MAPbI3 structure itself. In particular, encapsulated PSCs with MoS2 interlayer 

retained 80% of their initial PCE (T80) after 568 hours of continuous illumination at maximum 

power output in ambient conditions. The obtained result was the highest ever-reported lifetime for 

PSCs tested in these conditions. Moreover, the proposed approach was scalable, i.e. realization of 

large area PSCs (0.5 cm2), with the addition of SP MoS2 flakes, showed an 23.8% increase in 

average PCEs, i.e., ~13.17 with respect to the reference devices i.e., ~10.64 %. 

5.2.4.1 Synthesis and characterization of MoS2 flakes 

MoS2 flakes were prepared by means of LPE of bulk MoS2 crystals, in ethanol/water mixture 

60/40. After the ultra-sonication step, we use the sedimentation-based separation approach to 

separate the exfoliated MoS2 flakes from the thicker or un-exfoliated ones. 

The electronic properties of the MoS2 flakes were determined using ultraviolet photoelectron 

spectroscopy (UPS) as depicted in Figure 5.27a. The work function (WF) was calculated from the 

high binding energy cut-off (EHBEC) region (Figure 5.27b), which for MoS2 thin film was 3.94 eV, 

using the equation:[275,276]  

𝑊𝐹 = ℎ𝜈 − 𝐸𝐻𝐵𝐸𝐶  
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where, hv is the He(I) excitation energy, equal to 21.22 eV. The valence band maximum (VBM) 

was calculated from the low binding energy cut-off region (ELBEC) (Figure 5.27c) using the 

equation:  

𝑉𝐵𝑀 = −(𝐸LBEC + 𝑊𝐹) 

For the MoS2 thin film the VBM was calculated to be -5.41 eV vs vacuum level, which is near to 

the one of the MAPbI3 perovskite absorber (-5.43 eV). This confirms that MoS2 flakes were an 

ideal candidate to serve as HTM in MAPbI3 based-PSCs. The conduction band minimum (CBM) 

of the MoS2 flakes is calculated to be ~ -2.73 eV, considering also the large exciton binding energy 

(~0.9 eV) of MoS2.
[277] Comparing the CBM of both, MAPbI3 (-3.93 eV) and MoS2 (-2.73 eV), it 

was expected that the inclusion of MoS2 layer besides facilitating the hole extraction, also acted as 

a very efficient electron blocking layer. 
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Figure 5.27 (a) HeI Ultra-violet Photo-electron spectra of the drop-casted MoS2 flakes on 

glass/ITO substrate. The High (b) and Low (c) binding energy cutoffs are also presented for 

clarity.  

The optical absorption spectrum is reported in Figure 5.28a. The absorption spectrum of the 

dispersion showed the main features typical of exfoliated MoS2 flakes. The two peaks at ~670 nm 

and at ~600 nm are due to A and B excitonic transitions at the K-point of the Brillouin zone, 

respectively.[278] Furthermore, the calculated optical band gap of the MoS2 flakes is presented in 

the inset to Figure 1a. An optical band gap of ~1.78 eV was obtained using the exfoliated MoS2 

flakes in dispersion. 
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The morphology, i.e., lateral size and thickness, of the MoS2 flakes sample was characterized by 

means of transmission electron microscopy (TEM). Figure 5.28b shows a representative TEM 

image of MoS2 flakes, while the flakes main lateral size distribution population was found at ~240 

nm (with a lognormal standard deviation of 0.53), see Figure 5.28c. The thickness of the MoS2 

flakes sample was analysed by atomic force microscopy (AFM). Figure 5.28d shows a 

representative topographic AFM image, while the statistical thickness distribution is reported in 

Figure 5.28e. The flakes thickness maximum population peaks at 1.03 nm (lognorm. std. dev. 

0.73).  

The Raman spectra of the MoS2 consists of first-order modes at the Brillouin zone centre E2g
1(Γ), 

located at ~379 cm-1 and A1g(Γ), ~403 cm-1, involving the in-plane displacement of Mo and S 

atoms and the out-of-plane displacement of S atoms, respectively. The typical Raman spectra of 

MoS2 flakes present a shift of the E2g and A1g peaks, compared with the bulk counterpart, changing 

the distance between both peaks from 26 cm-1 for bulk MoS2 to 19 cm-1 in the monolayer form.[279] 

The MoS2 Raman spectrum of exfoliated sample is reported in Figure 5.28f. The spectrum shows 

a red shift for both vibrational modes, E2g
1  and A1g with respect to the bulk counterpart. The red 

shift of the in plane mode E2g
1 indicates adsorption of solvent molecules on thin MoS2 flakes, a 

typical behaviour in chemically-assisted exfoliated flakes,[280] while the red-shift of the out of 

plane A1g mode is due to the decreased interlayer van der Waals force.[281] The TEM, AFM and 

Raman characterization demonstrated that the dispersion consists of nanometric few-layer MoS2 

flakes. 
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Figure 5.28 Characterization of the exfoliated MoS2 flakes. (a) Optical absorption spectrum. 

Inset: calculated optical band gap of the MoS2 flakes. (b) TEM image of a representative MoS2 

flake. (c) Statistical analysis of the MoS2 flake lateral size distribution. (d) AFM image of 

selected MoS2 flakes and (e) statistical distribution of the MoS2 flakes thickness. (f) Raman 

spectroscopy of bulk (black curve) and exfoliated MoS2 (blue curve) flakes. 

5.2.4.2 Photovoltaic performance and electro-optical characterization 

In order to verify the photovoltaic performances improvement following the MoS2 flakes addition 

in inverted PSCs, the architecture ITO/HTM/MAPbI3/PCBM/PFN/Al (Figure 5.29a) was 

fabricated and as the HTM was used either PTAA or PTAA/MoS2 bilayer. The energy levels of 

the different materials used in the device stack, including that of MoS2, are presented in Figure 

5.29b,[282] showing the close match between the VBM of MoS2 and the hybrid perovskite, which 

indicated energy barrier-free hole extraction. 
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Figure 5.29. Structure, performance and photoluminescence response of the PSCs. Schematic 

(a) device architecture and (b) energy-band diagram under flat-band conditions of the fabricated 

planar inverted PSCs. (c) The J-V curves of PSCs based on PTAA (black) and PTAA/MoS2 

bilayer (red) HTMs measured under AM 1.5G (100 mW cm-2) illumination. (d) PCE distribution 

of the devices with (red) and without (black) MoS2 interlayer extracted from 20 identical devices. 

