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Abstract 
 
 

 

The incremented universal demand of cost efficacious sustainable energy sources 

has inspired the researchers and engineers to develop new methods to convert solar 

energy into electrical energy. Among all of these, the third generation, Organic 

Photovoltaic (OPV) technology is one of the most promising one because of its 

potential to achieve a faster, lower-cost and compatibility with larger area and 

flexible substrates to manufacture devices compared to the conventional first 

generation- silicon wafer and second generation-CdTe and CIGS based thin film 

solar cell technologies. The Organic Bulk Heterojunction (BHJ) solar cell is one of 

the third-generation solar cells having its simplest device architecture with a blend 

active layer of two kinds of organic material, where one functions as an electron 

donor and the other functions as an electron acceptor. However, because of low 

charge carrier mobility of organic semiconductors, the Power Conversion Efficiency 

(PCE) of BHJ organic solar cells are not yet high enough for commercialization and 

restricted their use to satisfy this huge growing global demand. Therefore, in order 

to increase the PCE of BHJ organic solar cells has become one of the most 

interesting research topics at the present time due to their promising application in 

future as a replacement to their inorganic counter parts.  

 

Considering the demand of cost efficient organic BHJ solar cell, different 

device architecture modulation methods have been introduced in this thesis for 

improving the PCE value. The thesis mainly focuses to modify the cathode and 

anode buffer layers to improve the PCE of very commonly studied organic  BHJ 

system, namely, regioregular poly (3-hexylthiophene-2, 5-diyl) (rrP3HT):[6, 6]-

Phenyl C61/71 butyric acid methyl ester (PC61/71BM). For modulating cathode contact 

different types of hole and electron rich small molecules were introduced in the 

device structure whereas to modulate the anode contact various types of easily 

synthesised plasmon induced metal nanoparticles were doped in the hole injecting 

PEDOT:PSS layer. The thesis mainly introduced a very simple, unique and robust 

methodology consisting of the combine effect of dual cathode buffer layers and 

different shaped plasmon induced metal nanoparticles for improving the PCE value 

as well as the morphological information of very commonly studied rrP3HT:PCBM 

system which can be further used in the next generation of solar cell technology.  
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Chapter 1 
 

Introduction 
 
 

The photovoltaic (PV) cells have been extensively studied since 1950 when the first 

crystalline Silicon (Si) solar cell was developed at Bell Laboratories. Since then, the 

efficiency of crystalline Si solar cells has reached up to 24%, which is already proximate to 

the upper limit of theoretically predicted efficiency (~30%). But one of the major 

obstacles for the market implementation of photovoltaic cells is the large production costs 

of Si based technology.1,2 However, despite much effort to further reduce the price, large 

scale production of Si-based solar cells will be limited by the unavailability of raw 

materials, such as solar-grade Si. Therefore, to ensure a sustainable technology path for 

PV, the development of new materials and device structures are required.3,4 Solar cell 

technologies are traditionally divided into four generations- First generation solar cells 

are mainly based on Silicon wafers and typically demonstrate a performance about 15-

20%. The benefits of this generation lie in their good performance, as well as their high 

stability. Silicon cells have a quite high efficiency, but very pure Silicon is needed for this 

type of technology. However, they are rigid and require a lot of energy in production. Due 

to these reasons, this generation is dominating the commercial market.5-7  

The second generation solar cells are based on amorphous Silicon, CIGS and 

CdTe, where the typical performance is 10-15%. Since this generation of solar cells avoid 
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the use of Si-wafers and have a lower material consumption, it has been possible to reduce 

the production costs of these types of solar cells compared to the first generation. 

However, as the production of second generation solar cells still include vacuum 

processes and high temperature treatments, there is still a large energy consumption 

associated with the production of these solar cells. Further, the second generation solar 

cells are based on scarce elements and this is a limiting factor in the price.8  

The third generation solar cells use organic materials such as small molecules or 

polymers. The polymer materials, which are generally known as plastics, have a very 

significant role in our everyday life, due to their low cost and easy manufacturing protocol 

compared to many of the other traditional materials. In the early days of Bakelite (the first 

plastic material), polymers were commonly used as electrically insulating materials in the 

fabrication of electronic products. However, this idea completely changed in 1976; when 

Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa proved that the conductivity 

of the organic polymer, namely, polyacetylene, can be improved several orders by simply 

exposing the vapor of iodine.9 Due to this outstanding discovery, they were jointly 

awarded by Nobel Prize in Chemistry, in the year of 2000, ‘for the discovery and 

development of conductive polymers.’ After this innovation, some of the conducting 

polymers were observed to have similar electrical and optical properties like inorganic 

semiconductors, with the addition of mechanical flexibility, low-cost, and other 

advantages of plastics. Further the solar cells containing these materials can also be 

fabricated with well-known industrial roll-to-roll technology which is analogous to the 

process involved for printing newspapers. The performance and stability of third 

generation solar cells although is still limited compared to the first and second generation 

solar cells. Research interest in polymer solar cells has increased significantly in recent 

years but this type of solar cell is yet to generate a strong commercial application because 

of the lower power conversion efficiency (PCE) compared to the inorganic solar cells.10  

