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Chapter 1 Introduction 

 

The last decades have witnessed an unprecedented increase of technological progress in 

the field of optoelectronics. The constant demand of higher performances, sustainability 

and latest requirements of the consumer market led to the research of novel strategies. 

Understanding the structure-to-properties relationships of the materials and the device 

architecture engineering have been crucial in the development of optoelectronic devices.  

 

1.1 Organic semiconductors 

 

Organic semiconductors combine the electronic behavior of semiconductors, such as 

electrical conductivity, absorption and emission of light, with the ease of processing and 

chemical tunability of either conjugated small molecules or polymers. This class of 

materials has attracted an increasing attention since the first reported electrical 

conductivity in halogen doped polyacetilene in 1977.
[1]

 Until now, the field of organic 

electronics has witnessed a constant rise of the materials performances, due to the 

improvement of the material design and physical understanding (Figure 1.1).
[2]

 In 

particular, organic optoelectronic applications like organic solar cells (OSCs) and light 

emitting diodes (OLEDs) have experienced a rapid growth, still on going, which has led 

to commercialization.
[3]

 The success of these devices mainly relies on the combination of 

high performances, materials abundancy, cost-effectiveness and ease of manufacturing.  
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Figure 1.1 Examples of organic semiconducting materials used in the latest high-

performance organic optoelectronic devices. (a) Donor and (b) acceptor in typical organic 

solar cell.  (c) Emissive layer in organic light-emitting diode.
[4]

 

 

1.2 Organic solar cells 

 

Solar, the largest renewable energy resource, has the capability to meet the growing 

global energy demand, which nowadays mainly rely on fossil fuel energy reserves.
[5]

 

Currently, the most efficient and commercialized photovoltaic modules are based on 

inorganic materials such as silicon.
[6]

 However, processing and cost of pure crystalline 

inorganic materials triggered an extensive research towards alternative solar cells. In 

contrast, organic photovoltaics (OPV) represent an attractive emerging technology, due to 

the low-cost and wide selection of the materials used in its modules. Moreover, OSCs 

allow compatibility with printing techniques and fabrication of semi-transparent flexible 

devices. Nevertheless, the actual OSCs market is hindered by power conversion 

efficiencies (PCE) lower than inorganic counterparts and lifetime limitations. In contrast, 

perovskites are low-cost, solution-processable alternatives which outperform organic 

active layers in solar cells.
[7]

 However, due to stability concerns and the presence of 

lead,
[8]

 researchers are still devoting many efforts to obtain stable and highly efficient 

OPV devices.
[9]

 Recently, after stationary years (Figure 1.2), promising results have been 

achieved (PCE > 17%)
[10]

 by molecular optimization, which makes OSCs 

commercialization very promising in the near future. 
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Figure 1.2 Recent progress in the organic photovoltaic field.
[11]

 

 

OSCs have a vertical architecture where the active layer is sandwiched between two 

electrodes. The typical setup is showed in Figure 1.3. The most common transparent 

electrode for OSCs is indium tin oxide (ITO), deposited on a transparent substrate (quartz 

or flexible polymer) which allow light transmission. The metal electrode, such as 

aluminum, gold and silver, is generally evaporated on top of the active layer. The choice 

of the electrodes is based on the energy level alignment with the active layer. To optimize 

the charge transport, interfacial layers are often required. 

 

 



4 
 

 

Figure 1.3 Typical setup of an OSC. The device consists of an organic layer sandwiched 

between a transparent anode and a metal cathode. 

 

In bulk heterojunction (BHJ) OSC, a kind of solar cells, the active layer constitutes of 

intimately blended electron donating and accepting materials (Figure 1.4). This 

morphology is ideal for electron and hole extraction. First, the photons are absorbed either 

in the donor or acceptor domain. The photon then generates a tightly bound exciton 

(Frenkel exciton), which diffuses towards the donor-acceptor interface. In BHJ OSC, the 

exciton diffusion length typically amounts to a 5-10 nm, which limits the size of the donor 

and acceptor domains of the active layer. At the interface between donor and acceptor, 

charge transfer occurs and a charge-transfer (CT) exciton is formed. Subsequently, the CT 

exciton dissociates and the resulting free carriers, electrons and holes, can move to the 

electrodes, where they can be extracted. Next to charge carrier extraction also loss 

processes as recombination of charge-transfer excitons or electrons and holes can take 

place.  
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Figure 1.4 Schematic illustration of photocurrent generation mechanism in BHJ OSCs. 

(1) Exciton generation upon illumination is followed by (2) diffusion of exciton at the 

interface, where CT exciton is formed (3). Free charges are extracted (4) after successful 

dissociation of CT exciton. 

 

To evaluate the performance of an OSC, a voltage is swept from negative to positive 

values (-1 V to +1 V) in the dark and under illumination. A current density-voltage (J-V) 

characteristic is obtained from this measurement (Figure 1.5), which provides the 

parameters to determine the efficiency of a solar cell, the power conversion efficiency 

(PCE). PCE is defined as: 

𝑃𝐶𝐸 =
𝑃𝑀𝑎𝑥

𝑃𝑖𝑛
=

𝐹𝐹 ×𝑉𝑂𝐶×𝐽𝑆𝐶

𝑃𝑖𝑛
     (1.1) 

Where Pin is the incident light intensity and PMax is the electrical power generated by the 

solar cell at the maximum power point, which is described by the product of the open 

circuit voltage Voc, short circuit current Jsc and fill factor FF. 

 Voc is the voltage at which the current is zero, whereas Jsc is the current through the solar 

cell at zero applied voltage. FF is the ideality factor, which represents the fraction of the 

product of Voc and Jsc that is used to generate power, and is defined as:  

   𝐹𝐹 =
𝑃𝑀𝑎𝑥

𝑉𝑂𝐶×𝐽𝑆𝐶
      

 (1.2) 

The J-V measurements, to determine the PCE of a solar cell, are carried out under air 

mass 1.5 global (AM 1.5G) illumination. AM 1.5G corresponds to the solar spectrum 
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obtained by sunlight with an angle of incidence of 48.19°, which is the yearly average for 

the 48 contiguous U.S. states.
[12]

 

 

 

Figure 1.5 Typical J-V characteristic of a solar cell. The green line is the dark current, the 

orange plot is the measured current under illumination. Typical solar cells parameters, 

such as Jsc, Voc and PMax, are illustrated. FF is the fraction of the blue and grey areas 

defined by Jsc · Voc and PMax, respectively. 

 

1.3 Organic light-emitting diodes 

 

Since the invention of the cathode ray tube (CRT) by Karl Ferdinand Braun in 1887,
[13]

 

display technology has witnessed massive development. Light-emitting diodes (LEDs), 

semiconductor devices that emit lights upon application of a voltage, entered the display 

market in the 1970s. Among LEDs, organic materials based devices show superior 

features like light weight, low power consumption, high brightness and full-color 

capability.
[14]

 Three decades after the first LEDs industrial applications, Sony introduced 

the first OLED TV (Sony XEL-1). Nowadays, OLED panels are widely used in different 

consumer devices, such as televisions and smartphones. Recently, IDTechEx forecast that 
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the OLED market, which was valued USD 16 billion, is expected to reach USD 48.81 

Billion by 2023.
[15]

 

OLEDs, similarly to OSCs, consist of a vertical stack where the emissive layer is 

sandwiched between two electrodes. To enhance charge injection into the organic 

emitting material, injection layers are often introduced between the electrodes and the 

emissive layer.
[16]

 The typical architecture is showed in Figure 1.6.  

  

 

Figure 1.6 Typical setup of an OLED. The organic emitter is sandwiched between a 

transparent anode and a cathode. HIL and EIL can be implemented to enhance hole and 

electron injection into the emissive layer, respectively. 

 

The operation of an OLED relies on three features, which are charge injection, charge 

transport and recombination, as shown in Figure 1.7. First, holes and electrons are 

injected from the electrodes into the organic semiconductors by applying voltages higher 

than the built-in voltage of the device. The built-in voltage (Vbi) is defined as the 

difference of the work functions of the anode (ϕa) and the cathode (ϕb), respectively: 

     𝑉𝑏𝑖 =
1

𝑒
 (𝜙𝑎 − 𝜙𝑐)     (1.2) 
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where e is the elementary charge. 

 

 

Figure 1.7 Schematic illustration of the operation of an OLED device. (1) Charge 

injection from the electrodes occurs upon the application of a voltage. (2) Holes and 

electrons are transported, respectively, towards the cathode and the anode due to the 

applied electric field. (3) When a hole and an electron meet they recombine to form an 

exciton, which decays (4) with subsequent emission of light. 

 

Due to the applied electric field electrons and holes will drift to the opposite electrode. 

When the distance between a hole and an electron is close enough, they will be attracted 

by Coulomb interaction to form an exciton, a bound excited state between a hole and 

electron. Subsequently, the exciton decays radiatively to its ground state by emission of a 

photon for recombination of the charges. To have an efficient light emission, Ohmic 
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contacts have to be formed between the emissive layer and the two electrodes.
[17]

 

Therefore, the work function of the anode and cathode have to match the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of 

the organic semiconductor, respectively. However, typical electrodes used in OLED 

devices, have work functions which lead to large injection barriers.
[18]

 Hence, to ensure 

Ohmic contacts and facilitate carrier injection in case of high energy barrier, hole 

injection or electron injection layers (HIL or EIL) are introduced between the electrodes 

and the organic emitter (Figure 1.8). 

 

 

Figure 1.8 Energy band diagram of the components of a generic OLED. HIL and EIL are 

introduced into the device according to the energy band structure of the materials. 

 

To evaluate the performance of OLEDs, external quantum efficiency (EQE) is mainly 

used. EQE is defined as the ratio between the number of emitted photons and amounted of 

injected carriers. In short, this parameter can be obtained from the J-V characteristics of 

an OLED, measured by sweeping the voltage from negative to positive values. Contrary 

to OSC, OLEDs are operated at higher voltages. The light output of the device is detected 

by a silicon photodiode. 
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1.3.1 Perovskite light-emitting diodes 

 

Metal-halide perovskites,
[19]

 with the general formula ABX3 (A= organic or inorganic: 

CH3NH3
+
, CH(NH2)2

+
, etc. or Cs, Sb, etc.; B = Pb

2+
, Sn

2+
; X = Cl

-
, Br

-
 or I

-
), are emerging 

as attractive solution-processable semiconducting materials due to their remarkable 

optoelectronic properties, such as tunable bandgap,
[20]

 long carrier diffusion lengths,
[21]

 

high absorption coefficients
[22]

 and large hole and electron mobilities.
[23]

 In addition to 

these features, high color purity
[24]

 and high photoluminescence quantum yield
[25]

 (PLQY) 

have contributed to the development of perovskite based LEDs. Moreover, the color 

emission of perovskites can be easily tuned from blue to green or red by simply changing 

the halide anion from Cl
-
 to Br

-
 or I

-
, respectively.

[26]
 The working principles and device 

structure of a LED using perovskite as emitting layer (PeLED) are similar to the ones of 

an OLED. Since their first examples, PeLEDs have rapidly reached EQE values as high as 

14.4%.
[27]

 Improvements have been achieved thanks to the progress of the perovskite 

synthetic routes with the formation of nanocrystals
[28]

 and post-modification of perovskite 

film morphology, such as vapor annealing or cross-linking.
[29]

 However, devices 

incorporating perovskite emitters with deep valence band (VB), as low as 5.6 eV,
[30]

 

suffer from limited hole injection, which hinder their performances. Indeed, conventional 

HILs (i.e. poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, also known as 

PEDOT:PSS) used in PeLEDs typically have a work function of 5.0 eV, leading to large 

hole injection barriers with most of the perovskites. Therefore, research on alternative 

HILs or devices architectures is currently growing.
[31]

 This topic will be further addressed 

in Chapter 4. 

 

1.4 Transparent Conductive Electrodes 

 

Transparent conductive electrodes (TCEs) are optically transparent and electrically 

conductive materials used in optoelectronics. This class of materials exhibits high optical 

transmission in the visible range, which requires large energy gaps (> 3.3 eV), and typical 

electrical conductivities higher than 10
3
 S cm

-1
.
[32]
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1.4.1 Indium Tin Oxide 

 

The most widely used TCE for applications like OSCs and OLEDs is indium tin oxide 

(ITO). For commercial purposes, ITO is mainly fabricated by magnetron sputtering,
[33]

 

spray-pyrolysis
[34]

 and sol-gel methods.
[35]

 The success of this n-type material with large 

band gap (> 3.5 eV) relies on its high optical transmittance (> 90%) and conductivity (10
4
 

S cm
-1

).
[36]

 However, despite its outstanding features, which makes it the elite material up-

to-date, the use of ITO as TCE in organic optoelectronics has several drawbacks. 