(e) External quantum efficiency spectra and integrated JSC of the PTAA (red) and PTAA/MoS2 

(black) based devices. (f) Photoluminescence spectra (excitation at 543 nm) of 

CH3NH3PbI3/PTAA (black) and MoS2/PTAA/glass (red) substrates. 
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Due to the fact that the spin-coating of the MoS2 dispersion washes out the regularly exploited 

PEDOT:PSS HTM, the non-aqueous processed PTAA HTM doped with F4TCNQ small molecule 

was used in this work.[283,284] The HOMO and the LUMO energy levels of PTAA are -5.25 and -

2.30 eV, respectively (see Figure 2b).[285] Thus, by using the MoS2 thin film with VBM -5.41 eV 

as interfacial layer between the PTAA HTM (-5.25 eV) and the perovskite absorber (-5.43 eV), 

the hole extraction and the performance of the device could be potentially improved. 

The transmittance spectra of PTAA and PTAA/MoS2 (using the optimum conditions, see Table 

5.8) on glass/ITO substrates were compared. The reduction in transmittance is <3% (at the 

maximum point) in the 450–700 nm range (Figure 5.30). Thus, the parasitic absorption from the 

MoS2 thin film can be considered negligible. 

 

Figure 5.30 Comparison of transmittance between PTAA (black)and PTAA/MoS2 (red) thin 

films on the glass/ITO substrate. 

Figure 5.29c displays the current density-voltage (J-V) curves of the PTAA and PTAA/MoS2 

HTM-based PSCs using now the sequentially deposited MAPbI3 as the photo-absorber. The 

introduction of MoS2 thin-films as interlayer between the PTAA and MAPbI3 had a dual function. 
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On the one hand, it improved the PCE of inverted PSCs from 15.51 to 16.42 % (i.e. 6% 

enhancement, see Table 5.8), with a significant increase of the Jsc (from 20.05 to 20.71 mA cm−2) 

and FF (from 76.63 to 78.41 %), while no significant change was observed for the Voc value (1010 

vs 1011 mV). On the other hand, an improvement in the device reproducibility (Figure 5.29d) was 

achieved.  

Table 5.8 Photovoltaic Parameter of the PSCs with the different HTMs 

HTM Jsc (mA/cm2) Voc (mV) FF (%)     Average PCE (Max.) (%)  

PTAA 20.05±0.48 1010±13 76.63±0.77 15.51 (16.25) 

PTAA/MoS2 (1 spin) 20.35±0.49 1010±10 77.88±0.61 16.01 (16.68) 

PTAA/MoS2 (2 spins) 20.71±0.35 1011±7 78.41±0.39 16.42 (16.89) 

PTAA/MoS2 (3 spins) 20.61±0.39 1009±8 78.11±0.35 16.24 (16.75) 

External Quantum Efficiency spectrometry was performed to confirm the enhancement of the Jsc 

in the PTAA/MoS2, compared with the neat PTAA-HTM-based device (Figure 5.29e). The bilayer 

PTAA/MoS2 HTM exhibited a broad and uniform increase in EQE, in the entire spectral range 

measured. This Jsc enhancement can only be explained in terms of an optimized charge injection 

and collection with respect to the reference device, considering that the introduction of MoS2 flakes 

in a thin-film form reduced the energetic offset between PTAA and MAPbI3, due to the VBM 

alignment of MoS2 and MAPbI3.  

In order to get an insight about the charge extraction properties of the photo-generated carriers 

from the MAPbI3 to the two different HTM systems, i.e., the PTAA and PTAA/MoS2, the samples 

steady state PL spectra was measured and analyzed (Figure 5.29f). The PL spectra were collected 

from perovskite films fabricated on glass/HTM substrates. The MAPbI3 perovskite film deposited 

on PTAA/MoS2 thin film promotes a PL quenching, compared to the PTAA films, proving that 

MoS2 interfacial layer enhanced the carrier extraction rate at the HTM/perovskite interface. 
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Moreover, the introduction of MoS2 as interfacial layer improved the reproducibility of the PL 

measurements (see error bar in Figure 5.29f). The PL data further supported our findings from the 

I-V and EQE spectra, suggesting that the use of MoS2 as interlayer between the HTM and the 

perovskite absorber in PSC enhanced both the Jsc value and the reproducibility of the device. 

To gain further insight into the PCE enhancement resulting from the introduction of MoS2 hole 

extraction interlayer, the charge-transfer/extraction and charge recombination kinetics in PSCs 

with and without MoS2 were tested. In Figure 5.31a is displayed the transient photocurrent (TPC) 

decay under short-circuit conditions in order to be understood the influence of MoS2 interlayer on 

the charge transfer properties in solar cells.[286] The photocurrent decay lifetimes were calculated 

to be 2.97 and 2.63 μs for the devices without and with the use of MoS2 thin film, respectively. 

The obtained values were calculated by using a single exponential decay fit. The slightly shorter 

delay time (~12%) of the MoS2-based device compared with that of MoS2-free device indicated a 

boost of the hole carrier extraction with the exploitation of MoS2 in the PSCs, a data consistent 

with the PL measurements. Additionally, the transient photovoltage (TPV) decay under the open-

circuit condition of both devices was measured to characterize the PSCs. TPV decay measurements 

indicate the recombination velocity of injected electrons, from which the charge carrier lifetime 

can be extracted. A fast photovoltage decay indicates rapid recombination. As shown in Figure 

5.31b, it was found that the charge-recombination lifetime (τr) of the device with MoS2 was slightly 

longer than that of the device without MoS2 (i.e., 35μs for MoS2-based vs 29 μs for MoS2-free 

PSCs, calculated using a single exponential decay fit of the experimental data). The lower charge 

carrier recombination velocity in the MoS2 device, compared with the reference one, further 

supported the improved carrier extraction from perovskite layer to the PTAA HTL due to the band 

alignment optimization induced by the presence of MoS2 interfacial layer.  



174 

Copyright© 2018, University of Crete 

 

Figure 5.31 (a) Normalized transient photocurrent decay and (b) normalized transient 

photovoltage decay of PSCs with and without MoS2 hole extraction interlayer. 