Fourth generation solar cells bring most of the successful types of solar cells till 

now for mankind and these are called Hybrid-Nanocrystal or Plasmonic solar cells.11-16 

This generation combines the low cost, flexible polymer thin films with the stable novel 

inorganic nanostructures so that it can improve the optoelectronic properties of the low 

cost thin film PVs.17-21 The organic semiconductor based plasmonic solar cell (PSC) is one 

of this fourth generation solar cells having its simplest device architecture where the 

application of the plasmonic effect through the use of noble metal nanoparticles (NPs) is 

another valuable route to improve light harvesting within the absorption range of a given 

PSC device. However, because of low charge carrier mobility of organic semiconductors, 

the PCE of plasmonic organic solar cells are not yet high enough for commercialization 
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and restricted their use to satisfy this huge growing global demand. Therefore, to increase 

the PCE of these types of solar cells has become one of the most interesting research 

topics presently due to their promising application in future as a replacement to their 

inorganic counter parts. 

 

1.1 Parameters of Solar Cell 

A Solar cell or photovoltaic cell is a type of optoelectronics device that converts the light 

energy into electrical energy based on the principles of photovoltaic effect. The word ‘solar 

cell’ is used for devices intended specifically to capture energy from sunlight, while the 

word 'photovoltaic cell’ is used when the light source is unspecified. The device mainly 

performed two functions- (1) photo generation of charge carriers in a light-absorbing 

material and (2) separation of the charge carriers by conductive electrodes which will 

transmit the electricity.  

The simplified device schematic and equivalent circuit model of a solar cell is 

depicted in Figure 1.1. The model consists of a photon current source (IPH), a diode, a 

series resistance (RS), and a shunt resistance (RSH). The output of the circuit is connected 

to an external load (RLO). On sweeping the voltage across RLO by means of a voltage source 

and monitoring the current through Rs, the voltage-current density characteristics (J-V 

curve) of a solar cell can be obtained.22 In the dark, a solar cell has an exponential J-V 

characteristic similar to that of a diode, as shown in Figure 1.2.23 Without illumination, no 

current flows through the diode unless there is an external potential applied. When the 

applied potential is in the forward bias direction, the curve shows the turn-on and the 

build-up of the forward bias current. With incident sunlight, the J-V curve shifts down 

into the fourth quadrant indicating that there is current flow from the solar cell to a 

passive load.24 From the equivalent circuit, it is evident that the current generated by light 

is divided into three parallel branches: the diode, the shunt and external resistors. As a 

result the output current can be calculated by the following equation:  

𝐼 = 𝐼𝑃𝐻 − 𝐼𝐷 − 𝐼𝑆𝐻    (1) 

 
Where, I is the output current; IPH is the photo-generated current; ID is the diode current 

and ISH is the shunt current.  

ID follows the Shockley diode equation, which is given below- 

 

𝐼𝐷 = 𝐼0 [𝑒
(

𝑞𝑉𝐷
𝑛𝑘𝑇

)
− 1]     (2) 
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Figure 1.1. (a) Schematic of device architecture and (b) equivalent circuit of solar cell. 

 
Figure 1.2. Current density versus voltage (J-V) and output power density versus voltage characteristics of 

solar cell. 

Here I0 is the saturation current; VD is the voltage across the diode; q is the magnitude of 

the electrical charge on the electron; n is the diode ideality factor; k is the Boltzmann 

constant and T is the absolute temperature. According to Ohm’s Law ISH can be written as 

 

𝐼𝑆𝐻 =  
𝑉𝑆𝐻

𝑅𝑆𝐻
      (3) 

Where, VSH is the voltage across the shunt resistor. It should be noted that  

𝑉𝐷 =  𝑉𝑆𝐻 = 𝑉 + 𝐼𝑅𝑆     (4) 

 
Where, V is the voltage across the output terminals, I is the output current and RS is the 

series resistance. By substituting equations (2), (3) and (4) into equation (1), the voltage-

current characteristics of a solar cell device can be obtained, 

 

      𝐼 =  𝐼𝑃𝐻 − 𝐼𝐷 − 𝐼𝑆𝐻 = 𝐼𝑃𝐻 − 𝐼0 [𝑒
𝑞(𝑉+𝐼𝑅𝑆)

𝑛𝑘𝑇 − 1] − (
𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
)  (5) 
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From the illuminated J-V characteristic several important parameters can be extracted to 

estimate the performance of a solar cell.  