First, indium (In) is a rare metal mainly obtained as a by-product from the extraction of 

sulfidic zinc ores. In 2014, the price of In reached the value of 750 $ per kg.
[37]

 Even 

though In price has undergone to a considerable reduction recently,
[38]

 its cost has always 

been dwindling during the past years.
[37]

 Hence, the use of ITO in organic optoelectronics, 

which rely on low cost to hit the market, is critical. Second, the price for ITO is further 

increased by the deposition techniques on substrates. Indeed, the ITO transparent anode 

constitutes about 30% of the fabrication cost in a solar cell.
[39]

 Third, physical vapor 

deposition techniques for high-quality ITO limit its applications in light-weight 

optoelectronic devices built on plastics. For instance, magnetron sputtering requires 

temperatures higher than 200 - 300 ˚C to output an optimal defect-free polycrystalline 

microstructure, which are incompatible with the use of plastic substrates such as 

poly(ethylene terephthalate) (upper temperature of processing of 150 ˚C).
[40]

 In contrast, 

low-temperature deposition techniques typically lead to amorphous films with poor 

conductivity and transmittance.
[41]

 In addition to these constraints, ITO is affected by 

mechanical instability.
[42]

 ITO is a brittle oxide that cracks under mechanical stress,
[43]

 

preventing its use in devices which requires bendability and flexibility. 

A recent report on the current status and perspective of transparent conductive films from 

IDTechEx
[44]

 stated that even though ITO is still the most commonly used material as 

TCE, alternative materials, like silver nanowires (AgNWs) and metal meshes, are entering 

the market and their use will rapidly grow in the following years. 
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1.4.2 One-dimensional Materials 

 

One-dimensional (1D) materials, like metal nanowires and carbon nanotubes, have 

recently emerged as potential candidates for TCEs, with transmittances greater than 80% 

and sheet resistances (Rs) less than 20 Ω sq
-1

.
[45]

 Despite promising optical and electrical 

properties, metal NWs films exhibit several drawbacks. For instance, 1) percolation of 

charges through junctions between the nanowires results in large contact resistance.
[46]

 2) 

The stacking of NWs contributes to high surface roughness,
[47]

 which is a severe problem 

for applications as organic light-emitting diodes (LEDs) with an active layer thickness of 

only 100 nm or less. Nanowires sticking out of the electrodes penetrate through the active 

layer leading to electrical shorts. 3) The vacancies within the NW networks increase the 

series resistance that severely limits the current through stacked devices, like LEDs and 

solar cells. Although many strategies, such as thermal annealing,
[48]

 high-force pressing
[49]

 

and welding techniques by different light sources (i.e. laser, flash lamps)
[50]

, have been 

explored, it has been proven difficult to fully overcome the intrinsic limitations of metal 

NWs. Successful approaches have used composites of polymers and AgNWs. By 

integrating the NWs in a (conductive) polymer matrix, solar cells
[51] 

and light-emitting 

diodes
[52]

 were realized with performance matching those of the ITO based counterparts. 

 

1.4.3 Two-dimensional materials 

 

Two-dimensional (2D) materials are defined as substances with few or less nanometers 

(nm) in which both atomic organization and bond strength along a two-dimensional plane 

are stronger than along a third dimension.
[53]

 Because of their unprecedented physical 

properties and high surface area, 2D materials are implemented in a wide range of 

applications, including catalysts,
[54]

 batteries,
[55]

 supercapacitors,
[56]

 sensors
[57]

 and 

optoelectronics.
[58]

 2D materials have recently emerged as novel elements for 

optoelectronic devices due to their exceptional and diverse optical and electrical 

properties.  Among the large number of applications, highly conductive and transparent 
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graphene is used as transparent electrode in OSCs and OLEDs.
[58-59]

 Graphene, a sp
2
-

hybridized carbon arranged in a honeycomb lattice, is the major representative of this 

class of materials.
[60]

 Graphene exhibits remarkable properties, such as high transmittance 

(97.7%)
[61]

 and high intrinsic carrier mobility (2 x 10
5
 cm

2
 V

-1
 s

-1
),

[62]
 large thermal 

conductivity (> 5000 W m
-1

 K
-1

),
[63]

 high surface area (2630 m
2
 g

-1
)

[64]
 and a Young’s 

modulus of approximately 1 TPa.
[65]

 These features make graphene a suitable candidate 

for flexible TCEs.
[58, 66]

 For example, OSCs based on graphene made from chemical vapor 

deposition (CVD) delivers efficiencies comparable to those based on ITO.
[67]

 Indeed, 

CVD-graphene performs high transparency (> 90%) and low series resistance (Rs) (~ 20 

Ω sq
-1

).
[39a]

 However, CVD is not readily scalable because of its high cost, complicated 

process and low yield. An alternative method to produce on a large scale is reduction of 

graphene oxide.
[68]

 Nevertheless, the high density of defects in reduced graphene oxide 

(rGO) results in poor electrical properties, and the use of harsh conditions in the graphite 

oxidation step makes it not the best choice for commercial production of graphene-based 

optoelectronic devices. Typically, rGO TCEs has high Rs in the order of 10
2
-10

3
 Ω sq

-1
,
[69]

 

which hamper their application in the field of commercial transparent conductors. 

 

1.5 Synthesis of 2D materials for optoelectronic applications 

 

Chemical and physical properties of 2D materials strongly rely on their structure. Hence, 

synthetic routes are critical for their characteristics.  

To integrate 2D materials into organic optoelectronic devices, which rely on low cost to 

be competitive in the marketplace, high quality should be coupled with cost effectiveness. 

Thus, the choice of the 2D material synthesis plays an essential role. CVD and liquid-

phase sonication are widely used techniques for production of 2D materials for 

optoelectronics. However, despite the extremely high quality of the materials produced by 

CVD, the troublesome transfer process and high operation costs hinder their real 

application.
[66b, 70]

 In contrast, liquid sonication is a simple solution-processed technique 

with potential scalability. Unfortunately, the exfoliated products have poor thickness 

uniformity and moderate electronic properties.
[71]

 Alternatively, electrochemical 

exfoliation of bulk layered materials is a cost-effective technique for production of 2D 
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materials with excellent purity and electrical properties.
[72]

 Graphene exfoliated with this 

method has a high yield of thin layers (85% of 1-3 layers), high hole mobility (> 400 cm
2
 

V
-1

 s
-1

) and superior solution-processability.
[73]

 Bulk black phosphorus (BP) can be 

exfoliated into thin-layered BP with yield up to 78%, which exhibits high hole mobility (> 

250 cm
2
 V

-1
 s

-1
).

[74]
 First examples of electrochemically exfoliated 2D materials used in 

optoelectronics are shown in the following chapters of this thesis. 

 

1.6 Thin film deposition methods for solution-processable 2D materials  

 

Vacuum deposition is commonly used in semiconductor industry for coatings. Despite 

high film uniformity, stable reproducibility and possibility to perform multi-layer 

deposition, vacuum methods suffer from high setup costs and large material consumption. 

In contrast, solution-processing methods offer several advantages like low-cost 

manufacturing, compatibility with flexible substrates, reduced material waste and high 

versatility. However, to ensure a correct film formation, it is important to choose the best 

strategy according to the characteristics of the material and solvent used. Some of the 

most common techniques will be discussed in the following paragraphs. 

 

1.6.1 Spin-coating 

 

Spin-coating is a quick, easy and low-cost technique to form thin films on top of 

substrates (Figure 1.9). An amount of the desired material, dispersed in the proper solvent, 

is casted on the substrate, which is then rotated at high speed. During rotation, the 

centripetal force spreads the liquid coating over the substrate. Ideally, upon evaporation of 

the solvent, the material forms an even covering on the substrate. The film thickness can 

be adjusted by changing dispersion concentration, rotation speed and time. Despite its 

advantages, spin-coating is limited to small area substrates. Moreover, the most of the 

dispersion is generally wasted during the rotation step.    

 



15 
 

 

1.9 Schematic illustration of spin-coating process. 

 

1.6.2 Drop-casting 

 

Drop-casting is a coating method that yields films by dispensing the dispersion of a 

material on top of a substrate (Figure 1.10). As for spin-coating, the film is formed after 

evaporation of the solvent. The thickness of the film can be tuned by varying the 

concentration of the dispersion. Despite the ease of processing, the coating is usually 

uneven with a typical coffee-ring effect. 

 

 

1.10 Schematic illustration of drop-casting technique for film formation. 

 

1.6.3 Dip-coating 

 

Deposition of a film obtained by immersion and withdrawal of a substrate into a 

dispersion is generally indicated as dip-coating (Figure 1.11). The coating thickness is 

controlled by the withdrawal speed, concentration of the dispersion, viscosity and boiling 

point of the solvent. Dip-coating is a cheap and simple method with no waste of raw 

material. However, double-side coating of bare substrates is unavoidable and uniform film 

formation restricted to viscous dispersions. 
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1.11 Schematic illustration of dip-coating process. 

 

1.6.4 Suction Filtration 

 

Materials dispersed in solvents can be filtered through either a hydrophobic or hydrophilic 

membrane, according to the nature of the solvent, by suction filtration, which leads to 

formation of a film on top of the membrane (Figure 1.12). The thickness of the film is 

tunable on the basis of the volume/concentration of the dispersion.  Afterwards, the film is 

transferred onto the substrate by a mechanical press. This method requires a precise 

control of the membrane removal to avoid uneven coating in ultra-thin films. 
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Figure 1.12 Schematic illustration of the fabrication of a generic film. The fabrication 

process includes a) addition of the dispersion on the top of a membrane, b) vacuum-

assisted filtration c) formation of film onto the membrane, d) film transfer on top of the 

substrate, e) membrane removal and f) film transfer from the membrane to the substrate. 

 

1.6.5 Spray-coating 

 

Spray deposition of materials onto a wide selection of substrates is obtained by air-

assisted guns (Figure 1.13). The dispersion is pushed out of the nozzle in the form of 

droplets by a carrier gas (i.e. nitrogen). Subsequently, the slow evaporation of the droplets 

on the substrates allows the formation of uniform coating.  As for the other methods, film 

thickness is controlled by volume or concentration of the dispersion. Spray-coating is a 

scalable and versatile deposition technique. Indeed, films can be coated on large area 

substrates, both rigid and flexible, and the morphology controlled by pressure of the 

carrier gas.  
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Figure 1.13 Schematic illustration of spray-coating. 

 

1.7 Motivation and Objective 

 

As illustrated in the previous paragraphs, the field of organic optoelectronic has drawn 

considerable attention in the recent decades. Cost effectiveness, abundancy of materials 

and ease of processing are just some of the advantages. Recently, highly performant 

organic devices like OLEDs have successfully entered the consumer market. Others, such 

as OSCs, although the initial lower performances compared to the inorganic counterparts, 

have recently undergone to a rapid ascent in terms of efficiency and stability, which give 

them the potential to be competitive. 

Organic optoelectronic devices require a transparent electrode to allow absorption and 

emission of light, as for OSCs and OLEDs, respectively. This electrode necessitates 

having high transmittance, low series resistance and, for the latest commercial needs, high 

degree of flexibility. ITO is the most commonly used TCE in organic optoelectronics 

because of its outstanding performances. However, it presents many drawbacks such as 

high production cost, scarce reserves of Indium and poor chemical/mechanical 

stability.
[75]

 Therefore, seeking for an efficient alternative to ITO as TCE is of great 

significance. Despite different alternatives for ITO replacement have been investigated so 

far,
[39a, 45a, 69, 76]

 a material able to embrace all the requests for a cost effective TCE is still 

missing. 
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In this thesis, solution-processable alternatives to ITO are discussed in Chapter 2 and 

Chapter 3. In Chapter 2, the use of electrochemical exfoliated graphene (EG) as TCE in 

OSCs has been reported. This approach enables solution-processable graphene flakes with 

high yield (75%), remarkable electronic properties (hole mobility of 405 cm
2
 V

-1
 s

-1
), low 

defect density (ID/IG ratio < 0.1 in Raman spectra) and C/O ratio of 21.2.
[73]

 

Electrochemical exfoliated graphene (EG) has been successfully integrated in batteries 

and supercapacitors, which exhibit higher performances than other solution-processed 

graphene.
[77]

 Despite this, fabrication of uniform and continuous EG films combined with 

low Rs, high transmittance and low surface roughness is the main challenge for the 

application of EG-based transparent electrodes in optoelectronic devices. Transparent film 

composed of thin EG sheets (90% of 1-3 layers thick) have been fabricated by spray-

coating. EG transparent films display Rs as low as 0.18 kΩ sq
-1

 at transmittance of 55 % 

and low surface roughness (2.86 nm). Moreover, EG TCEs coated on flexible substrates 

(polyethylene naphthalate, PEN) are mechanically stable. To evaluate the performance of 

EG as TCE for organic optoelectronics, BHJ OCs using poly[[4,8-bis[(2-

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

ethylhexy)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) and PC71BM as donor and 

acceptor, respectively, have been fabricated. Despite the highest reported PCE value 

among up-to-date OSCs with solution-processed graphene as TCE, our devices exhibit 

PCE typically 40% lower than their ITO-based analogues. The reason of this huge gap is 

ascribed to the trade-off between transmittance and Rs of EG. To obtain lower Rs values, 

the thickness of EG film has to be increased. This leads to lower film transparency with 

consequent reduced photons absorption. 