To further support and confirm the results of TPC and TPV decay measurements, the light 

intensity-dependent J–V characteristics and the TPV rise profile of the PSCs with and without 

MoS2 interlayer were investigated. The dependence of JSC on the light intensity is presented in 

Figure 5.32a. From the Schottky equation can be derived that: 

VOC  =
nkT

𝑞
ln (

𝐽𝑠𝑐

𝐽0
) =

nkT

𝑞
ln(𝐼𝛼) + 𝐶 

where JSC is the photocurrent, I is the illumination intensity, C is a constant and α is an empirical 

parameter which can be derived from the slope of JSC against the illumination intensity.[287] The 

ideal solar cell without bi-molecular recombination from free carriers should display an α value 

very close or equal to unity. Also, a nonlinear trend of JSC versus light intensity is linked with the 

existence of energy barriers within the device, negatively affecting the charge extraction process. 

By fitting the experimental data with a power law, α values of 0.993, and 0.968 were obtained for 

devices with and without MoS2 interlayer, respectively. The introduction of MoS2 at the 

HTL/perovskite absorber interface reduced the bimolecular recombination, thus the free charges 

were more efficiently extracted by the PTAA hole transporter. As a final crosscheck regarding the 
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role of MoS2 interlayer in the charge carrier recombination/extraction dynamics within the PSCs, 

the TPV rise test was carried out and reported in Figure 5.32b. The transient rise time of the VOC 

is generally correlated with the electron transfer from the perovskite to electron transporter, and 

the hole transfer from the perovskite to the hole transporter. The PSCs with MoS2 hole transport 

intelayer showed faster VOC rise time with respect to the reference cell, indicating a more efficient 

hole transfer at the PTAA/MoS2/perovskite interface if compared with the PTAA/perovskite one.  

 

Figure 5.32 (a) JSC and (b) Normalized VOC rise profile acquired by retaining the devices with 

and without MoS2 interlayer in open circuit condition, in the dark and by suddenly (t=0) 

switching on the light at 1 SUN irradiation condition. 

5.2.4.3 Stability measurements of unsealed solar cells 

It has been recently demonstrated that inverted PSCs using PTAA as the HTM is an 

effective structure to obtain high PCE values. However, before this work there were no reports 

about the lifetime of these efficient inverted PSCs under ambient conditions. The stability 

measurements of the PSCs with and without the addition of MoS2 thin film as the interfacial layer 

is presented in Figure 5.33, under continuous solar illumination and ambient atmosphere. As 

shown in Figure 5.33a, the addition of MoS2 as interfacial layer between PTAA and MAPbI3 

increased the device stability. In particular, on one hand, the reference PSC showed a significant 
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decay of its PCE which eventually failed after ~12 hours of stress test. On the other hand, the MoS2 

incorporated PSCs improved the stability of the device performance, i.e., after ~12 hours of the 

stress test the device preserved more than 97% of its initial PCE. By analysing the figures-of-

merits (FoMs) that determine the PCE, i.e., Jsc, Voc and FF, over time, (Figure 5.33 b, c, d, 

respectively), Jsc and FF were the FoMs that showed a large difference between the reference 

device and the PTAA/MoS2–based one. This implied that the incorporation of MoS2 at the 

HTL/perovskite absorber interface inhibits the light activated photocurrent degradation,[288] 

stabilizing the perovskite bulk.  

 

Figure 5.33 Unsealed perovskite solar cells stability. Evolution of normalized (a) PCE, (b) Jsc, 

(c) Voc and (d) FF of PTAA (black) and PTAA/MoS2 (red) HTMs based PSCs under continuous 

AM 1.5 G illumination (100 mW cm-2) in ambient conditions (~50% RH). 

In PSCs, the HTM plays a key role because it acts as both charge dissociation/transporting layer, 

as well as charge recombination suppressor. However, PTAA has a low electrical conductivity, 
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thus a doping process with F4TCNQ small molecule was needed to effectively enhance the holes 

transportation.[289] Nevertheless, this doping process normally determines a trade-off between the 

PCE and stability.  

In order to prove this hypothesis, inverted PSCs, with and without MoS2 thin film as interfacial 

layer, were prepared and characterized. Differently from the previously presented J-V 

measurements, for these experiments, the PTAA was un-doped (without F4TCNQ small 

molecule). In Figure 5.34 are presented the J-V curves of the devices with and without the MoS2 

interfacial layer, with the averaged photovoltaic characteristics for each device reported in Table 

5.9. The results showed that without the addition of F4TCNQ in the PTAA and PTAA/MoS2, the 

devices PCE was decreased by ~15% for both cells (i.e., PCE of 13.06% and 13.95%, 

respectively). 

 

Figure 5.34 The J-V curves of PSCs based on undoped (F4TCNQ-free) PTAA (black) and 

PTAA/MoS2 bilayer (red) HTMs measured under AM 1.5G (100 mW cm-2) illumination. 
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Table 5.9 Photovoltaic parameters of undoped PTAA and undoped PTAA/MoS2 based 

perovskite solar cells 

Devices Jsc (mA/cm2) Voc (mV) FF (%)     PCE (%)  

Undoped PTAA 19.09 990 69.10 13.06  

Undoped PTAA/MoS2 20.05 995 69.94 13.95  

 

Regarding the lifetime of the un-doped PTAA- and PTAA/MoS2-based PSCs, the degradation test 

was repeated using the same experimental conditions as in the case of the doped PTAA and 

PTAA/MoS2. The un-doped PTAA based device retained ~ 70% of its initial PCE after 12 hours 

of the stress test, see Figure 5.35. On the contrary, in the same time scale, the doped device retained 

only ~20% of its initial PCE. This indicated that the doping of PTAA with F4TCNQ improved the 

device performance but also activated a process that speed up the device failure. Even more, the 

addition of F4TCNQ in MoS2 covered PTAA PSCs, did not had a significant effect for the device 

degradation. This implied that the MoS2 thin film acted as a barrier for F4TCNQ doped PTAA 

layer to come in contact with the perovskite layer, preventing the PTAA film or the perovskite 

film (or both) degradation. The investigations reported in the following analysis sections clarified 

the mechanism at the origin the MoS2 protective role. The decay of Jsc and FF parameters for both 

cells followed a similar trend, with the degradation rate of PTAA/MoS2 PSCs to be ~10% slower. 