 

1.1.1 Short-Circuit Current Density (Jsc) 
 
If the cell is short circuited (RLO = 0), it cannot deliver a voltage but generates the 

maximum current (ISC). Under an external load, the current will always be less than ISC. 

ISC has a dependence on the solar cell area. Therefore, the current density (JSC in the unit 

of A·cm-2 or mA·cm-2) is adopted as; 

     𝐽𝑆𝐶 =
𝐼𝑆𝐶

𝑆
       (6) 

Where, s is the active area of a solar cell, in cm2.  

 
1.1.2 Open-Circuit Voltage (Voc) 
 
In the case of open circuit (RLO→∞), no current flows through the terminals of the solar 

cell but the potential developed across the external load is at the maximum. 

 

1.1.3 Output Power Density (Pd) 
 
Under both extreme situations of short circuit and open circuit, no power can be extracted 

from a solar cell device. However, at other operating points in the fourth quadrant the cell 

delivers an output power density (Pd = J×V, plotted as the blue curve in Figure 1.2), 

which can be identified as the area of the rectangle formed between a point on the J-V 

curve and the axis. The maximum power density point is reached where the area of the 

resulting rectangle is the largest (Pdmax = Jmax×Vmax, the green rectangle in Figure 1.2).  

 
1.1.4 Power Conversion Efficiency (PCE, η) 
 
The PCE is the most commonly used parameter to compare the performance of one solar 

cell to another. It is defined as the energy output from the solar cell divided by the input 

energy from the sun: 

 

𝑃𝐶𝐸 =  
𝑂𝑢𝑡𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟 (𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐)

𝐼𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟 (𝑃ℎ𝑜𝑡𝑜𝑛)
 [%]   (7) 

 
The standard solar spectrum has a radiation power density of 100 mW·cm-2. Hence, the 

efficiency is given by: 

𝑃𝐶𝐸 =  
𝑃𝑑𝑚𝑎𝑥

100 𝑚𝑊.𝑐𝑚−2 =  
𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

100 𝑚𝑊.𝑐𝑚−2   (8) 
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Where, Jmax is the current density and Vmax is the voltage at the maximum output power 

density point. Notice that, in this case, the units must be either mA·cm-2 and V, or A·cm-2 

and mV.  

 
1.1.5 Fill Factor (FF) 
 
The fill factor (FF) of a solar cell is defined as the ratio of actual maximum output power 

of the device to the product of JSC and VOC. The equation for FF can be expressed as 

 

     𝐹𝐹 =
𝑃𝑑𝑚𝑎𝑥

𝐽𝑆𝐶  𝑉𝑂𝐶
=

𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

𝐽𝑆𝐶  𝑉𝑂𝐶
    (9) 

 

The fill factor is a key parameter which signifies how close an actual device is to the ideal 

status. In other words, it reflects how difficult or how easy the photo-generated carriers 

can be extracted out of a photovoltaic device. From a mathematical point of view, FF is a 

parameter to estimate the squareness of a solar cell device, if the J-V curve had a square 

shape, FF would be 1. However, because the J-V curve has an exponential shape, FF is 

always smaller than 1.  

 
1.1.6 Series Resistance (RS) and Shunt Resistance (RSH) 
 
Resistive effects of solar cells reduce its PCE by dissipating power in the resistances. The 

most common resistances observed in any types of solar cells are series resistance (RS) 

and shunt resistance (RSH).25 For an ideal solar cell, RS should be equal to zero while RSH 

should be infinite. However, practically the observed RS is inevitable and RSH is far less 

than infinite. Generally RS determines the terminal voltage of the cell in relation to the 

open circuit voltage whereas RSH governs the fraction of photo-generated current of the 

cell flowing into the external load.26 Therefore RS and RSH are important parameters to 

analyse the performance of a solar cell. The values of RS and RSH can be estimated by the 

following equations- 

 

𝑅𝑆 =  |
𝑑𝑉

𝑑𝐼
|

𝑉=𝑉𝑂𝐶

=  
1

𝑆
  |

𝑑𝑉

𝑑𝐽
|

𝑉=𝑉𝑂𝐶

   (10) 

and 

𝑅𝑆𝐻 =  |
𝑑𝑉

𝑑𝐼
|
𝑉=0

=  
1

𝑆
  |

𝑑𝑉

𝑑𝐽
|

𝑉=0
    (11)  
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1.1.7 External Quantum Efficiency (EQE) 
 

 

Figure 1.3. External quantum efficiency (EQE) versus wavelength (λ) curve measured at monochromatic 

incident light. 