Hence, in order to enhance performances of the devices, keeping a feasible approach, the 

combination of other solution-processed highly conductive materials with EG is a rational 

strategy. Following this pathway, in Chapter 3, we present a mixed-dimensional (1D-2D) 

structure using silver NWs (AgNWs) and EG as components. Spray-coating of large area 

EG allows a complete coverage of the underlying AgNW-network. As result, hybrid 

AgNWs-EG TCEs, compared with pristine AgNWs, exhibit a decrease of Rs from 78 to 

13.7 Ω sq
-1

 (optical transparency of 89%) and the surface roughness is reduced from 16.4 

to 4.6 nm. Moreover their mechanical and chemical stability is enhanced. When used as a 

bottom electrode in OSCs and polymer LEDs (PLEDs), the devices exhibit a power 
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conversion efficiency of 6.6% and an external quantum efficiency of 4.4%, respectively, 

comparable to their commercial ITO-based counterparts. 

In addition to organic semiconductors, other materials are emerging in the optoelectronic 

field. Perovskite is an important class of materials in photovoltaic devices because of their 

astounding optoelectronic properties.
[78]

 Perovskite SCs have witnessed  a rapid progress 

in terms of efficiency in the past few years, approaching nowadays values that match  the 

performance of industry-standard silicon.
[11]

 Recently, perovskite materials have been 

used as emitting layers in LEDs due to advantages such as high charge-carrier mobility, 

high color purity, color tunability, and low material costs.
[79]

 However, the light-output 

and efficiency of PeLEDs is limited by hole injection and high leakage current, generated 

by a high hole injection barrier and poor perovskite morphology, respectively. In Chapter 

4, we report a feasible strategy to overcome both constraints by introducing a 2D material, 

black phosphorus, as hole injection layer in the PeLED stack. A continuous film made of 

high-quality, ultra-thin and large BP sheets on top of PEDOT:PSS simultaneously 

enhances the hole injection and morphology of the green-emitting inorganic CsPbBr3 

perovskite. Inclusion of BP significantly improves both the EQE, from 0.7% to 2.8%, and 

luminance, from 5000 to 20000 cd m
-2

, of CsPbBr3 based PeLEDs. 
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Chapter 2 Solution-Processable High-Quality Graphene for 

Organic Solar Cells 

 

2.1 Introduction 

 

As described in Chapter 1, the widely used transparent conductive electrode (TCE) in 

organic optoelectronic devices, such as organic light-emitting diodes (OLEDs) and 

organic solar cells (OSCs), is Indium Tin Oxide (ITO), which suffers from limited 

chemical stability, mechanical vulnerability and, more importantly, dwindling price due to 

the insufficient availability of Indium on earth.
[1]

 Therefore, seeking for an efficient 

alternative to ITO as TCE is of great significance. 

In the carbon family, graphene, which features a unique two-dimensional structure, 

exceptional thermal, mechanical, electrical and optical properties, is a suitable candidate 

for TCEs.
[2]

 For example, graphene made from chemical vapor deposition (CVD) delivers 

a promising power conversion efficiency (PCE) of 2.5% using poly(3-hexylthiophene-

2,5-diyl) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), as donor and 

acceptor, respectively.
[3]

 However, as discussed in Chapter 1, CVD scalability is hindered 

by the high production cost and troublesome process. In contrast, even though reduction 

of graphene oxide is a potential scalable process,
[4]

 reduced graphene oxide (rGO) has  

poor electrical properties. Alternatively, electrochemical exfoliation of graphite enables 

solution-processable graphene flakes with remarkable properties (C/O ratio 21.2), high 

yield (75%) and, especially, low cost.
[5]

 Exfoliated graphene (EG) has been widely used 

for a wide range of applications (e.g. batteries, supercapacitors), and the results have 

outperformed the ones obtained by rGO.
[6]

 Despite this, uniform and continuous coverage 

of EG on substrates combined with a low sheet resistance, high transparency and low 

surface roughness are the main challenges for application of EG-based transparent 

electrodes in optoelectronic devices. 

In this chapter, we demonstrate the first example of organic solar cells with a solution-

processed transparent electrode based on electrochemical exfoliated graphene. A uniform 

and smooth electrode is obtained by spray-coating of a high-quality EG dispersion on 

both glass and flexible polyethylene naphtalate (PEN) substrates. The resulting graphene 
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transparent electrodes show low sheet resistance, Rs, (ranging from 0.52 kΩ sq
-1 

at 70 T% 

to 0.18 kΩ sq
-1

 at 55 T%) and high PCE values (4.23%) for OSCs compared to other 

solution-processable graphene TCEs. This study will pave the way to a wide survey of 

flexible and light-weighted electronic devices. 

 

2.2 Results and Discussion 

 

High-quality graphene was obtained according to the electrochemical exfoliation of 

graphite (Figure 2.1a and 2.1b) outlined in our previous works,
[5, 7]

 in which graphite foil 

and platinum have been used, respectively, as working and counter electrode. An aqueous 

solution of ammonium sulfate was used as electrolyte. Graphene was easily formed upon 

the application of a 10 V bias and subsequently collected at the top of the electrolyte. 

Graphene sheets were filtered, washed several times with water/ethanol and finally 

dispersed in N,N’-dimethylformamide (DMF) via mild sonication. Based on the mass 

ratio of dried graphene powder from dispersion and the starting graphite electrode, a high 

exfoliation yield of 78% has been achieved. Since re-stacking of the flakes occurs due to 

π-π interactions of high quality graphene and graphitic aggregations could be present in 

the dispersion, being detrimental for the solar cells, the EG dispersion in DMF was 

centrifuged at 6000 rpm twice in order to get rid of these aggregates and particles. Only 

8% of yield loss, as precipitate after centrifugation, has been observed. The slight yield 

decrease is attributed to the small fraction of multiple-layered EG flakes in the dispersion. 
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Figure 2.1 a) Schematic illustration of the electrochemical exfoliation of graphite. b) 

Optical images of the exfoliation process.  

 

Atomic force microscopy (AFM) on the as-synthesized exfoliated graphene demonstrates 

the two-dimensional (2D) feature of the nanosheets (Figure 2.2a). The typical cross-

section of a single graphene sheet shows a thickness of 0.80 nm, being a sign of a single-

layer graphene flake.
[8]

 The thickness distribution on 100 graphene sheets (Figure 2.2b 

and 2.2c) obtained by cross-sectional analysis shows that approximately 90% of EG 

sheets are between one and three layers thick. The presence of extremely thin flakes 

makes EG a suitable candidate for flexible and stretchable applications.
[9]

  

 

 

Figure 2.2 a) AFM image of single layer EG sheet on SiO2 by Langmuir-Blodgett 

technique. b) Graphene sheets thickness distribution from AFM analysis on randomly 

selected 100 flakes. c) AFM image of a random EG sample used for distribution analysis.  
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Transmission electron microscopy (TEM) also confirms the presence of thin-layered 

graphene sheets (Figure 2.3a). Further, the selected-area electron diffraction (SAED) 

image (Figure 2.3b) at the central part of the graphene sheet reveals the high-quality 

crystalline structure as manifested by the typical 6-fold symmetry. 

 

 

Figure 2.3 a) TEM image of EG flakes and b) the corresponding diffraction pattern. 

 

Working optoelectronic devices rely on smooth and uniform coatings, indeed the best 

coating method should be evaluated according to the nature of the material. Several 

techniques, such as spin coating and vacuum filtration, have been explored in order to 

achieve a uniform EG film. However spin coating does not yield even coatings on the 

substrates, since multiple spin coating steps of pristine EG dispersion should be carried 

out to achieve a graphene film. In contrast, vacuum filtration leads to vacancies on the 

film while peeling off the membrane (Figure 2.4).  
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Figure 2.4 AFM images with RMS values of graphene thin-films by a) spin coating and 

b) vacuum filtration. Bundles can protrude up to the active layer causing short circuit. c) 

SEM image of graphene film by vacuum filtration: wrinkles of graphene sheets in the 

orientation of the membrane peeling. 

 

Alternatively, spray coating is versatile for various substrates with desirable shape and, 

more importantly, can easily manipulate the film morphology through the control of spray 

pressure and distance between substrate and airbrush nozzle. With a shadow mask, it is 

possible to directly yield TCEs with the designed pattern. Therefore, a uniform and 

smooth EG film has been realized by spray-coating on both rigid and flexible substrates 

(Figure 2.5a). As proof of scalability, a 21.0 cm x 29.7 cm (standard A4 size) TCE has 

been manufactured on PEN (Figure 2.5b) by spray-coating. 

 

 

 

Figure 2.5 a) Schematic illustration of spray deposition of EG dispersion onto a substrate. 

Inset: optical images of graphene TCE on both glass and flexible PEN substrates. b) A4-

sized EG transparent electrode by spray coating. 
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 In this work, the optimized spray pressure is 2.1 bar and the substrate-to-nozzle distance 

fixed at 13 cm (Figure 2.6). This coating technique is fully compatible with the 

production of large area films.  

 

 

Figure 2.6 a) SEM images of EG films obtained at different spray pressures. b) SEM 

images of EG films obtained at various nozzle-to-substrate distances at the fixed 

optimized spray pressure (2.1 bar). 

 

Structural characterization of the transparent electrode has been performed by AFM and 

scanning electron microscopy (SEM). As expected, the SEM (Figure 2.7a) reveals a 
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uniform and smooth film of 2D graphene sheets, overlapped each other, which is 

beneficial for the electron conduction. As shown in Figure 2.7b, the AFM image on a 

spray-coated EG film reveals low root-mean-square (RMS) roughness of 2.86 nm and 

absence of aggregates. The fine control of the morphology of solution-processable 

graphene is the greatest challenge for the implementation of such materials in 

optoelectronic devices since both low roughness and uniformity of the layers are essential 

requirements for a working device, preventing short circuits and alternative current paths, 

which lead to significant power losses.
[10]

 

 

 

Figure 2.7 a) SEM image of a spray-coated EG film. b) AFM image of as-sprayed 

graphene on a glass substrate. c) UV-vis spectra of EG films on glass (black, blue and 

green plot) and PEN (red plot), at different Rs values. 

 

The combination of the UV-vis spectrum (Figure 2.7c) with the sheet resistance (Rs) 

measurement carried out with a four points probe apparatus shows a Rs of only 0.32 

kOhm sq
-1

 and 0.18 kOhm sq
-1

 for the 65% and 55% transparent film at 550 nm, 

respectively. The resulting homogeneous films show very low Rs values, which favorably 

compare to previously reported values for films based on solution-processable graphene 

(Table 2.1).
[11]
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Table 2.1 Summary of sheet resistance values of solution-processable graphene films in 

OSCs. 

Material Rs (kΩ sq
-1

) T (%) Ref. 

rGO 100 85 Appl. Phys. Lett. 2008, 92 (26), 3 

rGO 3.20 65 ACS Nano 2010, 4 (9), 5263-5268 

rGO 17.9 69 Carbon 2010, 48 (11), 3308-3311 

CCG
a)

 6 78 J. Phys. Chem. C  2010, 114 (34), 14433-14440 

LrGO
b)

 1.60 70 Adv. Funct. Mater. 2013, 23 (21), 2742-2749 

LrGOmm
c)

 0.56 59 Adv. Funct. Mater. 2015, 25 (15), 2213-2221 

EG 0.52-0.18 70-55 This work 

a) 
chemical converted graphene patterned by photolithography; 

b)
 Laser-treated rGO; 

c) 

Laser-treated rGO micromesh 

 

 

Moreover, the EG films prepared by our method are mechanically robust. Even after 

variable bending angles (from 10° to 120°) and 150 bending cycles the Rs values do not 

show apparent changes (Figure 2.8). Remarkably, the Rs values of the EG films in our 

work are even lower than the reported ones which require post-treatments (e.g. laser 

patterning,
[11f]

 thermal annealing
[12]

) to obtain higher transparencies at lower Rs.  

 

 

Figure 2.8 Rs values of EG film on PEN substrate at a) different bending angles and b) 

bending cycles. 
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The improved values of Rs are ascribable to the lower degree of defects of the EG. This 

has been verified by Raman spectra (Figure 2.9a), which have revealed that the intensity 

of the G peak (1581 cm
-1

), expressing the in-plane vibrations of the graphene lattice, is 

almost three and a half times that of the D peak (1350 cm
-1

), which originates from 

defects.
[13]

 The derived ID/IG value (0.29) is much smaller than that of reduced graphene 

oxide, typically in the range of 1.1-1.5.
[14]

 The surface components of the EG film have 

been investigated by X-ray photoelectron spectroscopy (XPS). According to the XPS 

survey spectrum, the oxygen content is as low as 5.3 atom % (Figure 2.9b), corresponding 

to a C/O ratio of 17.9. The high-resolution spectrum of C 1s peak (Figure 2.9c) exhibits 

three dominate bands at 284.7 eV, 285.5 eV and 287.4 eV, which are related respectively 

to C-C, C-O and C=O bonds.
[7]

 

 

 

Figure 2.9 a) Raman spectrum, b) XPS survey spectrum of EG film. and c) High-

resolution XPS of C 1s spectrum of EG, respectively.  