Most importantly, the Voc for both PSCs maintained at the same value during the entire stress test, 

indicating the preservation of perovskite layer degradation in the absence of the F4TCNQ dopant. 
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Figure 5.35 Evolution of normalized (a) PCE, (b) Jsc, (c) Voc and (d) FF of undoped (F4TCNQ-

free) PTAA (black) and PTAA/MoS2 (red) HTMs based PSCs under continuous AM 1.5 G 

illumination (100 mW cm-2) in ambient conditions (~50% RH). 

5.2.4.4 Series resistance and conductivity calculations over time 

 In order to have an insight of the mechanism responsible for the degradation of the 

F4TCNQ-doped PTAA-based PSCs, when MoS2 was introduced, the series resistance (Rs) over 

time of the devices was determined, see Figure 5.36. The PTAA-based device showed a ~7-fold 

increase in the Rs value after 12 hours of continuous stress test, while the Rs of the PTAA/MoS2-

based PSCs, in the same time scale did not change. The contact resistance between the 

semiconductor and the electrodes mainly contribute for the solar cells Rs. The optimization of the 

interfaces between the semiconductor material and the electrodes plays a crucial role for the solar 



180 

Copyright© 2018, University of Crete 

cells operation, and in particular for PSCs. Accordingly, the optimization of the 

ITO/HTM/MAPbI3 interface is vital, since an ohmic contact is required for the transportation of 

photo-excited holes from the perovskite towards to the ITO. The Rs behaviour could be linked with 

the fact that the reference devices HTM/Perovskite interface was significantly degraded after the 

stress test, thus increasing the electrical resistance, while the one of the MoS2-based devices 

remained unchanged after the stress test. 

 

Figure 5.36 Series resistance trend over time of devices with (red) and without MoS2 interfacial 

layer. 

With the aim to understand the mechanism of the failure on the reference-device with the increase 

of the Rs, we calculated the direct current (DC) conductivity (σ0) of the different HTMs over time, 

using the equation I = σ0Ad−1V. This was carried out by measuring the I-V characteristics of 

sandwiched cells composed by ITO/HTM/Au, with PTAA or PTAA/MoS2 thin films (both doped 

with F4TCNQ) used as the HTMs. Τhe as-prepared cells were scanned i.e., the I-V curve is 

obtained every 10 minutes by scanning the cell from -1 to 1 V periodically (Figure 5.37 a,b). In 

Table 5.10 are summarized the results before and after the stress test of the different PSCs. The σ0 

of the PTAA HTM, at the end of the stress test, was decreased by ~60% with respect to its initial 
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value. After the test, the PTAA/MoS2 bilayer HTM σ0 remained almost unchanged (~3% 

increased). This implied that the introduction of MoS2 interlayer significantly maintained the 

conductivity of the HTM, which is vital for the device operation, a parameter that correlates the 

ohmic contact between the semiconductor and the electrode in solar cells. Another point to be 

noted is the enhancement of σ0 after the addition of MoS2 by ~40%, a result that further supports 

the enhanced Jsc and the quenched PL intensity of such devices. 

 

Figure 5.37 I-V characteristics trend over time of (a) ITO/PTAA/Au and (b) 

ITO/PTAA/MoS2/Au devices both doped with F4TCNQ small molecule. 

Table 5.10 Calculated conductivity values for PTAA and PTAA/MoS2 bilayer before and after 

the stress test. 

Sample σ (μS/cm) Δσ (%)  

ITO/PTAA/Au Fresh 0.0023 - 

ITO/PTAA/Au Aged 0.0009 -60.9 

ITO/PTAA/MoS2/Au Fresh 0.0032 - 

ITO/PTAA/MoS2/Au Aged 0.0033 +3.1. 

 

5.2.4.5 Stability investigations using X-ray Analysis 
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X-ray Diffraction (XRD) was used to both detect structural changes of the perovskite layer 

and uncover the role of MoS2 as interfacial layer in PSCs. A motivation that triggered the study of 

the structural properties before and after the stress test was the different trend in Voc decay, showed 

by both PSCs. The different trend in VOC suggests differences in decomposition and structural 

changes, in the perovskite layer. For both devices, two set of experiments were performed: the first 

one on the complete PSC, while the second one on an intermediate step of device fabrication (i.e., 

PSC without the metal electrode). By carrying out the experiment on the incomplete cell, it was 

possible to discriminate between degradation processes associated to solar irradiation and the ones 

related to the device operation (stress test: light exposure and voltage application). XRD patterns, 

collected on the active materials (ITO/PTAA/Perovskite/PCBM) and on the reference-device 

(ITO/PTAA/Perovskite/PCBM/PFN/Al), are shown in Figure 5.38a,b comparing the pristine state 

(black solid line) and aged state (grey dashed line). The XRD patterns collected on the integrated 

devices were obtained impinging on the surface a portion covered by the 100 nm-thick Al-

electrode.  
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Figure 5.38 Crystallinity changes in thin films and devices before and after degradation. (Top) 

XRD comparison of the pristine state (solid line) and aged state (dashed line) of the (a) 

Reference devices, on the active materials (ITO/PTAA/Perovskite/PCBM system): (b) 

Reference-device (ITO/PTAA/Perovskite/PCBM/PFN/Al): XRD study of the MoS2-based 

devices. (c) on the active materials (ITO/PTAA/MoS2/Perovskite/PCBM system): (d) Reference-

device (ITO/PTAA/MoS2/Perovskite/PCBM/PFN/Al) 

The XRD peaks, labelled in Figure 5,40, were attributed to tetragonal CH3NH3PbI3 [Space group 

I4/mcm (Z=4), a=8.800 Å, c=12.685 Å].[290] The (211) reflection position, inconsistent with the 

cubic symmetry, was essential for discriminating between the cubic and tetragonal perovskite 

phase.[291,292] The unlabelled peaks were attributed to the ITO substrate signal. The presence of 

hexagonal lead iodide (PbI2) was also detected [namely the (101) reflection at 2θ = 12.70° (JCPDS 

07-0235)], indicating that this component was not converted into perovskite to its full extent. The 

beneficial role of unreacted PbI2 in the efficiency of PSCs has been reported previously.[293]  
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In the patterns collected on the aged reference device, two additional reflections were observed, 

labelled as (1) and (2) (Figure 5.38 b) and interpreted as follows: (1) the diffraction at 2ϑ = 10.70 