The quantum efficiency (QE) is a very important parameter to determine how efficiently a 

solar cell converts photons into electrons. Since the energy of a photon depends on its 

wavelength, QE is measured by recording the photocurrent response while continuously 

varying the wavelength of the excitation light. Generally, considering the optical losses 

occurring on coupling light in the active region of the device, QE can be classified into two 

types: external quantum efficiency (EQE) and internal quantum efficiency (IQE). EQE is 

the ratio between the number of charge carriers collected by the solar cell and the number 

of photons shining on the cell from outside, defined as 

 

             𝐸𝑄𝐸() =
𝑁𝑒

𝑁𝑝
=

𝐽 𝑞⁄

𝑃𝑖𝑛 ℎ𝑓⁄
=

𝐽

𝑃𝑖𝑛
  

ℎ

𝑞
=

𝐽

𝑃𝑖𝑛
  

1240


    (12) 

 
Where, Ne is the number of electrons, Np is the number of photons, J is photocurrent 

density (mA·cm-2), Pin is incident light power, (mW·cm-2), h is the Planck constant, f is the 

frequency of light in vacuum (Hz), v is the speed of light in vacuum (nm·s-1), q is the 

magnitude of the electrical charge on the electron (C) and λ is the wavelength (nm). IQE 

can be inferred from EQE on condition that transmission and reflection losses of incident 

light are known- 

 

          𝐼𝑄𝐸() =
𝐸𝑄𝐸

(1−𝜂𝑟−𝜂𝑡)
     (13) 

 
Where, ηr and ηt are reflection and transmission loss ratios respectively. A typical example 

of EQE spectrum is shown in Figure 1.3. At any given wavelength, the higher EQE the 
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higher photon to current efficiency is. The maximum EQE is named EQEmax, which is a 

key parameter for describing the energy conversion efficiency of a device.  

 

1.2 Organic Solar Cell (OSC) 
  

An organic or plastic solar cell (OSC) is a type of solar cell that uses conductive organic 

semiconductors for light absorption and charge transportation to produce electricity from 

sunlight by following the photovoltaic effect. Organic semiconductors are very simple 

materials which contained carbon compounds. They only become conductors of electric 

current when excess charge carriers are either produced by the internal photo effect or are 

injected by applied voltages. Depending upon the nature of majority carriers, they are 

generally classified as p-type (donor) or n-type (acceptor) organic semiconductors. In p-

type semiconductors the majority carriers are holes, while in n-type semiconductors, the 

majority carriers are electrons. An organic semiconductor contained solar cell has many 

intrinsic advantages, such as they are light in weight, flexible, and have manufacturing 

costs. They are generally can distinguished by their production technique such as wet 

processing technique or thermal evaporation. This thesis generally focuses on the wet 

processing method for the fabrication of solar cell with three different active 

semiconductor system, namely, poly (3-hexylthiophene-2, 5-diyl) (rrP3HT), [6,6]-Phenyl 

C61 butyric acid methyl ester (PC61BM) and [6,6]-Phenyl C71 butyric acid methyl ester 

(PC71BM).  

 

1.3 Working Principle of OSC 
  

In organic photovoltaic cell, generally six important processes have to be optimized to 

obtain a high conversion efficiency of solar energy into electrical energy. These are- (a) 

light absorption, (b) excitation, (c) exciton formation, (d) exciton diffusion, (e) exciton 

dissociation and (f) charge transport and collection. The most important feature that 

distinguishes organic solar cell from inorganic solar cell is the generation of excitons in 

organic semiconducting material. Due to the absorption of light, organic semiconductors 

produce excitons which is a bound state of electron-hole pairs, while in most conventional 

inorganic solar cells, it results in direct creation of free electron-hole pairs. When the organic 

semiconductor absorbs a photon bearing energy larger than its bandgap (Eg), an electron will 

be excited from its highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) and create a hole in its HOMO energy level. However, these two 

electric charges are attracted to each other to form bond pair the so-called exciton with a 

binding energy of about o.1 to 1 eV.27,28 
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Figure 1.4. Basic processes in organic solar cell. 

These excitons may diffuse to certain sites for dissociation before they decay radioactively 

or non-radioactively. The generated charge carriers then need to move through the 

organic film to reach the respective electrodes and become available for injection into an 

external circuit. The step-by-step processes involved in the working principle of OSC are 

schematically shown in Figure 1.4.  

1.4 Types of OSC 

Based on the structure and operational principles, the organic solar cells are classified in 

various types which are discussed in detail below- 

 
1.4.1 Single Layer OSC 
 
A single layer solar cell is one of the fundamental and simplest architecture of organic 

photovoltaic cells. The device structure of these cells are one organic semiconducting 

layer which is sandwiching two contact electrodes, typically a semi-transparent layer of 

indium tin oxide (ITO) acting as an anode and a non-transparent layer of low work 

function metal such as Al, Mg or Ca. The schematic of such device structure is illustrated 

in Figure 1.5a.  