 

To evaluate the potential application of EG as TCE, we fabricated bulk heterojunction 

(BHJ) OSCs (Figure 2.10a), using poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-

b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexy)carbonyl]thieno[3,4-b]thiophenediyl]] 

(PTB7) and PC71BM as donor and acceptor material, respectively. The PTB7: PC71BM 

blend is generally used as benchmark active layer in BHJ organic photovoltaics (OPV).
[15]

 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was used as hole 

transport layer (HTL). A uniform coating of hydrophilic PEDOT:PSS onto hydrophobic 

EG represents a challenge due to the wetting mismatch of their surface.
[16]

 Indeed, a 

homogeneous PEDOT:PSS layer on EG is essential, not only for its planarization effect, 

but also to avoid any current leakage path and decrease the shunt resistance, harmful for a 

proper working device.  
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To tune the hydrophobic surface of EG, application of a UV-ozone or O₂ plasma could be 

considered. Unfortunately, these treatments result in a decrease of graphene conductance 

due to the disruption of aromatic rings by covalent bonding (i.e. -OH, C=O groups).
[17]

 In 

order to overcome this challenge, a 0.1% of fluorosurfactant (Zonyl™) was added to the 

PEDOT:PSS solution to alter the wettability,
[18]

 hence, a smooth coverage of HTL on EG 

was successfully achieved. At the top of the device structure, Barium (Ba) and Aluminum 

(Al) were evaporated as cathodes. 

 

 

 

 

 

 

Figure 2.10 a) Schematic representation of the EG photovoltaic device structure and its 

energy band alignment diagram. b) J-V curves of EG-based OSCs at different graphene 

loads, under light (solid lines) and dark conditions (dashed lines), in comparison with ITO 

(blue line). c) J-V characteristics of an EG-OSC on flexible substrate under light (solid 

line) and dark conditions (dashed line). 
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The optimum performance was determined by measuring the J-V characteristics for 

devices with different EG film transparencies (Table 2.2). The device is constrained by 

the trade-off between transparency and series resistance. A high transparency, meaning a 

thin EG layer, is beneficial for light absorption and resulting photocurrent, but detrimental 

for the series resistance. A high series resistance will reduce the effective voltage over the 

solar cell and lead to a reduction of the fill factor. A thick EG layer with low resistance 

would lead to an enhancement of the fill factor, but the reduced absorption would limit the 

photocurrent generation. The as-fabricated solar cell with 65 % transparent EG anode 

exhibits, upon illumination under 1.5 AMG (100 mW cm
-2

), the best performance with a 

short-circuit current density (Jsc) of 9.97 mA cm
-2

 with an open-circuit voltage (Voc) of 

715 mV and a fill factor (FF) of 59.3, for an overall PCE of 4.23% (Figure 2.10b). 

Compared to the ITO-based counterpart, the reduced Jsc and FF of the EG-based OSCs 

are mainly due to a lower transparency and higher Rs of the EG anode. Interestingly, the 

Voc of the devices using EG as anode is similar to the ITO-based counterpart. Hence, ITO 

and EG extract equally the charges and this is also confirmed by the value of the work 

function of EG, 4.55 eV, measured by Kelvin probe. Furthermore, we have deposited EG 

on flexible PEN substrates. The assembled flexible solar cells demonstrate a PCE value of 

3.77%, comparable to the efficiency of single-walled carbon nanotube-based flexible 

OPV devices.
[19]

 The slight lower efficiency is ascribed to the reduced transmittance of 

the PEN, which results in a modest reduced absorption of photons (Figure 2.10c).  

 

Table 2.2 Photovoltaic performance for the OPV devices at different graphene 

transparency values and for the reference ITO OSC. 

 

 

Conductive Anode Voc (mV) Jsc (mA cm
-2

) FF PCE (%) 

ITO 720 16.2 60.2 7.06 

EG55% 718 8.94 59.8 3.84 

EG65% 715 9.97 59.3 4.23 

EG70% 707 6.53 56.5 2.61 

EG65% on PEN 722 8.80 59.3 3.77 
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Bending test has been evaluated to understand the mechanical stability of our devices 

(Figure 2.11). Interestingly, after 150 bending cycles there is no significant change in 

PCE, which remains at 99% of its original value, thanks to the flexibility and robustness 

of EG thin flakes. 

 

 

Figure 2.11 Variation of (a) Voc, Jsc and (b) FF, PCE over 150 bending cycles of a flexible 

EG-based OSC. 

 

The statistical analysis carried out over a set of 36 OSCs with EG as TCE (Figure 2.12 

and Table 2.3), shows the reliability of the graphene and processes utilized in this work. 

Indeed, the average PCE for the solar cells with the 65% transparent EG anode is 4.16% 

with a standard deviation of 0.11, where all the devices work properly and the majority of 

them exhibit the maximum PCE value of 4.23%. 
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Figure 2.12 Histograms of device parameters (Voc, Jsc, FF and PCE) for a set of 36 OSCs 

with 65% transparent EG as anode. 

 

Table 2.3 Average photovoltaic parameters with the related standard deviations. 

Conductive Anode Voc (mV) Jsc (mA cm
-2

) FF PCE (%) 

EG55% 716 ± 4 8.80 ± 0.21 59.6 ± 0.4 3.76 ± 0.11 

EG65% 714 ± 3 9.84 ± 0.21 59.2 ± 0.4 4.16 ± 0.11 

EG70% 702 ± 8 6.31 ± 0.40  56.1 ± 1.2 2.49 ± 0.22 

EG65% on PEN 720 ± 3 8.56 ± 0.22 59.1 ± 0.5 3.66 ± 0.12 

 

Additionally, the PCE values of EG-based OSCs fabricated in this work have been 

compared to OSCs with other solution-processed graphene based TCE reported in 

literature (Table 2.4 and Figure 2.13).
[10-11]

 The quality of EG and the fine control of film 

morphology have a large impact on the device performance.  
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Table 2.4 Comparison of the PCE values of OSCs with solution-processable graphene 

based TCE. 

Device Structure 
PCE 

(%) 
Ref. 

rGO/CuPc
a)

/C60
b)

/BCP
c)

/Ag
d)

 
0.40 Appl. Phys. Lett. 2008, 92 

(26), 3 

rGO-CNT
e)
/ PEDOT:PSS/P3HT:PCBM/Ca/Al 0.85 Nano Lett., 2009, 9, 1949 

rGO/PEDOT:PSS/P3HT:PCBM/TiO2
f)
/Al

g)
 

0.78 ACS Nano 2010, 4 (9), 

5263-5268 

rGO/PEDOT:PSS/P3HT:PCBM/LiF
h)

/Al 
0.13 Carbon 2010, 48 (11), 

3308-3311 

CCG/PEDOT:PSS/P3HT:PCBM/Al 1.01 
J. Phys. Chem. C  2010, 

114 (34), 14433-14440 

LrGO/PEDOT:PSS/P3HT:PCBM/Al 1.10 
Adv. Funct. Mater. 2013, 

23 (21), 2742-2749 

LrGOmm/PEDOT:PSS/PCDTBT:PCBM/TiOx/Al 3.05 
Adv. Funct. Mater. 2015, 

25 (15), 2213-2221 

EG/PEDOT:PSS/PTB7:PCBM/Ba
i)
/Al 4.23 This work 

a) 
Copper(II) phthalocyanine; 

b)
[60]fullerene 

c) 
bathocuproine; 

d) 
silver;

 e) 
carbon nanotube 

f)
 titanium oxide; 

g) 
aluminum; 

h) 
lithium fluoride; 

i)
 barium 
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Figure 2.13 PCE values of OSCs with solution-processable graphene based TCE.  

 

We note that the apparent progress in Figure 2.13 is not solely due to an improvement of 

the EG properties. In the various studies different active layers have been used which 

complicates a direct comparison. Therefore, Figure 2.13 is intended to show the 

development of reported efficiencies of OSCs with a solution-processed graphene 

electrode. However, for the benchmark P3HT:PCBM system we also found an increased 

performance of our EG based anodes as compared to earlier reported values (Table 2.5).      

Future options to further increase the efficiency of OSCs with EG anodes are the 

optimization of the electrochemical exfoliation process and employing post-techniques to 

achieve higher film transparency at lower sheet resistance values (i.e. laser patterning).
[20]
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Table 2.5 Comparison of the PCE values of P3HT:PCBM based BHJ OSCs with 

solution-processable graphene based TCE. 

Device Structure 
PCE 

(%) 
Ref. 

rGO-CNT/ 

PEDOT:PSS/P3HT:PCBM/Ca/Al 
0.85 Nano Lett., 2009, 9, 1949 

rGO/PEDOT:PSS/P3HT:PCBM/LiF/Al 0.78 
ACS Nano 2010, 4 (9), 5263-

5268 

rGO/PEDOT:PSS/P3HT:PCBM/TiO2/Al 0.13 Carbon 2010, 48 (11), 3308-3311 

rGO/PEDOT:PSS/P3HT:PCBM/Al 1.01 
J. Phys. Chem. C  2010, 114 (34), 

14433-14440 

LrGO/PEDOT:PSS/P3HT:PCBM/Al 1.10 
Adv. Funct. Mater. 2013, 23 (21), 

2742-2749 

EG/PEDOT:PSS/P3HT:PCBM/Ba/Al 1.31 This work 

 

 

2.3 Conclusion 

 

In conclusion, this chapter describes an efficient, scalable and cost-effective method for 

the production of high-quality graphene as TCE for OSCs. Electrochemical exfoliated 

graphene was employed for the first time in organic photovoltaics with a fine control of 

the morphology and uniformity of the film, showing improved features as compared to 

other solution-processable graphene-based TCEs up-to-date. A PCE value of 4.23% has 

been achieved for PTB7:PCBM based OPV device. Our work is a step forward towards 

the application of solution-processable high-quality graphene as transparent electrode in 

solar cells as well as other organic electronics (i.e. OLED). 
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Experimental Session 

 

Graphite Exfoliation. Commercial graphite foil (Alfa Aesar) was pre-treated with liquid 

nitrogen for few seconds and ethanol to generate an expansion. Graphite exfoliation was 

performed in a two-electrode system, where graphite foils were used as working anodes 

and platinum foils as counter electrodes. The electrodes were placed at a distance of 2 cm. 

The electrolyte for the graphite exfoliation was prepared by dispersing ammonium sulfate 

crystals in DI water, obtaining a 0.1M solution. Subsequently, the electrodes were 

immersed in the electrolyte and a static potential of 10 V was applied to start the 

electrochemical exfoliation process. Once the exfoliation was complete, the suspended 

graphene sheets were collected through a 0.2 μm PTFE membrane filter (Sartorius™) and 

washed several times with DI water and ethanol. Then, the product was dispersed in N,N-

dimethylformamide (DMF) via strong sonication in an ice bath for 15 minutes. 

 

Purification of graphene. The graphene dispersion was centrifuged to separate out any 

un-exfoliated flakes and large particles. The solution was transferred in plastic tubes and 

centrifuged twice at 6000 rpm for 60 minutes. Afterwards, the supernatant was taken out 

from the suspension and sonicated for 15 minutes to ensure homogeneity. 

 

Preparation of EG electrodes. EG films were prepared on both glass and PEN (Pütz 

GMBH + Co. Folien KG) by spray-coating through an Infinity CRplus airbrush (Harder 

& Steenbeck GmbH). The EG dispersion was sprayed onto 3x3 cm
2
 pre-heated substrates 

under a N2-assisted inlet pressure of 2.1 bar. The distance between the tip of the nozzle 

and the substrate was fixed at 13 cm. By either varying the volume or concentration of EG 

solution, films with different transparencies can be produced. The resulting films were 

heated at 110 °C overnight in a vacuum oven to remove residual solvent before use.  

As control experiments spin coating and vacuum filtration were investigated. Spin-

coated EG films were prepared by dispense an EG ink (DMF as solvent) each 30 seconds 

at a rate of 1000 rpm. The as-casted graphene TCEs were dried at 110 °C overnight in a 

vacuum oven. EG films by vacuum filtration were prepared by filtering the EG solutions 

through PTFE membranes. The EG-coated membranes were transferred on the substrates 
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and subsequently placed under a mechanical press to adhere to the substrates. After 30 

minutes, the membranes were peeled off and the EG films dried at 110 °C in a vacuum 

oven. 

 

Photovoltaic device fabrication. To obtain the required wetting of the PEDOT:PSS 

layer on the graphene electrode, a fluorosurfactant (Zonyl™) with a concentration of 

0.1% v/v was added in an aqueous solution of PEDOT:PSS (Clevios P VP Al4083, 

Heraeus Precious Metals GmbH & Co.). The mixture was stirred overnight and spin-

coated on top of the patterned electrodes at 1500 rpm for 50 s. The films were then heated 

at 130 °C for 20 minutes and transferred in a glove-box for the deposition of the 

PTB7:PC71BM photoactive layer. The PTB7:PC71BM blend was prepared in a mixed 

solvent of chlorobenzene and 1,8-diiodoctane (DIO) at a 97:3 ratio. PTB7 (10 mg) and 

PC71BM (15 mg) were initially dissolved in CB inside a glove-box (0.97 mL). The 

solution was left stirring overnight at 80 °C. After this period, the corresponding amount 

of DIO (30 μL) was added and the new solution was stirred 1 h at 70 °C. The blend 

solution was spin-coated on the top of PEDOT:PSS layer at 1500 rpm for 60 s. As a top 

electrode, Ba (5 nm) followed by Al (100 nm) was deposited by vacuum thermal 

evaporation. 