°, corresponds to the formation of monohydrate (CH3NH3·H2O)PbI3 crystalline (1̅01) reflection 

(monoclinic P21/m crystal structure), (2) The diffraction at 2ϑ = 11.30 °, corresponds to the 

formation of dihydrate (CH3NH3)4PbI6*2H2O.[294,295] This is a clear evidence that the perovskite 

film was affected by water molecules,[296] forming mono and di-hydrated compounds, migrating 

from the ITO and F4TCNQ doped PTAA hygroscopic layers, into the inner components of the 

device (devices and films were stressed in ambient air) following, well-established, stoichiometric 

equation:[ 295]  

4[(CH3 NH3)PbI3] + 4H2O ⇌ 4[CH3 NH3PbI3*H2O] ⇌ (CH3NH3)4 PbI6*2H2O+ 3PbI2+ 2H2O  

In particular, monohydrate is an intermediate product, which can be re-converted, while the 

formation of dihydrate indicates that the reaction has been “driven further” by prolonged exposure 

to water.[297] Such process was associated to the formation of PbI2 and to the release of two water 

molecules. However, no extra formation of PbI2 was detected, in addition to the initial 

contribution. This fact was expected, since the PbI2 phase initially formed during hydration is 

amorphous (or nanocrystalline). 

For comparison, XRD patterns collected on the MoS2-device 

(ITO/PTAA/MoS2/Perovskite/PCBM/PFN/Al) and on its active materials 

(ITO/PTAA/MoS2/Perovskite/PCBM system) are shown in Figure 5.38c,d. Comparing the pristine 

(black line) and aged state (red line) of the cell. The XRD peaks were labelled as previously 

discussed for the reference device. MoS2 (100) reflection was observed, in agreement with JCPDS 

Nr. 37-1492. [298] The XRD patterns showed that the perovskite in the pristine and aged state were 

overlapping and no evidence of the formation of mono and di-hydrated compounds was detected. 
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This was an important finding, demonstrating how the use of a MoS2 interfacial layer was able to 

stabilize the device architecture inhibiting the degradation pathway observed for the reference 

device. The mechanism at the origin of such a protective role relies on the MoS2 ability to capture 

water molecules. The polymeric PTAA buffer layer allows diffusion of molecules inside its matrix 

(the migration velocity is proportional to the applied electric field). In fact, due to the molar 

conductivity of the PTAA buffer, under operation, the applied voltage played the role of a driving 

force for water molecules towards the Al electrode. Additionally, since F4TCNQ small molecule 

is a very hygroscopic material, it played an important role in water uptake in PTAA layer, 

triggering the degradation process of the perovskite layer in the absence of MoS2 interlayer. 

Contrary, by introducing the protective MoS2 layer, this effect was inhibited. In fact, MoS2 basal 

planes are able to trap and intercalate water by strong van der Waals interactions. [299,300,301] The 

XRD study of the reference device detects a perovskite layer degradation (structural modification), 

consequent to water uptake. Introducing a MoS2 interlayer between the HTM and the MAPbI3, the 

water uptake was inhibited preserving the device structural properties over long lasting operating 

conditions. These findings were in agreement with the Voc trend of the devices in the stability test. 

However, besides the Voc decay difference, between PTAA and PTAA/MoS2 based PSCs, the most 

relevant difference in the decay of photovoltaic parameters of both devices after the stress test, 

was due to the FF deterioration (and to a minor extend to Jsc). This indicated different changes at 

the interfaces of the studied devices. To get an additional insight into the degradation mechanism, 

the interfacial changes were studied, by performing Energy dispersive x-ray reflectometry (EDXR) 

analysis in pristine and aged devices with and without MoS2. 

5.2.4.6 Probing the Perovskite buried interface by EDXR 
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Energy dispersive x-ray reflectometry is a useful tool detecting interfacial modifications in 

layered devices. [302,303] For this purpose, EDXR measurements of the reference and the MoS2 

integrated devices were performed. In order to probe the HTM interface with the perovskite film, 

the measurement was performed impinging with the X-ray probe from the transparent ITO 

electrode side. The EDXR patterns for the reference and the MoS2 devices (pristine and aged 

states) are reported in Figure 5.39 a,b. 

 

Figure 5.39 Perovskite/HTM interfacial changes before and after degradation. ITO-side EDXR 

patterns for the (a) reference and (b) the MoS2 devices (black dots for the pristine devices, grey 

dots for the aged once). 

In the reference cell, the EDXR profiles (Figure 5.39a) for the pristine and aged device were 

markedly different. In fact, in the pristine state, the ITO critical edge (qc = 0.052 Å-1 corresponding 

to glass/ITO interface, electron density ρe =5.6(1)×10-5 A-2), was well-defined. The reflectivity 

curve slope was consistent with an estimated overall roughness of σpristine= 1.5(1) nm (taking into 

account both the ITO/PTAA and the PTAA/Perovskite interfaces). Both, the curve edge shape and 

the curve slope indicated the presence of sharp interfaces. However, in the aged device the curve 

edge shape and the curve slope were strongly affected by the device operation: the critical edge 

gets smoother with respect to the one of the pristine state, indicating a stronger absorption at the 
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interface, and the roughness decreases, σaged= 0.5(1) nm. These observations of a “smoother 

interface” were compatible with high intermixing at the perovskite buried interface. [304] 

On the contrary, considering the MoS2–based device, no differences were observed under 

operating conditions. The reflectivity profiles (Figure 5.39b) corresponding to the pristine and 

aged states were perfectly overlapping. 

Therefore, we can state that an important effect at the perovskite buried interface occurred only in 

the case of reference device because of device operation: under working conditions, the indium 

(In) ions migrate from the ITO anode into the polymeric layers. This was considered one of the 

major phenomena determining the device failure. [305,306] In the reference-device, under the same 

conditions, the ion migration compromises the PTAA/perovskite interface. In contrast, the 

introduction of a MoS2 layer prevents the migration of In ions, inhibiting the degradation of the 

perovskite buried interface. This was attributed at the protective role of MoS2, which was able to 

hosts an extensive variety of species ranging from Lewis base to alkali metals, via intercalation. 

[307,308,309,310] These results were in agreement with the FF values of PSCs with and without MoS2 

(significantly reduced degradation rate in FF, which is a FoM for proper interfaces in PSCs, of 

MoS2-based devices compared to the reference devices). 