This structure was first introduced by Marks et al. in 1994, by using poly 

(phenylene vinylene) (PPV) as the organic semiconducting material.29 The quantum 

efficiency of this device was found to be around 0.1% under the illumination of 0.1 

mW/cm2 light intensity. This low quantum efficiency is because of the low carrier mobility 
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of the active layer material. The mobility of the active layer material was found to be ~10-3 

cm2/V·s, which is very less in comparison to single crystalline silicon (~103 cm2/V·s). Due 

to this low carrier mobility, the photo generated charges in semiconducting layer needs 

more time to reach to the respective electrodes, as a result of which the PCE value 

decreases. 

 
Figure 1.5. Schematics of (a) Single Layer (b) Bi-Layer Heterojunction and (c) Bulk Heterojunction organic 

solar cells.  

 

The slow charge conveying reduces the efficiency of the OPV cell, but increases the chance 

of charge carrier recombination. The other quandary that causes the low PCE of single 

layer OSCs is the exciton formations, which are efficaciously bound dipole charges of 

photo exhilarated organic semiconductor. Free electrons and holes are desired as an 

efficient charge carrier since the exciton requires an extra step for exciton dissociation to 

make free carriers, which further decreases the efficiency of carrier generation. In case of 

single layer OSC, there is only one place where the excitons can be dissociated into free 

carriers which is the interface between the active layer and the cathode electrode. Later, it 

was found that the excitons can be dissociated efficiently at the donor-acceptor interface 

and depending on this idea a bi-layer OSC was developed.  
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1.4.2 Bi-layer Heterojunction OSC  
 
Bi-layer organic solar cell is the upgraded version of single layer solar cell where two 

different layers of organic semiconductor having different electron affinity and ionization 

energy are sandwiches in between the two conductive electrodes (Figure 1.5b). Due to the 

different electron affinity and ionization energy of the semiconductor layers electrostatic 

forces are engendered at the interface between these. The materials are chosen in such a 

way that this difference is large enough to generate strong local electric fields which help 

to dissociate the excitons more efficiently than the single layer OSC. The organic 

semiconducting layer which has higher electron affinity and ionization potential is termed 

as electron acceptor, whereas the other is termed as electron donor. This device 

architecture is also known as planar donor-acceptor heterojunction.  

This OSC device architecture was first introduced by Prof. C. W. Tang in the year 

of 1986. Copper Phthalocyanine (CuPc) and perylene tetra carboxylic derivative (PDI) 

were used by him for the fabrication of the device with ITO and silver (Ag) as the 

electrodes. The PCE of the device was observed to be ~1% under simulated AM2 

conditions.30 However, the reported PCE of bi-layer OSCs are still lagging behind the PCE 

of inorganic solar cells. One of the main reasons for this may be the short diffusion length 

of the excitons which are usually ~10 - 20 nm. By using C60 organic small molecule 

researchers attempted to overcome this limitation. In this regard, P. Peumans et al. used 

C60 as an acceptor in the place of perylene tetra carboxylic derivative and achieved ~3.5% 

of PCE.31 Other way to developed efficient bi-layer heterojunction OSCs is the 

incorporation of conjugated polymers inside the device structure. This types of first bi-

layer heterojunction OSC was fabricated by Sariciftci et al, where MEH-PPV, a conjugated 

polymer was used as hole transporting material along with the electron transporting 

material C60.32 In device structure, the obtained PCE was 0.04% under illumination of 

light having 514.5 nm of wavelength. However, the efficiency of bi-layer heterojunction 

OSC devices is still limited mainly due to i) the low exciton diffusion length in the donor-

acceptor phases and ii) the less availability of donor-acceptor heterojunction interfacial 

area for excitons dissociation to separated charges, which further generated the concept of 

Bulk Heterojunction OSC by mixing both the donor and acceptor materials to overcome 

the above mentioned problems.  

 
1.4.3 Bulk Heterojunction OSC  
 
In this type of organic solar cells, the electron donor and acceptor are mixed together, to 

form a polymer blend which is used as the active layer of the device (Figure 1.5c). The 
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main advantage of this device architecture is the blend length scale which is almost equal 

to the exciton diffusion length. As a result of which most of the photo-generated excitons 

are able to reach to the interface and break efficiently. This type of device architecture was 

first mentioned by Yu et al. where a blend polymer consisting of poly [2-methoxy-5-(2’-

ethyl-hexyloxy)-l, 4-phenylene vinylene] (MEH-PPV) and cyano-PPV (CN-PPV) was 

used.33 The cell made with this material shows promising photovoltaic characteristics with 

PCE of 0.9%, which is 20 times larger than the PCE observed in MEH-PPV polymer based 

bi-layer OSC. 

The next significant increment in PCE of this type of solar cell was achieved by 

using poly (3-hexylthiophene) (P3HT) as a donor polymer. Gang Li et al. fabricated a Bulk 

Heterojunction OSC cell using the blend of P3HT and PCBM polymers.34 They observed 

significant improvement in PCE value which is because of the higher crystallinity of P3HT 

and better morphology. Since the better phase separation in the morphology of the blend 

active layers increases the hole mobility of the conjugated polymer which further helps to 

improve the absorption efficiency, several modifications like solvent annealing, varying 

the evaporation rate, etc., were done to optimize morphology of the active materials.  