 

Characterization. Current-Voltage (J-V) characteristics were measured by a software 

controlled source meter (Keithley 2400) at room temperature with a 1.5 AMG (100 mW 

cm
-2

) solar simulator. Sheet resistance measurements were carried out by using a four-

point probe system with a Keithley 2700 Multimeter (probe spacing: 0.635 mm, Rs= 

4.5324 V/I). AFM measurements were carried out on a Digital Instruments Dimension 

3100. SEM images were obtained using a field-emission scanning electron microscope 

(Gemini 1530 LEO). TEM and SAED were performed using a transmission electron 

microscope (Philips Tecnai F20). Bruker RFS 100/S spectrometer with a laser wavelength 

of 532 nm was used for Raman spectroscopy measurements. UV-vis spectroscopy was 

performed on Perkin Elmer Lambda 900 spectrometer. XPS measurements were carried 

out on a PHI–5000C ESCA system with a monochromatic Mg Kα X-ray source (h v = 

1253.6 eV), the C 1s value was set at 284.7 eV for charge corrections. Work function 
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measurements were accomplished with an Anfatec Ambient Single Point Kelvin Probe 

System, using highly oriented pyrolytic graphite (HOPG) as reference (work function = 

4.46 eV). 
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Chapter 3 Hybrid Silver Nanowire and Graphene Based 

Solution-processed Transparent Electrode for Organic 

Optoelectronics 

 

3.1 Introduction 

 

Organic solar cells (OSCs) based on solution-processed graphene transparent conducting 

electrodes (TCE), described in Chapter 2, exhibit lower efficiency as compared to their 

ITO-based counterparts. Graphene electrodes suffer from limited conductivity at higher 

transmittance values. To enhance their performances, we evaluate the combination of 

silver nanowires (AgNWs) with electrochemical exfoliated graphene (EG) in this chapter. 

As discussed in Chapter 1, one-dimensional (1D) materials, like AgNWs, have recently 

emerged as potential candidates for TCEs because of promising optical and electrical 

properties.
[1]

 However the metal NWs films exhibit several drawbacks concerning large 

contact resistance
[2]

 and high surface roughness,
[3]

 detrimental for  optoelectronic 

applications. To overcome these limitations, an approach is the use of two-dimensional 

(2D) materials into a NW network. The challenge here is to simultaneously reduce sheet 

resistance (Rs) and surface roughness of NWs and additionally improve its 

mechanical/chemical stability. In particular, graphene materials have been adopted as 

additional functional material for hybrid structures, either by using chemical vapor 

deposited (CVD) graphene
[4]

 or reduced graphene oxide (rGO).
[5]

 However, CVD 

graphene is not readily scalable and the troublesome transfer process can harm the 

underlying network.
[6]

 Apart from the harsh production conditions and low electrical 

properties, rGO sheets are not effective in reducing resistance and roughness of the 

bottom layer without excessively sacrificing the transparency of the film.
[7]

  

In this chapter, we demonstrate a mixed-dimensional structure (1D-2D) using AgNWs 

and electrochemical exfoliated graphene (EG) as components. EG has excellent solution-

processability, large lateral dimensions, and remarkable electronic properties,
[8]

 which are 

ideal to eliminate the limitations of AgNWs network. After the addition of EG, Rs of 
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AgNWs dramatically decreases by 83%, and the roughness (RMS) reduces from 16.4 to 

4.6 nm. In addition, EG layer renders AgNWs-network stable under mechanical stress and 

prevents it from oxygen degradation. To demonstrate the feasibility of our work, we have 

implemented our developed transparent conductor as anode in OSCs and polymer LEDs 

(PLEDs). OSCs based on our TCE output remarkable power conversion efficiency (PCE) 

of 6.57%, using PTB7:PCBM blend as active material, and PLEDs yield great external 

quantum efficiency (EQE) of 4.4%, using 87 nm of Super Yellow PPV as emissive layer, 

similar to the commercial ITO-based counterparts. 

 

3.2 Results and Discussion 

 

AgNWs dispersion with purity of 99.5% was purchased from ACS Materials. The 

diameter of the AgNWs is 40 nm and the length between 20 and 30 μm (Figure 3.1a).  

High-quality graphene was synthesized by electrochemical exfoliation of graphite (Figure 

3.1b) which was described in our previous study.
[9]

 In brief, to conduct the exfoliation 

process, alternating currents (±10 V, 0.1 Hz) were applied between two graphite 

electrodes inside an aqueous solution of ammonium sulfate (0.1 M).  

 

 

Figure 3.1 a) SEM image of AgNWs on SiO2 substrate. The inset shows the NW 

diameter of 40 nm b) optical image of electrochemical exfoliation of graphite c) AFM 

image of exfoliated graphene on SiO2. 
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The as-synthesized EG was transferred on SiO2 substrates by Langmuir-Blodgett 

technique to carry out atomic force microscopy (AFM) on the 2D nanosheets (Figure 

3.1c). The topographical profile revealed an average thickness of 1.34 nm for an EG 

sheet, consistent with the thickness of a double-layer graphene flake on Si/SiO2 wafer.
[10]

  

The thickness distribution on 100 EG flakes obtained by cross-sectional analysis shows 

that 85% of graphene sheets are between one and three layers thick. (Figure 3.2a). 

Moreover, based on the analysis of 100 EG sheets, approximately 88% of the lateral 

dimensions are between 1 and 10 μm (Figures 3.2b and 3.2c).  

 

 

Figure 3.2 a) Thickness distribution of EG flakes from AFM analysis on randomly 

selected 100 flakes. b) Statistical analysis of EG flake sizes from c) SEM image. 

 

Selected-area electron diffraction (SAED) pattern from transmission electron microscopy 

(TEM) image exhibits typical 6-fold symmetry (Figure 3.3a), as an evidence of high 

crystallinity.
[11]

 Raman spectroscopy on EG sheets (Figure 3.3b) revealed that the 

intensity of the G band (1586 cm
-1

) is about three times higher than the D band (1360 cm
-

1
).

[12]
 The derived ID/IG value, 0.35, is much lower than that of rGO, typically in the range 

of 1.1-1.5.
[13]

 As a further support of high-quality of EG, X-ray photoelectron 

spectroscopy (XPS) on EG has shown a low 4.9 atom % oxygen content (Figure 3.3c) and 

a high carbon to oxygen ratio (C/O) of 19.4. The high-resolution spectrum of C 1s peak 

(Figure 3.3d) discloses three major peaks at 284.4 eV, 285.3 eV and 287.1 eV, 

corresponding to the C=C, C-OH and C=O bonds, respectively.
[14]

 For application as 

transparent electrode, the structural integrity is very important, since it shows direct 

connection to the device performances. For this reason high-quality EG graphene is 

selected for our work as compared to rGO.   
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Figure 3.3 a) TEM image of graphene sheet (inset, typical SAED pattern) b) Raman 

spectrum of EG, c) XPS survey spectrum of EG and d) high-resolution XPS of C 1s 

spectrum of a thin EG film. 

 

AgNW network was fabricated by spray coating from diluted AgNWs dispersion in 2-

propanol. Both rigid (e.g. quartz) and flexible substrates (e.g. polyethylene naphtalate, 

PEN) were studied (Figure 3.4). Spray coating was selected over several deposition 

techniques because of its versatility upon a variety of substrates and good potential for 

scaled-up production.
[15]

 Moreover, the morphology of films can be manipulated by fine 

control of parameters.
[16]
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Figure 3.4 a) Schematic representation of the preparation of spray-coated electrodes. b) 

Schematic illustration of spray coating of AgNWs dispersion, followed by EG dispersions 

for the hybrid film fabrication. 

 

To determine the optimum conditions, we fabricated films with different concentration of 

AgNWs dispersion (0.4-1.0 mg mL
-1

) and spray pressure (1.5-2.8 bar) (Figure 3.5). A 

uniform coverage of AgNWs film was achieved with a concentration of 0.8 mg mL
-1

 and 

pressure of 1.8 bar. However, the overlapping AgNWs led to relatively high surface 

roughness (RMS = 16.4 nm), according to the AFM pictures (Figure 3.6). 
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Figure 3.5 SEM images of the AgNWs films with different concentrations of the AgNWs 

dispersion and spray pressures at a fixed nozzle-to-substrate height of 11 cm. Even 

coatings have been yielded using AgNWs concentration of 0.6 mg mL
-1

 and spray 

pressure of 1.8 bar. 

 

 

 

INCREASING CONCENTRATION OF AgNWs dispersion

INCREASING N₂-SPRAY PRESSURE
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Figure 3.6 AFM image of the AgNWs film. 

 

In order to reduce surface roughness, EG flakes were introduced by spray-coating from a 

diluted dispersion in N,N-dimethylformamide (DMF, 0.05 mg mL
-1

). In this process, other 

techniques, such as spin coating and vacuum filtration, are problematic. For instance, spin 

coating of EG would result in randomly arranged graphene sheets on the top of the 

AgNWs network (Figure 3.7a), whereas vacuum filtration would leave vacancies and EG 

bundles, which could protrude up to the upper layers of a vertical device and result in 

short circuit (Figure 3.7b).  

 

 

Figure 3.7 SEM images of transferred EG flakes on the top of the AgNWs network a) by 

spin coating and b) by vacuum filtration. 

1 μm 1 μm

a b
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As predicted, AgNWs junctions and holes between the NWs (cross-sectional SEM images 

in Figure 3.8a) are completely covered by EG sheets, leading to reduction of surface 

roughness. AFM analysis performed on AgNWs-EG films reveals an apparent reduction 

in RMS, compared to bare AgNWs, and a significant decrease of the overlapped NWs 

height (Figure 3.8b). After coating a uniform layer of EG, the conductivity of the AgNWs 

network was improved, without sacrificing high transmittance (Figure 3.8c). In particular, 

the most relevant Rs reduction, from 78 to 13.7  sq
-1

, is recorded for the 89% transparent 

AgNWs film (Figure 3.8d). The TCE thickness obtained under these coating conditions of 

around 50 nm represents the best compromise between series resistance and transparency.  
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Figure 3.8 b) Cross-sectional SEM images of EG thin layer on the top of the AgNWs 

network c) AFM image of the AgNWs film after the application of the EG layer d) Rs and 

transmittance comparison between AgNWs and AgNWs-EG films at different AgNWs 

loads. d) UV-vis spectra comparison between AgNWs and AgNWs-EG films. As shown 

by the SEM images in the inset, EG flakes connect the AgNWs, which decrease the Rs of 

the film. 

 

The hybrid film has strong adhesion on substrate. The adhesion of our electrode was 

assessed by applying and removing scotch tape over the AgNWs-EG coating on quartz. 

The scotch tape can not detach the film under mechanical press (Figure 3.9). 
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Figure 3.9 Adhesion measurements on the as-prepared hybrid film. The scotch tape is not 

able to detach the film from the substrate. 

 

As additional benefits, the continuous EG layer helps to improve the mechanical 

flexibility and oxygen degradation resistance.  To validate this, we tested our electrodes to 

bending stress and air exposure. The Rs of AgNWs-EG on PEN remains almost constant 

through the bending cycles (Figure 3.10a), with a maximum variation of 25% with respect 

to the mean value (i.e. 14.6  sq
-1

), and even at high curving radius (Figures 3.10b). In 

contrast, the Rs values of pristine AgNWs film tremendously rose from 78 to 222  sq
-1

 

with bending cycles and gradually increased at bending angles above 90°.  To reveal the 

chemical stability, TCEs were exposed to air over 120 days.  The Rs of the hybrid 

electrode exhibited negligible variation within the entire duration of air exposure (Figure 

3.10c), even at high temperatures the Rs kept constant (Figure 3.10d), thanks to the EG 

layer that preserved AgNWs from degradation. On the contrary, Rs of the metal NW 

network rapidly increased after 20 days of exposure to air eventually reached 312  sq
-1 

or from 78 to 129  sq
-1 

after 48 hours heating at 85 °C, as a consequence of the silver 

oxidation.  
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Figure 3.10 Rs response of AgNWs and AgNWs-EG films on PEN substrate to a) 

different bending cycles, b) bending angles, c) air exposure over a period of 120 days and 

d) 48 hours at 85 °C. 

 

We evaluated the performances of AgNWs-EG TCE in optoelectronic devices by 

implementing the hybrid film in OSCs and PLEDs (Figure 3.11a). In both the devices 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was used as hole 

transport layer (HTL). To ensure a solution-processable homogeneous HTL layer on the 

top of the hybrid film, a 0.1% of fluorosurfactant (Zonyl) was added to the 

PEDOT:PSS
[17]

 because of the mismatch between the hydrophobic and hydrophilic nature 

of graphene and PEDOT:PSS, respectively. PEDOT:PSS contributes with further 

planarization of the underlying TCE avoiding any chance of shorts or current leakage 

paths in the devices.
[18]

 For the solar cell, poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexy)carbonyl]thieno[3,4-

b]thiophenediyl]] (PTB7) and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) were 

used as donor and acceptor material (chemical structures in Figures 3.11b and 3.11c), 

a b

c d
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typically adopted as benchmark active layer in bulk heterojunction (BHJ) OSC.
[19]

 At the 

top of the architecture, Barium (Ba) and Aluminum (Al) were deposited as cathode 

(energy band alignment diagram of the devices in Figure 3.12).  