5.2.4.7 Long-term lifetime test under maximum power point tracking of encapsulated devices 

Besides the preliminary stability tests of unsealed devices, to further explore the potential of MoS2-

based devices, PSCs with and without the MoS2 interlayer were fabricated and encapsulated inside 

a nitrogen-filled glove box. Their long-term lifetime was recorded in ambient conditions under 

continuous light exposure, constantly tracking the maximum power output. The stability test 

includes a number of protocols that must be validated before the devices or modules can be 

considered for real applications.[311] Succeeding this test was not trivial for PSCs, taking into 
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account the hygroscopic nature of perovskite films, phase instabilities and light sensitivity.[312] The 

test was applied to devices with and without MoS2 interlayer, until T80 was reached. As shown in 

Figure 5.40, the reference device reached T80 after ~171 hours of the applied stress test, showing 

a monotonic decay in PCE with a rate of ~ 0.115 % per hour (at the linear part), while, in the same 

timeframe, the MoS2-based PSC retained ~98% of its initial PCE. In fact, the MoS2-based PSCs 

reached T80 after ~ 568 hours of continuous stress test, with a decay rate of ~ 0.045 %/hour (at the 

linear part). Finally, to our knowledge, this was the first report that tested the lifetime of PTAA-

based PSCs doped with the highly hygroscopic p-dopant F4-TCNQ in ambient conditions for both 

encapsulated and un-encapsulated PSCs. This was a remarkable result because MoS2 blocked the 

hygroscopic F4-TCNQ, which facilitated the migration of moisture at the HTM/Perovskite 

interface and within the perovskite absorber, eventually degrading them. Taking into account the 

aforementioned considerations, our work open the pathway for PSCs to exceed the industrial 

standards for stability in the near future. 

 

Figure 5.40 Long-term stability of encapsulated PSCs and state of the art lifetimes reported to 

date. Lifetime test under continuous illumination at the MPP tracking of devices with (red 

scatter) and without MoS2 (black scatter) in ambient conditions. Inset: actual MPP values 

obtained for both devices. 
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5.2.4.8 Scaling-up to large area cells 

Finally, was investigated the effect of MoS2 interfacial layer in large are PSCs (0.5 cm2). A 

motivation to scale up the device area was the significantly improved reproducibility in I-V 

characteristics and PL measurements of the MoS2 incorporated samples. In Figure 5.41a are 

presented the J-V characteristics of PTAA and PTAA/MoS2 based PSCs of both the small (0.04 

cm2 solid lines) and large (dashed lines) area PSCs. In Figure 5.41b a photograph of the as-prepared 

large-area PSC is shown. The obtained results are summarized in Table 5.11 Remarkably, the PCE 

of the large area cell with the MoS2 interlayer was significantly higher compared to the reference 

large area cell (13.17% vs. 10.64%) having a higher Voc with respect to the reference PSC (1009 

vs. 949 mV). This could be an indication of a uniform formation of MAPbI3 in large area devices 

when MoS2 was introduced as interfacial layer. 

 

Figure 5.41 Performance of large area PSCs. (a) J-V curves of the large-area cells (0.5 cm2 

active area) with (red dash-dot curve) and without MoS2 (black dash-dot curve) measured under 

AM1.5G illumination with an intensity of 100 mW cm−2. (b) Photograph of a large-area cell with 

the MoS2 interfacial layer.  

Table 5.11 Photovoltaic parameters of small (0.04 cm2) and large area (0.5 cm2) cells 

Devices Jsc (mA/cm2) Voc (mV) FF (%)     PCE (%)  
PCE 

Drop (%) 
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Small Area PTAA  20.05 1010 76.63 15.51 - 

Large Area PTAA 18.97 949 59.11 10.64 31.40 

Small Area PTAA/MoS2 20.71 1011 78.41 16.42 - 

Large Area PTAA/MoS2 19.35 1009 67.45 13.17  19.79 

 

5.2.4.9 Conclusion 

In summary, we demonstrated that the introduction of solution processed MoS2 flakes between the 

PTAA HTM and the MAPbI3 absorber was an effective approach to enhance the efficiency of 

inverted PSCs, achieving a record PCE of ~17%. Besides, MoS2 significantly improved the 

stability of encapsulated devices stressed in ambient conditions under continuous light exposure 

at maximum power output. The MoS2-based PSCs achieved T80 lifetime of 568 hours, which 

represent the state of the art for PSCs. Such device stability was ascribed to the twofold beneficial 

role of MoS2, inhibiting both interface and structural aging pathways. Moreover, we also 

demonstrated the beneficial role of MoS2 in the scalability process of the PSCs, by realizing large-

area cells of 0.5 cm2, obtaining PCE higher than 13%. These investigations pave the way towards 

high efficiency, large area and ultra-stable PSCs with lifetimes approaching the industrial 

standards. 
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Chapter 6  

Summary and Outlook 

6.1 Summary 

This thesis aims to in depth understand and optimize/minimize the charge carrier 

extraction/recombination processes at both the active material/transporting layer interface and at 

the nanoscale bulk heterojunction interfaces within the active layer of solution processed OSCs 

and PSCs through doping the devices’ building blocks with metal NPs and GRMs. The motivation 

for pursuing this challenging task is based on the possibility to reach higher PCEs combined with 

extended long-term lifetimes. Exploiting different GRMs or TMDs and metal NPs within the 

device building blocks we managed to accurately control the interfacial properties in order to 

achieve balanced tradeoffs between complete light harvesting and charge collection. In doing so, 

we combined advanced fabrication strategies with advanced transient electrical and optical 

characterization techniques to shine light into the functional mechanisms that are responsible for 

either improved PCEs or long-term lifetimes. The aforementioned can be clearly reviewed on my 

main projects, in which I have demonstrated: 1) the beneficial role of exploiting the plasmonic 

backscattering effect in OSCs (Advanced Energy Materials, first author); 2) the effect of doping 

the PEDOT:PSS HTM with Ag, Au and Al in the PCE and lifetimes of PSCs (RSC Advances, first 

and corresponding author); 3) how the proper fuctionalization/doping of GO with heteroatoms 

results in the realization of efficient hole and electron transporting materials for OSCs (Journal of 

Materials Chemistry A,  shared first authorship); 4) a new figure-of-merit to obtain high PCEs in 

ternary OSCs, that of matching the third component (WSe2 flakes) lateral size with the fullerene 

electron acceptor domain size (ACS Nano, first author); 5) the preparation of efficient and stable 

PSCs by doping inside the PCBM ETM rGO conductive flakes (Advanced Energy Materials, first 
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and corresponding author); 6) the tremendous long-term stability enhancement with the 

introduction of a MoS2 hole transporting interlayer between the HTM and the perovskite absorber 

(Advanced Energy Materials, first author). In these finding I have shown the importance of 

interface engineering towards efficient stable and reliable solution processed photovoltaics. 