Y. Kim et al. also studied the same blend active layer system by using regioregular P3HT 

(rrP3HT).35 Various blend solutions were prepared by them in which P3HT had different 

regioregularities ranging from 80% to 96%. The investigation implies that higher order of 

regioregularities of P3HT are essential to improvise the crystallized fibril-like shape of 

P3HT, which further help to increase the charge transport in BHJ OSC.  

 

1.5 Optimization of BHJ OSC 
  

The sun gives out a tremendous amount of energy every second in the form of irradiation, 

which reaches the Earth at an energy density of about 1366 W/m2 just outside the 

atmosphere, although some energy will be lost after reflection and absorption by the 

atmosphere.36 Figure 1.6 shows the standard AM1.5 solar spectrum at the ground level, 

indicating the energy density with respect to wavelength. The PCE in organic BHJ solar 

cells can be improved by mostly absorbing maximum amount of solar photons and then 

collecting maximum number of photo-generated charges at the electrodes. Increasing the 

light absorption is crucial in order to increase the PCE of these devices. There are several 

method already reported in the literature which were successfully used to improve the 

performance of BHJ organic solar cells. Some such important modifications are listed 

below-  
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Figure 1.6. Sun irradiance as a function of wavelength. 

 
1.5.1 Development of New Materials 

 
Most of the solar energy of the solar spectrum is concentrated in the visible and near-

infrared (near-IR) region. Thus, to efficiently harvest solar energy, the absorption spectra 

of OSC materials should have a large overlap in this region with the solar spectrum. If a 

semiconducting polymer has band gap ~1.1 eV (equivalent to photons with wavelength 

under 1100 nm) then it can able to absorb at least 77% energy of the solar spectrum. 

Further, if the band gap exceeds ~2 eV (less than 620 nm), then only 30% of the solar 

energy can be absorbed by it.37 Thus, the first criteria in designing new polymers is high 

efficiency in absorbing solar energy in the whole solar spectrum. As the band gap of 

organic semiconductor determines the absorption limit for a particular polymer, 

researchers are mainly focusing to improve the absorption features of OSCs by fine tuning 

absorption characteristics. With a low band gap and a broad absorption band, a polymer 

can absorb more photons, which will increase the Jsc of an OSC. However, further 

narrowing the band gap of a polymer decreases the Voc value of OSC. Thus, theoretically it 

has been obtained that the optimal band gap for an organic semiconducting material is 

around 1.3 eV, which represents the theoretical best possible compromise between Voc 

and Jsc for an ideal solar cell.38 However, a suitable band gap alone does not ensure always 

higher PCE of an OSC. It is also necessary to design low-band-gap donor polymers with 

energy levels that match well with those of the electron acceptor materials, so that the 

resulting BHJ solar cells will exhibit favored charge-separation and transport 

characteristics.39 Some important donor and acceptor materials chemical structures are 

shown in Figure 1.7 and Figure 1.8 below- 
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Figure 1.7. Chemical structure of donor materials used in OSC application. 

 

Figure 1.8. Chemical structure of acceptor materials used in OSC application. 

 

1.5.2 Control of Active Layer Morphology 
 
Active layer morphology has great influence on the performance of organic BHJ solar cell. 

While much effort has been fixated on developing incipient low-bandgap polymers to 

optimize optoelectronic properties, fine tuning the morphology in the BHJ blend is of 

equal importance to achieve a high PCE. However, though all active blend layers show 

identical BHJ structure, significant morphological differences exist, especially in terms of 

domain size and degree of interpenetration between the domains. Because excitons have a 
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limited lifetime leading to a diffusion length of approximately 10 nm, the active layer must 

have interpenetrating network morphology to ensure that the exciton can migrate to the 

donor−acceptor interface to undergo charge separation and that the charges can be 

transported away. Thus, the domain size of both donor and acceptor should be diminutive 

enough to optimize exciton migration to the interface and large enough in order to 

efficiently engender current. In organic BHJ solar cells, the ideal domain size for donor 

and acceptor material is around 10−20 nm.40 Numerous studies have been conducted to 

study how to characterize and control the blend morphology to enhance PCE.41−43 Several 

physical methods have been developed, like incorporating solvent additives in the blend 

solution, thermal annealing, by choosing appropriate host solvents and solvent annealing 

etc. to control the nano morphology of the active layer. 

 

1.5.3 Optimization of Device Architecture 
 
Similar like new materials design perspective, efficiently extraction and transportation of 

free charges from blend active polymers to different desire electrodes are equally 

important for high performance BHJ OSCs. Interfacial layers between the electrodes and 

the active layer are introduced to facilitate this process, which include both a hole-

injecting layer (HIL) and an electron injecting layer (EIL) in a single-junction OSC device. 