 

 

Figure 3.11 a) Schematic illustration of the device architecture for the OSC (left) and 

PLED (right). Chemical structures of b) PTB7, c) PC71BM and d) Super Yellow PPV. 
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Figure 3.12 Energy band alignment diagrams of solar cells (left) and light emitting diodes 

(right) used in this work. 

 

The beneficial role of EG coating on the top of AgNWs is evidenced in the performance 

of the device. While the pristine AgNWs-based devices are shorted, because of high 

surface roughness and steep heights of the NWs junctions, the OSCs built on the hybrid 

TCE work properly thanks to the flattening effect of the EG. The optimal AgNWs-EG 

based OSC measured under 1.5 AMG (100 mW cm
-2

) conditions, exhibits a short-circuit 

current density (Jsc) of 15.5 mA cm
-2

 with an open-circuit voltage (Voc) of 727 mV and a 

fill factor (FF) of 58.3, outputting a PCE of 6.57% (Figure 3.13). These values are in line 

with the results obtained by using commercial ITO TCE on quartz (Table 3.1).  
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Figure 3.13 J-V curves of the OSC devices (inset: flexible AgNWs-EG OSC). 

 

Table 3.1 Photovoltaic parameters of the OSCs based on the AgNWs-EG transparent 

electrode and ITO reference. 

TCE Voc (mV) Jsc (mA cm
-2

) FF PCE (%) 

ITO 726 15.8 61.6 7.07 

AgNWs-EG 727 15.5 58.3 6.57 

AgNWs-EG on PEN 730 14.5 58.6 6.18 

 

Notably, our solution-processed transparent conductors exhibit great reproducibility, on 

the basis of the statistical evaluation of the photovoltaic parameters (Table 3.2). Indeed, 

the entire set of our devices show almost the same behavior (Figure 3.14).  
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Table 3.2 Average OSCs parameters with the related standard deviations. 

TCE Voc (mV) Jsc (mA cm
-2

) FF PCE (%) 

AgNWs-EG 727 ± 3 15.4 ± 0.1 58.3 ± 0.1 6.54 ± 0.04 

AgNWs-EG on PEN 729 ± 4 14.4 ± 0.1 58.6 ± 0.1 6.11 ± 0.07 

 

 

 

Figure 3.14 Histograms of photovoltaic parameters for AgNWs-EG based OSCs built on 

glass. 

 

On the top of that, we assessed the feasibility of flexible solar cells based on our bottom 

electrode. The OSCs built on the flexible PEN substrates reach higher Voc and FF due to 

the higher affinity of EG to polymeric substrates, which enables a smoother coverage of 

EG on the top of the AgNWs network, leading to a device with less manufacturing 
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defects. Hence, the lower PCE (6.18%) is attributable to the lower transparency of PEN 

(.i.e. 87%), which results in a reduced adsorption of photons with consequent lower 

photocurrent generation. As presumable from the mechanical tests of the TCEs in Figure 

3.10, no changes in photovoltaic parameters are observed upon 250 bending cycles 

(Figure 3.15), indicating high degree of flexibility.  

 

 

Figure 3.15 Variation of a) Voc, Jsc and b) FF, PCE over 250 bending cycles of flexible 

AgNWs-EG OSCs. 

 

Further, to prove the robustness of our composite transparent electrode, we fabricated 

PLEDs with AgNWs-EG bottom electrodes. PLEDs are more sensitive to short circuits 

since they are operated at higher voltages than solar cells, which are typically restricted to 

a voltage range between -1 V to 1 V. Moreover, the thinner active layer restricts the 

candidates for alternative TCEs because such device is more sensitive to rough surfaces 

than OSCs (optimal active layers requires a thickness of 100-250 nm for OSCs, 50-100 

nm for PLEDs). As for the fabrication of the solar cells, PEDOT:PSS layer was uniformly 

spin-coated above the hybrid film on top flexible substrates. Super Yellow PPV (Figure 

3.11d), a conjugated copolymer widely used as emissive layer in PLEDs,
[20]

 was spin-

coated to give a thickness of only 87 nm, prior to the evaporation of the top electrodes 

(Ba/Al). 

As demonstrated in Figure 3.16a the measured current density and luminance were almost 

identical to reference PLEDs on conventional glass/ITO substrates. As a result, also the 

EQE is almost the same, reaching maximum values of 4.7% and 4.4% for ITO and 
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AgNWs-EG, respectively (Table 3.3). The small difference could be caused by the 

slightly reduced transmittance in the 550 nm range.  The EQE remains over 4% even at 

high brightness above 10000 cd m
-2

 (Figure 3.16b), demonstrating the robustness and 

performance of the hybrid electrode. Importantly, no hysteresis is present in the current 

density-voltage characteristics between forward and reverse bias at high voltages, 

emphasizing the quality of our TCE against electrical breakdown.  

 

 

Figure 3.16 a) Current Density-Voltage-Luminance characteristics for PLEDs deposited 

on ITO (black) and AgNWs-EG (red). Solid and dashed lines display Current Density and 

Luminance, respectively b) EQE comparison between hybrid film and ITO PLEDs (inset: 

flexible AgNWs-EG working PLED). 

 

Table 3.3 PLEDs key values for ITO and AgNWs-EG hybrid electrode devices. 

TCE Current Density (A m
-2

) Luminance (cd m
-2

) EQE (%) 

ITO 1113 12569 4.7 

AgNWs-EG 1057 10425 4.4 

 

These data clearly indicate that our 1D-2D electrode is endowed with all the features of a 

successful TCE. Moreover, it is important to outline that the transmittance of the AgNWs-
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EG electrodes can be further improved by laser patterning techniques
[21]

, which indicates 

the opportunities for higher performances of the optoelectronic devices. 

 

3.3 Conclusion 

 

In this chapter, we have demonstrated a solution-processable transparent anode for 

flexible optoelectronic devices based on the integration of 1D and 2D material. The 

synergy of silver nanowires and electrochemical exfoliated high-quality graphene leads to 

a transparent conductor with smooth surface and excellent mechanical, chemical and 

electrical features, which overcomes simultaneously all the limitations of AgNWs-based 

TCEs. Remarkably, OSC and PLED built on our electrodes exhibit similar behavior to the 

commercial ITO-based counterparts. We believe that this study provides an exciting and 

solid platform for the future of ubiquitous optoelectronic applications. 
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Experimental Session 

 

Graphite Exfoliation. Graphite exfoliation was carried out in a two-electrode system, 

where commercial graphite (Alfa Aesar) foils were used as working anode and counter 

electrode. The electrodes were placed in parallel at a distance of 1.5 cm. The electrolyte 

for the exfoliation was obtained by dispersing ammonium sulfate crystals in DI water, 

affording a 0.1 M solution. Hence, the electrodes were immersed in the electrolyte and an 

alternating current (±10 V, 0.1 Hz) was applied to trigger the electrochemical exfoliation. 

To avoid over-heating, the entire process was kept in an ice bath. Once the exfoliation 

was finished, the suspended graphene sheets were collected with a 0.2 μm PTFE 

membrane filter (Sartorius™) and washed three times by DI water and ethanol to remove 

any residue. Then, the wet graphene was dispersed in N,N-dimethylformamide (DMF) via 

mild sonication in an ice bath for 15 minutes. 

 

Purification of graphene. The graphene dispersion was centrifuged to separate out any un-

exfoliated flakes and large particles. The solution was transferred in plastic tubes and 

centrifuged twice at 5000 rpm for 45 minutes. Afterwards, the supernatant was taken out 

from the suspension and sonicated for 15 minutes to ensure homogeneity. 

 

Preparation of AgNWs-EG transparent electrodes. Hybrid films were prepared on both 

glass and PEN (Pütz GMBH + Co. Folien KG) by spray-coating through an Infinity 

CRplus airbrush (Harder & Steenbeck GmbH). AgNWs solution in IPA (ACS Materials) 

was diluted and sprayed onto 3x3 cm
2
 pre-heated substrates under a N2-assisted inlet 

pressure of 1.8 bar. The distance between the nozzle and the substrate was fixed at 11 cm. 

Subsequently, EG dispersion was sprayed on the top of the NWs network under a N2 

pressure of 2.1 bar and at a noozle-to-substrate distance of 13 cm, to ensure a uniform 

coverage. The as-coated hybrid films were heated at 90 °C overnight in a vacuum oven to 

remove residual solvent before use.  
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Photovoltaic device fabrication. Zonyl™ fluorosurfactant with a concentration of 0.1% 

v/v was added in an aqueous solution of PEDOT:PSS (Clevios P VP Al4083, Heraeus 

Precious Metals GmbH & Co.) to obtain proper wetting which matches the AgNWs-EG 

hydrophobic surface nature. The mixture was stirred overnight and spin-coated on top of 

the patterned electrodes at 2000 rpm for 60 s. The films were then heated at 140 °C for 5 

minutes and transferred in a glove-box for the coating of the PTB7:PC71BM photoactive 

layer. The PTB7:PC71BM blend was prepared in a mixed solvent of chlorobenzene and 

1,8-diiodoctane (DIO) at a 97:3 ratio. PTB7 (10 mg) and PC71BM (15 mg) were initially 

dissolved in CB (0.97 mL). The solution was left stirring overnight at 80 °C. Aftewards, 

DIO (30 μL) was added and the solution stirred 30 minutes at 70 °C. The blend solution 

was then spin-coated on the top of PEDOT:PSS layer at 1500 rpm for 60 s. Ba (5 nm) and 

Al (100 nm) were used as top electrodes, which were deposited by vacuum thermal 

evaporation. 

 

Organic light-emitting diode fabrication. Super Yellow PPV (PDY-132, Merck) was used 

as emissive layer for the OLED. A 5 mg mL
-1

 solution of Super Yellow in toluene was 

left stirring overnight at 60 °C in the glove-box and filtered with a PTFE filter before the 

deposition on the top of the PEDOT:PSS layer. The spin-coating of Super Yellow was 

carried out through two step (100 rpm for 3 s followed by 1000 rpm for 60 s) to output a 

uniform thickness of 87 nm. PEDOT:PSS layer and top electrodes were processed as 

previously described for the OSC. 

 

Characterizations. Current-Voltage (J-V) characteristics were measured by a software 

controlled source meter (Keithley 2400) at room temperature with a 1.5 AMG (100 

mW/cm²) solar simulator. OLED performances were tested with an in-house photodiode 

and a software controlled source meter (Keithley 2400). Sheet resistance measurements 

were performed by using a four-point probe system with a Keithley 2700 Multimeter 

(probe spacing: 0.635 mm, Rs= 4.5324 V/I). AFM measurements were carried out on a 

Digital Instruments Dimension 3100. SEM images were obtained using a field-emission 

scanning electron microscope (Gemini 1530 LEO). TEM and SAED were carried out 

using a transmission electron microscope (Philips Tecnai F20). Raman spectroscopy 
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measurments were performed with a Bruker RFS 100/S spectrometer ( laser wavelength 

of 532 nm ). UV-vis spectroscopy was executed on Perkin Elmer Lambda 900 

spectrometer with diffusive mode. XPS analysis was carried out on a PHI–5000C ESCA 

system with a monochromatic Mg Kα X-ray source (h v = 1253.6 eV), the C 1s value was 

set at 284.7 eV for charge corrections. 
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Chapter 4 Improved Hole Injection into Perovskite Light-

Emitting Diode Using a Black Phosphorus Interlayer 

 

4.1 Introduction 

 

All-inorganic perovskite, such as cesium lead trihalide (CsPbX3, where X = Cl, Br, I), has 

gained much attention in a variety of optoelectronic devices,
[1]

 including light-emitting 

diodes (LEDs).
[2]

 CsPbX3 is considered a promising light-emitting material due to its 

facile solution processability, cost effectiveness, thermal stability and high 

photoluminescence quantum efficiency (>90%) with narrow spectral width.
[3]

 However, 

the reported external quantum efficiency (EQE) of perovskite based light-emitting diodes 

(PeLEDs) have been relatively modest, ranging from 0.008% to 1.37% for devices using 

pristine polycrystalline CsPbX3 as emissive layer.
[2a, 4]

 Improvements have been made due 

to the progress of metal halide synthetic routes with formation of perovskite 

nanocrystals
[5]

 and post-treatment techniques on the perovskite film (i.e. vapor annealing, 

crosslinking)
[6]

.  