 

6.2 Outlook 

6.2.1 Plasmonic Metal Nanoparticles in Solution Processed Photovoltaics 

The substantial work and research effort have been done in the synergy of metal and rare-earth-

element NPs and the other solar cell technology generations might work to enlighten the future 

developments for the further understanding and applications of such NP systems in OSCs and 

PSCs. There are a lot of open issues in the fascinating and of great potential field of PSCs (the 

discussion will be focused on this research field for both NPs and GRMs based PSCs) that need to 

be addressed in order for this technology to become competitive to the commercially available Si 

PVs: efficiency enhancement, long term stability, toxicity issues, hysteresis effects, light soaking 

effects. All these challenges and how NPs can contribute towards their addressing should be 

studied further. The synergetic operation of UCNPs and metal core-shell NPs into the perovskite 

film for extended stability but also exploitation of the NIR solar spectrum should be further studied 

since it addresses two priority issues in PSC: the PCE further enhancement and long term stability 

issues. Another open issue is the impact of the NPs into the perovskite regarding the lowering of 

the excitons’ binding energy in their vicinity due to LSPR and thus the increase of the photo-

generated carrier generation rate. This is an issue that has not been answered since Snaith’s group 

first publication and we think that it should be further studied since it will be a facile strategy to 

boost the PSCs photovoltaic performance. In a number of reports the immersion of metal 

nanostructures into perovskite or in one of the buffer layers has resulted in prolonged stability 
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under illumination and ambient conditions. The mechanism that supports these experimental 

results should be introduced and further studied, as this has been done in OSCs, in order to satisfy 

the building of ultra-stable PSCs. Another promising area of research is the field of the ultrathin 

semitransparent PSCs where the perovskite is much thinner (~ 50 – 100 nm) than in the 

conventional PSCs (~300 – 500 nm). Semitransparent PSCs is expected to be a key building block 

for the future tandem solar cells in combination with silicon solar cells (world efficiency record of 

23.6%). The semitransparent PSCs are expected to play an important role in one of the biggest EU 

priorities, the Building Integrated Photovoltaics (BIPV). Plasmonic and upconversion NPs will be 

called to boost the photovoltaic performance and stability of the PSC building block. Furthermore, 

for the PSC technology to be deployed on a large scale, the two main challenges that need to be 

addressed are the material stability and the toxicity of lead. This does not pose a problem if Pb 

remains contained within the PV module; however, lead-based perovskites tend to release PbI2 as 

degradation product, which is toxic. Human exposure to lead is harmful to the nervous and 

reproductive systems and to the hematopoietic and renal organs, mainly as a result of increased 

oxidative stress. The lead free or perovskites with lower lead amounts should retain the unique 

optoelectronic properties of lead based perovskites. Thus to tackle the lead toxicity issue there are 

two alternatives; (a) to utilize thinner perovskite and thus less quantity of lead or (b) to construct 

lead free PSCs that suffer from lower PCEs (~ 7%, instead of Pb is used Sn or germanium (Ge)) 

and (c) development of an effective encapsulation strategy. For scenario (a) we have already seen 

that plasmonics is expected to play an important role. For scenario (b) according to our knowledge, 

there are no reports regarding the application of plasmonic metal and upconversion NPs in this 

category of PSCs for the enhancement of their PCEs. So the synergy of such NPs with these 

particular perovskite systems is requested and expected soon in order to enhance their PCEs and 
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their stability. The synergy of NPs with the lead-free PSCs is envisioned to contribute towards the 

opening of the road of safe and environmental friendly solar energy. Finally scenario (c) is 

expected to have recycling issues in the future. The immersion of nanostructures into the ETL or 

HTL of a PSC enhances the electrical properties of the overall cell mainly due to modifications 

induced in the interfaces of the device. On the other hand there is a lack of study on what is the 

effect of metal NPs into the crystallization of the perovskite semiconductor (crystal grain size) as 

a function of NPs type and concentration. In a multi-parameter system as the one of PSCs this 

should be studied in the future. It will also be very useful to understand in more detail the charge 

transport and charge dynamics in the ETL and HTL after the incorporation of the nanostructures. 

Finally but equally important, besides the optical theoretical guidelines already presented for the 

absorption enhancement when metal NPs are placed inside the perovskite, is the development of 

additional guidelines provided by the theoretical simulations regarding: a) optical and electrical 

theoretical guidelines for the maximum enhancement of both the absorption and charge extraction 

when metal NPs are incorporated also in ETL (mesoporous and planar) and HTL of PSCs and b) 

optical theoretical guidelines for the optimum IR light utilization when rare-earth-element UCNPs 

are placed in PA, ETL (mesoporous and planar), HTL and as the mesoporous scaffold of PSCs. 

These theoretical guidelines will guide the experimental researchers to better utilize the above-

mentioned approaches in order to further improve the PCEs of PSCs. 

6.2.2 Graphene and related 2D materials in Solution Processed Solar Cells 

The synergy of graphene and perovskite materials is challenging but has already generated highly 

significant results since combines the superb properties of the two materials: abundance, low cost, 

compatibility with low temperature solution processing and printing techniques, excellent 

electrical, mechanical and optical properties and large scale production potentials. However, the 
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incorporation of GRMs as a TCE or within the interlayers of PSCs is a technology that despite its 

progress and encouraging results still has to tackle some challenges. A lot of mechanisms are still 

unclear and thus there is no a state of the art PSC designs that meets commercial applications 

standards. The first challenge is to further reduce the extraction times from the perovskite active 

layer into the ETL compared to the reported hot carrier thermalization extraction times. This is 

expected to enhance the PSCs PCE by reducing the recombination rates. Key parameter in this 

effort may be the enhancement of the demonstrated conductivity of the incorporated GRMs 