The multiple roles served by the interfacial layer include (1) tuning the work function of 

the electrode to promote Ohmic contact at the active layer and electrode interface, (2) 

determining the polarity of the device (conventional device or inverted device), (3) 

improving the selectivity toward holes or electrons while blocking the other and 

minimizing charge recombination in the interface, (4) enhancing light harvesting by 

introducing optical spacers, and (5) improving device stability. In BHJ OPVs, Voc is 

determined by the difference between the LUMO energy level of the acceptor and the 

HOMO energy level of the donor provided that an Ohmic contact is formed between the 

active layer and both the cathode and the anode. 

Generally both conventional and inverted device structures are widely used for 

Organic BHJ solar cells. In a conventional structure, holes are extracted by the bottom 

electrode, transparent indium tin oxide (ITO) in most cases, while electrons are extracted 

at the bottom electrode in the inverted structure. It is the interfacial layers which 

determine the polarity of the device. Therefore, by inserting interfacial layers with good 

charge selectivity, one can minimize the interfacial charge recombination and increase 

device performance. To extract holes to the anode, HILs should have an appropriate 

energy alignment with polymer donors. It is equally important that the conduction band 
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of HILs should be high enough to block the flow of electrons moving to the anode. Similar 

principles apply to the design of EILs. The interfacial materials should also have larger 

band gaps than that of the donor and acceptor to prevent the excitons from recombining 

at the electrode. Finally, it is important to design interfacial materials with high 

conductivity to reduce the series resistance of the device.44,45 In the past few years, 

numerous interfacial materials and new cost-effective ways to make the buffer layers have 

been developed.46,47 Some of the widely used interfacial buffer layer chemical structures 

are shown in Figure 1.9- 

 

Figure 1.9. Chemical structure of electrode buffer layers used in OSC application.  

 

Generally in literature, three different types of materials, namely, alkali metal 

compounds, metal oxides and organic materials are used for modulating the EIL. This all 

are together termed as cathode buffer layers (CBL).  Lithium Fluoride (LiF) combined 

with Aluminum metal is a well-known conventional cathode contact which was first 

reported for OLED device application.48,49 For organic solar cells incorporation of a very 

thin layer of LiF layer (~1.5 nm) along with Aluminium can able to improved PCE by over 

20% by simultaneously increasing the FF and VOC by reducing the series resistance across 

the contact. 50 There are may be two possible reasons for such improvement- (1) 

formation of dipole layer which lowers the energy barrier between the Fermi level of the 

metal and the LUMO level of the acceptor, thereby helping electron transfer and (2) the 

doping of the underlying organic layer caused by LiF dissociation and diffusion. Similar 

like LiF, other alkali metal compounds have been proved to be qualified as efficient 

cathode buffer layers, such as NaF, KF, CsF, LiCoO2-3 and Cs2CO3.51-55 
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Similar like alkali metal compounds, various metal oxides are also applied as 

cathode buffer layers for organic solar cell fabrication. A TiOX interlayer has been 

extensively used as a CBL in OSC. TiOX possess some inherent properties like large energy 

gap (~3.7 eV with LUMO -4.4 eV and HOMO -8.1 eV), transparent film forming ability 

which makes its one of the demanding CBL for BHJ application. Zinc oxide is another 

inherently n-type, high bandgap semiconductor, with electronic properties similar to 

those of TiOX.56 For TiOX and ZnO buffer layers, an additional role is an optical spacer.57, 58 

This type of spacer can tune the position of the photoactive layer to make it locate at the 

maximum optical field, which results in a better absorption and a higher efficiency of 

exciton generation.59, 60  

Another kind of cathode buffer materials is organic small molecules, like 

Bathocuproine (BCP) or Bathophenanthroline (BPhen). A layer of these compounds is 

named exciton blocking layer (EBL) according to their working mechanism. Both these 

materials are transparent to the visible and near-IR solar spectrum due to their wide Eg. 

Its bandgap is substantially larger than those of the organic donors and acceptors, which 

blocks excitons in the organic semiconducting layer from the cathode avoiding any 

quenching effect at the organic/cathode interface. Moreover, holes can also be blocked by 

a barrier originated from the HOMO difference between these organic small molecules 

and the donor. The LUMO offset between BCP or BPhen and the acceptor will be an 

energy barrier for electrons to reach the Aluminium cathode, provided that electron 

transport via LUMO levels. Another role of these types EBL is that it can protect the 

organic film from metal atom diffusion when the cathode is thermally deposited. 

Moreover it may fill pinholes, cracks and other defects, which suppress the leakage 

current. 