A remaining fundamental problem is that inorganic semiconducting perovskites as the 

green-emitting CsPbBr3 have a large ionization potential, with the valence band (VB) 

typically located at 5.6 eV below vacuum. In solution-processed optoelectronic devices 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is used as the 

conventional hole-injecting layer (HIL). Since PEDOT:PSS has a work function (WF) 

only close to 5.0 eV,
[7]

  large hole injection barriers exist in LEDs based on active 

materials with deeper energy levels as CsPbBr3.
[8]

 Since the magnitude of the injected 

current exponentially depends on the injection barrier,
[9]

 the performance of CsPbBr3-

based LEDs with a PEDOT:PSS anode are radically affected by the huge mismatch (~0.6 

eV) between the WF of PEDOT:PSS and VB of CsPbBr3.
[4]

 To overcome this challenge 

many strategies have been explored, including the use of a self-organized buffer HIL
[4, 5b]

 

or a complex inverted structure.
[10]

 However, the materials used in these methods, like 

perfluorinated ionomers (PFI) or metal oxides, can easily form aggregates and yield to 

wettability problems with the subsequent deposited perovskite layer, leading to electrical 
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shorts and power losses. Summarizing, PeLED performance is in general hindered by 

limited hole injection and non-radiative losses, resulting from shunt paths in uneven and 

discontinuous perovskite films.  

An alternative approach would be the application of two-dimensional (2D) materials, 

including graphene oxide and transition metal dichalcogenides as hole injecting layer. 2D 

materials have been demonstrated as suitable solution-processable interlayers for organic 

optoelectronic devices.
[11]

 Among them, black phosphorus (BP), a newly emerged 2D 

layered semiconductor with high charge-carrier mobility
[12]

 and exceptional 

optical/phonon properties
[13]

, represents a suitable candidate for lowering the injection 

barrier between PEDOT:PSS and CsPbBr3. Thin-layered BP has a HOMO level of 5.32 

eV,
[14]

 which would lower the injection barrier by 0.3 eV. Recently, BP has been adopted 

as an interlayer in both organic and perovskite solar cells (SCs),
[15]

 delivering a slight 

enhancement (10-15%) of their power conversion efficiencies. However, the BP sheets 

used in these works have limited lateral sizes (< 200 nm) and abundancy of defects, due to 

the harsh and prolonged liquid-phase sonication.
[16]

 This inevitably leads to a scarce 

coverage of BP with inferior electronic properties, thereby limiting the beneficial effects. 

In this work, large and ultra-thin BP flakes with fewer defects are synthesized by 

electrochemical exfoliation of bulk BP. Based on a facile suction filtration, continuous 

and uniform 2D layers have been successfully fabricated and integrated as HIL in 

CsPbBr3-based PeLEDs. The uniformity of the BP layer resulted in a homogeneous 

growth of pin-holes free perovskite, without the necessity of further treatment steps (i.e. 

vapor annealing, crosslinking). Electrical characterization confirms that the hole injection 

barrier is decreased, and an EQE of 2.8% at 20000 cd m
-2

 was achieved for CsPbBr3-

based PeLEDs.     

 

4.2 Results and Discussion 

 

High-quality BP was synthesized by electrochemical delamination of bulk BP (Figure 

4.1), which was outlined in our previous work.
[17]

 Briefly, BP sheets were formed upon 

the application of a bias (-8.0 V) between bulk BP and platinum foil, working and counter 
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electrode, respectively. The two-electrode system was placed into a propylene carbonate 

solution of tetra-n-butyl-ammonium bisulfate (0.1 M), which served as electrolyte. 

 

 

Figure 4.1 Schematic illustration (top) and optical images (bottom) of BP delamination 

process. 

 

As-synthesized BP flakes were dispersed in propan-2-ol (IPA), resulting in a stable 

dispersion, which showed a broad absorption across the ultraviolet (UV) to near-infrared 

(NIR) regions (Figure 4.2a). Atomic force microscopy (AFM) revealed the ultra-thin 

morphology of the BP sheets (Figure 4.2b). The thickness distribution on randomly 

selected BP flakes obtained by cross-sectional analysis suggests that the BP sheets are 

mainly thinner than 4 layers (Figure 4.2c). The morphology of the sheets was further 

investigated by scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). Figure 4.2d and 4.2e displayed, respectively, the typical SEM and 

TEM images of BP flakes with large lateral sizes. The statistical calculation from SEM 

analysis (Figure 4.2f) reveals a broad distribution of BP sheets with wide lateral sizes 

(75% between 1 and 10 μm), which constitutes a crucial prerequisite for film formation. 
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Figure 4.2 a) Absorption spectrum of BP dispersion in IPA. b) AFM image of 

delaminated BP on Si/SiO2. c) Thickness distribution of BP sheets from AFM analysis on 

randomly selected flakes. c) SEM image of delaminated BP on Si/SiO2. d) TEM image of 

thin BP sheets on lacey carbon grid. f) Statistical calculation of BP flakes from SEM 

analysis. 

 

Thin BP films were fabricated by suction filtration as illustrated in Figure 4.3. First N,N-

Dimethylformamide (DMF) was added to the dispersion to allow ambient condition 

processing and preserve BP film from oxidation. By using a high boiling point solvent, 

like DMF, the protection of the film is ensured by the solvation shell remaining even after 

solvent removal.
[18]

 Additionally, to further decrease the probability of BP deterioration, a 

hydrophobic polytetrafluorethylene (PTFE) membrane was employed for suction 

filtration. Unlike hydrophilic filters, PTFE is not wetted by air humidity. The BP film was 

formed on the top of PTFE by filtrating the BP dispersion through the membrane. 

Afterwards, the film was transferred onto the substrate by a mechanical press. It is worth 

noting that the use of a high boiling solvent does not only preserve the BP dispersion from 

degradation but it forms also a wet passivating shield for the as-fabricated film,
[19]

 which 

makes further treatments in ambient conditions possible.  
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Figure 4.3 Schematic illustration of the fabrication of BP film. The fabrication process 

includes a) addition of BP dispersion on the top of a PTFE membrane, b) vacuum-assisted 

filtration c) formation of BP film onto PTFE membrane, d) film transfer on top of the 

substrate, e) membrane removal and f) BP film transfer from PTFE to the substrate. 

 

Moreover, the transmittance of the BP film is tunable on the basis of the 

volume/concentration of the BP dispersion (Figure 4.4).  
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Figure 4.4. a) Optical image of BP film on top of PTFE membrane b) UV-vis spectra of 

BP films at different transmittance values. Transparency can be easily tuned by changing 

BP dispersion load. 

 

Raman spectrum of BP film (Figure 4.5a) displayed three typical phonon modes observed 

at 363 cm
-1

 (Ag
1
), 440 cm

-1
 (B2g) and 468 cm

-1
 (Ag

2
).

[20]
 To determine phosphorene 

degradation caused by oxygen, derived Ag
1
/ Ag

2
 values are calculated, for instance, higher 

than 0.20 are typical for low oxidized BP sheets.
[21]

 Pristine films produced with our 

method exhibited Ag
1
/ Ag

2
 ratio of 0.86, revealing very limited amount of oxygen 

degradation. To further verify the structural integrity of BP, X-ray photoelectron 

spectroscopy (XPS) was carried out. XPS (Figure 4.5b) showed a strong peak at 130 eV, 

attributed to P 2p of highly crystalline phosphorene,
[18]

 and the weak oxidized phosphorus 

peak, suggesting the structural integrity of BP.
[22]

. Hence, the purity of as-synthesized 

high crystalline BP, as evidenced by high-resolution TEM (HR-TEM) and selected area 

electron diffraction (SAED) (Figure 4.5c), are preserved during the film formation. 

To evaluate the effect of a high-quality BP layer in a PeLED we implemented the 2D thin 

film as HIL on top of PEDOT:PSS. As mentioned above, thin-layered BP has a reported 

HOMO level of 5.32 eV,
[14]

 and is therefore expected to reduce the hole injection barrier 

between PEDOT:PSS and CsPbBr3. The surface topography of the PEDOT:PSS/BP film 

was examined by AFM and SEM measurements. AFM analysis (Figure 4.5d) revealed a 

surface roughness (RMS) of ~8.0 nm for the BP layer. SEM showed that single BP sheets 

were readily transformed into large-area and well-connected BP film (Figure 4.5e). The 
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smooth, uniform and continuous BP films are expected to be beneficial for the ease of 

processing of the perovskite layer. As a confirmation the nature of the CsPbBr3 

polycrystalline film, obtained by a single step spin-coating process, was investigated by 

SEM. As shown in Figure 4.5f, the perovskite film coated onto PEDOT:PSS exhibited a 

high density of pin-holes. In contrast, the film directly deposited on the top of the BP 

interlayer displayed a full coverage with low density of pin-holes, which will considerably 

reduce current leakage paths in the light-emitting device.
[23]

 Contact angle measurements 

of dimethyl sulfoxide (DMSO), solvent used for the CsPbBr3 solution, on top of BP and 

PEDOT:PSS films revealed angles of 16° and 23°, respectively (Figure 4.6). Hence, the 

full coverage of CsPbBr3 is ascribed to the better wettability of DMSO on the BP film. 

 

 

Figure 4.5 a) Raman spectrum and b) high-resolution P2p XPS spectrum of as-fabricated 

BP film, c) HR-TEM of BP thin flake and the related SAED pattern (inset). d) AFM and 

e) SEM images of a BP film. f) Morphology comparison by SEM of CsPbBr3 crystalline 

film on top of PEDOT:PSS (top) and BP (bottom). 
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Figure 4.6 Contact angle measurement of a DMSO drop on top of a) BP and b) 

PEDOT:PSS. 

 

PeLEDs were fabricated on top of a glass/indium tin oxide (ITO) substrate with further 

configuation PEDOT:PSS/BP/CsPbBr3/1,3,5-tris(1-phenyl-1H-benzimidazol-2-

yl)benzene (TPBi)/lithium fluoride (LiF)/aluminum (Al) (Figure 4.7a). The energy band 

diagram, based on experimental data, is schematically indicated in Figure 4.7b. In such 

device structure, electrons are transferred from the lowest unoccupied molecular orbital 

(LUMO) of the hole-blocking/electron transporting material TPBi into the conduction 

band (CB) of CsPbBr3, while holes are injected from the HOMO of PEDOT:PSS or BP 

into the VB of CsPbBr3. The radiative recombination between holes and electrons inside 

the perovskite layer will lead to the emission of green light (Figure 4.7c). 

 

 

Figure 4.7 a) Schematic illustration of the device architecture and b) the related energy 

band alignment diagram. c) Electroluminescence spectrum of CsPbBr3 at 6 V.  
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As demonstrated in Figure 4.8a, the current density-voltage (J-V) characteristics of the 

PeLED without and with BP as HIL are shifted along the voltage axis of 0.3 V, which 

indicates that the inclusion of BP leads to an enhancement of the built-in voltage as a 

result of a reduced injection barrier at the anode side. Furthermore, the implementation of 

BP leads to a significant increase in light output, typically 4.5 times higher than the device 

without using BP (Figure 4.8b, Table 4.1).  

 

 

Figure 4.8 a) Current density-voltage-luminance characteristics of PeLEDs with and 

without BP, b) EQE comparison between PeLEDs with and without BP (the inset show 

the working BP-incorporated device). 

 

Table 4.1. PeLEDs key parameters for devices without and with BP. 

PeLED Luminancemax [cd m
-2

] Luminanceaverage [cd m
-2

] EQEmax [%] EQEaverage [%] 

w/o BP 5281 5070 ± 187 0.7 0.6 ± 0.1 

w/ BP 20636 20041 ± 544 2.8 2.5 ± 0.2 

 

Furthermore, incorporation of BP also enhances the EQE of the PeLED from 0.7 % to 2.8 

% (voltage dependence of EQE in Figure 4.9), which is a significant improvement 



80 
 

compared to earlier reported EQEs ranging from 0.008% to 1.37% using polycrystalline 

CsPbBr3 as emissive layer.  

 

 

Figure 4.9 Voltage dependence of EQE for the PeLEDs with and without BP. 

 

Moreover, to evaluate the advantages of using high-quality and large area BP flakes, we 

tested PeLEDs with small and air-exposed BP sheets. Long time sonication of BP 

dispersion yielded flakes with small lateral size (< 1 μm), which resulted in randomly 

arranged flakes during film formation. As result of scarce coverage, no apparent 

improvement for the final device was observed (Figure 4.10a and 4.10b). To deliberately 

induce degradation, BP was exposed to air throughout the whole film process without the 

aid of DMF. The reduced quality of BP had a negative impact on the PeLED behavior, 

which did not emit light (Figures 4.10c and 4.10d).  
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Figure 4.10 a) SEM image of small-size BP flakes randomly coated on top of 

PEDOT:PSS b) Current density-voltage-luminance characteristics of PeLEDs with few 

BP sheets. c) SEM image of degraded BP film on top of PEDOT:PSS d) Current density-

voltage-luminance characteristics of PeLEDs with degraded BP. 

 

To further quantify the improvement in hole injection upon the use of BP film in CsPbBr3 

LEDs, we built hole-only devices. In such a device, the emissive layer is sandwiched 

between two HILs in order to drive exclusively holes, preventing electron injection. 

Hence, upon the application of a voltage across the device, the measured current is 

entirely carried by holes (Figure 4.11).  
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Figure 4.11 Energy band alignment diagram of hole-only device. 