(mainly through its functionalization with atoms of higher electronegativity or with its doping with 

oxide coated metal nanoparticles). At the same time the restoring of GO conductivity or its n-

doping requires high temperatures that could degrade the perovskite that is deposited below in the 

case of inverted PSCs. This means that controlled experiments are necessary to be implemented in 

order to address some innovative process protocols. Another important issue to be investigated 

further is the lowering of the FF when graphene builds nanocomposites with the SrTiO3 that are 

employed as ETLs. A most like reasoning of this is the formation of recombination centers but 

further studies have to be done. Since the PCEs of the rGO / TiO2 layers device are much lower 

than the highest reported, more work in needed on the optimization of the atomic layered deposited 

bl-TiO2 and mp-TiO2 thickness. Future direction linked with the impact of GO based HTLs could 

be the further study of the HTL thickness regarding hysteresis and light soaking effects. Also, even 

though all the photovoltaic characteristics of the PSCs were very much affected by the thickness 

of the employed GO HTL, the Voc remained close to 1 V. The reasoning behind this stable behavior 

needs to be elaborated further. Another important task that needs more investigation is to identify 

the physical & chemical properties of the graphene based HTL that affect significantly the 

crystallization process of the top deposited perovskite films (particular in the planar inverted 
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architecture). This is a very crucial task to be studied since the morphology and possible interfacial 

chemical changes of perovskite films and the HTL determine the performance of the PSC device. 

The lower performance of the graphene – based HTLs, instead of the spiro-OMeTAD, and 

ITO/FTO free PSCs should motivate future studies towards the building of efficient top/bottom 

graphene based electrode & HTL PSCs. Even though there are reports that state that the hysteresis 

phenomenon is less obvious in planar inverted graphene based PSCs (mainly due to the faster 

charge extraction rates and the more balanced mobilities between electron and holes in graphene 

based cells), the physics behind these reports is still unclear and not well supported. More 

theoretical and experimental work has to be devoted to reply this challenge. Another challenge is 

the fabrication of large-scale solution processed graphene based perovskite solar modules with 

optimized PCEs. The fabrication and deposition of solution-processed graphene in large scales is 

still a non-solved challenge. The majority of the work reported related the GRM based PSCs, has 

been implemented with MAPbI3 absorber. Almost no work has been done in GRM involvement 

in perovskite semiconductors with energy band gaps between 1.1 and 1.4 eV that are ideals for 

harvesting more solar energy. These systems are building by mixing Sn-Pb compounds and have 

not reached their Shockley – Queisser limit. This gives plenty of room to graphene and GRMs to 

be engaged and be studied. Moreover little work has also been done regarding the GRM based 

FAPbI3 systems. The latter have become a major avenue for research because of the higher 

demonstrated thermal stability and its narrower bandgap. One of the most significant issues 

concerns the investors and fabricators is the toxicity of lead used in PSCs. This represents a huge 

pollution source in manufacturing and disposal phases. It is expected that a lot of emphasis will be 

given to lead free PSCs. This is another opportunity window for the GRMs to be involved and 

research to be done, how this family of PSCs PCEs can be improved as a result of its synergy with 
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GRMs. In future should be studied how GRM e.g. HTL affects the phase stabilization and if it 

degrades the segregation of perovskites in this family of PSCs. The contribution of GRMs into the 

more efficient thermal management of PSCs during their testing or during their operation where 

the temperatures are above 60 oC should be studied further. The excellent thermal properties of 

graphene and its incorporation within the perovskite active layer (e.g. in the form of GQDs) or the 

transport layers, is expected to slow down the impact of this extrinsic degradation factor. The use 

of graphene-based electrodes also should eliminate the degradation effect induced in high 

temperatures with the mitigation of metal electrode ions into the perovskite active layer. Moreover 

the impact of GRMs to dynamics of lattice deformation and hence halide migration during PSCs 

aging and thermalization, has not been extensively studied. It is must be noted that hysteresis and 

reversible losses contribute to fast and slow device degradation respectively. A comprehensive 

study of the impact of GRM based electrodes on the reversible losses and the accumulation of ions 

at interfaces on different PSC architectures is still lacking. 

Universal fabrication protocols regarding the PCE optimization as a function of the thickness of 

GRM layers are still absent. The processing protocols should be synchronized with in situ 

characterization techniques such as X-ray scattering and spectroscopy in order to optimize the 

processes within a PSC e.g the kinetic dynamics of the photo-generated carriers as a function of 

the GRM layers thickness.  

The promising prospects of flexible PSCs in high profile applications such as flexible 

optoelectronic devices, building integrated PVs (BIPVs) have placed high demands in the 

fabrication of low temperature semitransparent PSCs. In order to promote the competitiveness of 

these flexible solar cells the boosting of their PCE should be intensified. New high performed 

substrates and low temperature processed interlayers should be introduced that will elevate flexible 
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PSC PCE above the 15% nowadays reported performances. Moreover the performance of large – 

area (in case of BIPV) PSCs is very much dependent on whether the perovskite and the 

incorporated GRMs (in case of GRM based PSCs) deposition techniques enable controlled growth 

and deposition of high quality layers over large areas in low cost. Regarding graphene, the lowest 

cost deposition method, the spin coating, is not characterized by the best graphene quality that can 

provide even in small deposition areas. A lot of research has to be implemented in improving the 

low cost deposition of GRMs over large areas. 

Additionally, more work should be done in order to test beyond GRMs also 2D TMDs beyond 

MoS2 (such as WS2 and other 2D – TMDs materials) and 2D black phosphorous (BP) not only as 

HTLs but also as ETLs. For the further establishment of BP as a very promising 2D HTL material 

more effort has to be paid to improve its stability under ambient conditions. Finally, the application 

of 2D-TMDs and BP should be further examined in other perovskite materials beyond MAPbI3. It 

seems that the work already done has opened an avenue for the application of 2D materials beyond 

graphene towards PSCs commercialization and demonstration of high performance large area 

photovoltaics. 

The 2D-layered crystals based metal halide PSCs is a technology that exhibits high efficiencies (> 

20%), even though there are no certified results yet, lower costs (solution processability), 

reproducibility (make the hysteresis effects less pronounced), stability (for several days under 

operational conditions), that are paramount characteristics for a new technology to be established. 

The aforementioned challenges and future perspectives should be addressed with the introduction 

of more well defined processing and stability protocols that have a more universal than individual 

character. 
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