 

The perovskite layer was sandwiched between ITO/PEDOT:PSS/BP and tris(4-carbazoyl-

9-ylphenyl)amine (TCTA)/molybdenum oxide (MoO3). Using a 5 nm TCTA interlayer in 

combination with MoO3 leads to the formation of an Ohmic hole contact, even on 

semiconductors with a deep valence band.
[24]

 At negative bias the holes are injected from 

the Ohmic TCTA/MoO3 contact, which enables us to determine hole mobility of CsPbBr3 

from the resulting space-charge-limited current (Figure 4.12a).  

 



83 
 

 

Figure 4.12 a) Current density-voltage characteristics of hole-only devices. Negative bias 

corresponds to hole injection from MoO3, positive bias to hole injection from BP b) 

Current density plotted against voltage (V), corrected for the built-in voltage (Vbi). The 

orange solid line represents the fit with the analytical drift-diffusion model, from which 

the hole mobility is extracted. 

 

Using a drift-diffusion solver
[25]

, the current injected from the TCTA/MoO3 electrode 

could be modeled with a mobility of 8 x 10
-10

 m
2
/Vs (Figure 4.12b), using a dielectric 

constant of 41.
[26]

 Due to the asymmetric work functions of the contacts, a built-in voltage 

was observed. This built-in voltage could be reproduced in the simulation by using a 

barrier of 0.4 eV at the counter electrode, which is BP in this case. This gives an 

indication of the injection barrier for hole injection from the BP electrode. The hole 

current injected from BP at positive bias is three orders of magnitude lower than the hole 

current injected from the TCTA/MoO3 contact at negative bias. The magnitude of an 

injection-limited current scales with the effective injection barrier φb-b according to
[27]

 

 

𝐽𝑖𝑛𝑗 ∝ exp [
−(𝜑𝑏−𝑏)

𝑘𝑇
] ,         (1) 

 

with k Boltzmann’s constant and T the temperature, φb the injection barrier and b 

describing the band bending at an Ohmic contact.
[27]

 For φb ≤ b the current is no longer 

injection limited and the contact essentially becomes Ohmic. The parameter b was 
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calculated to be 0.20 eV in this case. From Eq. (1) the three-orders of magnitude 

difference in injected current compared to the Ohmic counter electrode then equates to an 

injection barrier φb of 0.38 eV. This barrier corresponds well to the barrier of 0.4 eV 

determined from the numerical simulations. Furthermore, this barrier is within the 

experimental accuracy of the estimated difference between the reported HOMO of BP (-

5.32 eV) and the valence band of CsPbBr3 (-5.6 eV).  

Future studies will focus on a further reduction of the hole injection barrier without 

disruption of the perovskite morphology. 

 

4.3 Conclusion 

 

In summary, we have developed an effective strategy to improve hole injection into 

perovskite based LEDs using solution-processed high-quality phosphorene. The 

integration of BP film, constituted of large lateral sized and ultra-thin flakes, into PeLEDs 

decreases the hole injection barrier and gives rise to uniform growth of the perovskite. 

This leads to a higher injected hole current and lower leakage current and non-radiative 

losses, respectively. As a result, the EQE and luminance of the PeLEDs are significantly 

enhanced. Incorporation of BP to enhance the hole injection from PEDOT:PSS might also 

be of interest to increase the open-circuit voltage of organic solar cells of which the donor 

has a deeper HOMO level.  
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Experimental Session 

 

Delamination of black phosphorus. Black phosphorus (BP) crystals were purchased from 

Smart Elements (99.998% pure). The delamination process was carried out using a two-

electrode system, in which BP crystal and platinum foil were respectively used as cathode 

and anode. The electrodes were set in parallel with a constant distance of 2.0 cm into a 0.1 

M deoxygenated propylene carbonate solution of tetra-n-butyl-ammonium bisulfate 

(TBA·HSO4). A constant potential of -8.0V was applied to trigger the delamination. The 

whole process was performed into a glove box under inert conditions. Once delamination 

was completed, the exfoliated BP sheets along with the electrolyte were transferred into 

sealed conical centrifuge tube. After centrifuged at 3000 rpm for 10 minutes, the 

electrolyte was discarded and the delaminated BP was washed three times by anhydrous 

propylene carbonate and isopropyl alcohol (IPA) using centrifuge method (4500 rpm, 10 

minutes). Subsequently, BP flakes were dispersed into anhydrous IPA and sonicated for 

15 minutes to ensure homogeneity. The as-prepared BP dispersion was centrifuged for the 

last time at 3000 rpm for 10 minutes to separate out un-exfoliated and thick flakes. 

 

Preparation of BP film. DMF was added into BP dispersion to get a 1:3 DMF:IPA ratio. 

The dispersion was vacuum-filtered through PTFE membranes with 0.2 μm pore size 

(Sartorius Stedim Biotech GmbH). BP-coated membranes were transferred on the 

substrates and subsequently placed under a mechanical press to adhere to the substrates. 

After 30 min, the membranes were peeled off and BP films dried at 120 ˚C on a heating 

plate into a glove box. 

 

PeLEDs fabrication. The glass/ITO substrates were cleaned inside a cleanroom facility. 

Substrates were sequentially washed by detergent, water, acetone and IPA. After drying, 

ITO substrates underwent to UV-ozone treatment for 20 minutes. An aqueous solution of 

PEDOT:PSS (Clevios P VP Al4083, Heraeus Precious Metals GmbH & Co.) was spin-

coated onto ITO substrates with  a two-step procedure (1500 rpm for 10 seconds followed 

by 4000 rpm for 40 seconds) and annealed at 140 ˚C for 10 minutes. BP film was 

transferred on the top of PEDOT:PSS through the above mentioned process. CsPbBr3 
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solutions (11.5 wt%) were obtained by mixing CsBr (99.999% Alfa Aesar) and PbBr2 

(99.999%, Puratronic®) as previously reported.
[4]

 Perovskite precursor (CsBr:PbBr2 with 

molar ratio of 1.5:1) was spin-coated onto PEDOT:PSS and BP at 2000 rpm for 1 minute 

and then annealed at 90 ˚C for 30 minutes. Afterwards, the devices were transferred into a 

vacuum chamber for TPBi (40 nm), LiF (1 nm) and Al (100 nm) deposition. 

 

Hole-only device fabrication. TCTA (5 nm), MoO3 (10 nm) and Al (100 nm) were 

deposited by vacuum thermal evaporation on the top of ITO/PEDOT:PSS w/ or w/o 

BP/CsPbBr3 architectures. 

 

Characterization. PeLEDs and hole-only devices were tested with an in-house photodiode 

and a software controlled source meter (Keithley 2400). AFM measurements were 

performed on a Digital Instruments Dimension IS. SEM images were obtained using a 

field-emission scanning electron microscope (Gemini 1530 LEO). TEM and SAED were 

carried out using a transmission electron microscope (Philips Tecnai F20). XPS analysis 

was carried out using an AXIS Ultra DLD X-ray photoelectron spectrometer with an Al 

X-ray source (h v = 1486.7 eV). UV-vis and absortion spectra were measured on a Perkin 

Elmer Lambda 900 spectrometer. Raman spectroscopy measurements were performed 

with a Bruker RFS 100/S spectrometer (laser wavelength of 633 nm). WF values for ITO, 

PEDOT:PSS, LiF and Al were measured by Kelvin probe. BP HOMO and CsPbBr3 VB 

were determined by experimental study on PeLEDs and hole-only devices. 
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Chapter 5 Conclusion and Outlook 

 

5.1 Conclusion 

 

In short, this thesis focuses on the application of solution-processed 2D materials into 

emerging optoelectronic devices, graphene as transparent conductive electrode and 

phosphorene as hole injection layer. 

ITO has been widely used as transparent electrode in optoelectronics because of its high 

optical transparency and remarkable electrical conductivity. However, high production 

costs, dwindling supplies and poor mechanical flexibility strongly hinder its practical use. 

To date, despite significant research progress on alternative TCEs has been achieved 

using 1D materials, 2D materials and polymers, a transparent conductor able to replace 

commercial ITO is still missing.  

Electrochemical exfoliation of graphite enables production of thin layered EG with 

excellent solution-processability, large lateral dimensions, and remarkable electronic 

properties. In Chapter 2, EG was successfully coated on top of both rigid and flexible 

large-area substrates (A4 size), quartz and PEN, respectively, through spray coating. 

Spray coating was selected over several deposition techniques because of its versatility, 

ease of processing and potential for scaled-up production. Uniform and mechanically 

stable EG films with low surface roughness (~2 nm) exhibited the lowest Rs values among 

all the solution-processed graphene-based TCEs, which are in the range of 0.52 kΩ sq
-1

 at 

70 T% to 0.18 kΩ sq
-1

 at 55 T%. To determine the most performant TCE, we carried out 

an analysis on the J-V characteristics of OPV devices with different EG film 

transparencies. Devices were constrained by the trade-off between transparency and series 

resistance. The best PTB7:PC71BM OSC based on EG (65 T%) exhibited a PCE that is 

40% lower than its ITO analogues. This gap is due to the low conductivity at high 

transmittance values of EG film.   

As described in Chapter 3, to increase the conductivity without sacrificing the 

transmittance of our films, AgNWs were introduced in the 2D system. Despite low Rs and 

high transparency of bare AgNWs TCEs, the rough surface of the network (RMS = 16.4 



92 
 

nm) and the NWs sticking out of the plane systematically caused electrical shorts when 

integrated into the OSCs. The application of EG through spray-coating led to reduction of 

RMS (4.6 nm). Indeed, large EG flakes completely covered the AgNWs junctions and 

holes between the NWs. Moreover, the conductivity of the AgNWs network was 

improved. In particular, the most relevant Rs reduction, from 78 to 13.7 Ω sq
−1

, was 

achieved for the 89 T% TCE. These values are in line with the typical ones of commercial 

ITO. As additional benefits, the continuous EG layer improved the mechanical flexibility 

and oxygen degradation resistance of the AgNWs network. To evaluate the performances 

of our hybrid TCEs, we implemented the hybrid film in both rigid and flexible organic 

optoelectronic devices (OSCs and PLEDs). The devices built on our solution-processed 

TCEs exhibited performances similar to their commercial ITO-based counterparts. The 

synergy of AgNWs and EG led to an electrode endowed with all the features required by 

the next-generation TCEs: cost-effectiveness, high conductivity, high transparency, 

durability and mechanical flexibility. 

In Chapter 4, we discussed the problem of large hole injection barriers in emerging LEDs 

based on perovskite. Inorganic perovskite semiconductors, like the green-emitting 

CsPbBr3, have a VB located at 5.6 eV below vacuum. PEDOT:PSS, which is the 

conventional HIL in PeLEDs, has a WF of 5.0 eV. Thus, typical CsPbBr3-based LEDs 

suffer from large hole injection barriers driven by the huge mismatch between the WF of 

PEDOT:PSS and VB of CsPbBr3 (~0.6 eV). Moreover, PEDOT:PSS does not constitute a 

suitable stage for a proper growth of CsPbBr3 crystals. As result, PeLEDs are governed by 

shunt paths in uneven and discontinuous perovskite films. To overcome both limitations, 

we used a solution-processed approach by including a BP layer between PEDOT:PSS and 

CsPbBr3. BP is a 2D material with high charge-carrier mobility that features a thickness-

dependent bandgap. For instance, thin-layered BP has a reported HOMO level of 5.32, 

which would lower the injection barrier by 0.3 eV. Electrochemical-exfoliated BP was 

implemented on top of PEDOT:PSS by suction filtration. The choice of this technique 

relied on the ability to preserve the morphology and electrical properties of BP, which 

easily degrades with moisture. To estimate the improvement by using BP, we analyzed 

PeLEDs with and without BP. First, the polycrystalline CsPbBr3 film directly deposited 

on the top of the BP interlayer showed a uniform coating with low density of pin-holes. 

Second, the inclusion of BP led to significant increase of both EQE and light output, over 

4 times higher than devices with PEDOT:PSS only. Device analysis indicated that 
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integration of BP enhanced the built-in voltage as a result of a reduced injection barrier at 

the anode side. The results of this study might be of relevance also in the field of organic 

optoelectronic devices where donors have deep HOMO level. 

 

5.2 Outlook 

 

The majority of organic and perovskite optoelectronic devices rely on low costs and 

properties tailoring of abundant materials to switch from emerging to well-established 

technology. The studies present in this thesis constitute a step forward in cost-effective 

and solution-processed materials for emerging optoelectronics. However, further efforts 

towards higher performance of the materials, through the improvement of synthetic 

methods, and large-scale production should be carried out in future. To enhance the 

efficacy of 2D films, optimization of electrochemical exfoliation is necessary. 2D sheets 

with larger size and uniform thickness distribution would generate more stable and 

efficient electrical and morphological properties. Further improvements involve the use of 

patterning techniques for increasing the transmittance of the films. Moreover, surface 

functionalization with other species can be used to tailor the properties of the materials. 

From a device fabrication point of view, deeper investigation of suitable large-scale 

production methods, such as ink-jet and roll-to-roll printing, and the related ink 

formulations can be performed. 
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