 
1.5.4 Incorporation of Plasmonic Metal Nanoparticles (NPs) 
Light trapping in organic BHJ solar cells has become an interesting solution to increase 

its PCE value. Several techniques have been proposed for light trapping in OSC, such as 

the inclusion of periodic nanostructures, diffraction gratings, metallic nanoparticles and a 

combination of gratings and metallic nanoparticles. Similar to the use of blend active 

material to achieve extended absorption, better charge separation, and improved charge 

transport, the application of the plasmonic effect through the use of noble metal NPs is 

another valuable route to improve light harvesting within the absorption range of a given 

organic BHJ solar cell.  

Specifically, the inclusion of metallic nanoparticles can enhance the absorption of 

the light by two mechanisms: an increasing of the forward scattering cross section and a 
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near-field enhancement (Figure 1.10). When the metallic particles are very similar or 

smaller in size than the wavelength of the light of interest, a strong interaction occurs 

between the free conduction electrons in the metal and the electromagnetic radiation. 

Plasmons are the oscillations of these free conduction electrons with the generation of a 

dipole into the particles due to the interaction with the light (Figure 1.11).  

 

Figure 1.10. (a) Light trapping by scattering from metallic nanoparticles at the surface of a standard organic 

solar cell. The optical path length is increased because light is trapped into the device through multiple angle 

scattering. (b) Excitation of localized surface plasmons in metallic nanoparticles embedded in the organic 

solar cell. 

 

      

Figure 1.11. Schematic of surface plasmon resonance where the free conduction electrons in the metal 

nanoparticles are driven into oscillation due to the strong coupling with incident light. 

 

The resonance condition occurs when the frequency of the light matches the 

frequency of the electrons oscillating and is defined as localized surface plasmon 

resonance (LSPR) in the case of nanometre sized structures. LSPR from noble metal NPs 

and nanostructures enhances the electromagnetic field and thus facilitates light 

absorption, generating excess excitons inside the solar cell. In addition, metal NPs or 

nanostructures can scatter incident photons to generate longer propagation pathways. 

Further, the main advantage of the use of metallic nanoparticles does not compromise the 

architecture of the devices because they can be easily added to one of the organic solar cell 
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layers. Indeed, metal nanostructures have received great attention due to their 

extraordinary optical properties. In particular, Ag and Au NPs with different sizes, shapes, 

surface modifications, and concentrations are widely integrated into different layers of 

Organic BHJ solar cells to achieve enhanced absorption. 

 

1.6 Thesis Synopsis 

  

Considering the demand of present day technology, this thesis mainly focused on the 

modulation of cathode and anode buffer layers to improve the BHJ solar cell performance 

of commonly studied system, namely, regioregular poly (3-hexylthiophene-2, 5-diyl) 

(rrP3HT):[6, 6]-Phenyl C61/71 butyric acid methyl ester (PC61/71BM). The  main research 

results are detailed in seven chapters of this thesis, the contents of which can be outlined 

below -   

In bulk heterojunction (BHJ) solar cells, the molar mass ratio of donor-acceptor 

polymers, the annealing temperature and the cathode buffer layer plays very 

consequential role in ameliorating the power conversion efficiency (PCE) by tuning the 

film morphology and enhancing the charge carrier dynamics. A comprehensive 

understanding of each of these factors is very essential in order to optimize the 

performance of organic solar cells (OSCs). Albeit there are several fundamental reports 

regarding these factors, an altogether felicitous correlation of these physical processes 

with experimental evidence of the photo active layer are required. In Chapter 2, the 

influence of different molar mass ratio, the annealing temperature and the single cathode 

buffer layer of rrP3HT:PC71BM based BHJ solar cells and their corresponding 

photovoltaic performances were systematically correlated with their thin film growth 

structure and energy level diagram. The observations of this chapter prosperously 

explicate the cumulate role of all these physical parameters and their conbined 

contribution to the PCE amendment and overall device performance with rrP3HT:PC71BM 

based organic BHJ solar cell. 

The Chapter 3 demonstrated a new concept of incorporating dual cathode buffer 

layer in harvesting the PCE value of rrP3HT:PCBM based BHJ solar cell. In this study, 

three different additional buffer layers viz., Tris(8-hydroxyquinolinato) aluminum (Alq3) 

or Bathophenanthroline (BPhen) or Bathocuproine (BCP) were incorporated with LiF/Al 

as conventional cathode contact in both rrP3HT:PC61BM and rrP3HT:PC71BM blend BHJ 

solar cells and their corresponding photovoltaic performances were systematically 

correlated with their energy level diagram. It has been observed that the device with 

BCP/LiF/Al as dual cathode buffer layer showed the best device performance for both the 
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with rrP3HT:PC71BM and rrP3HT:PC61BM system which is due to the combined effects of  

better hole-blocking capacity of BCP and low work function provided by  LiF/Al with the 

blend polymer. These results successfully explain the role of dual cathode buffer layers 

and their contribution to the PCE improvement and overall device performance with 

rrP3HT:PCBM based BHJ solar cell.  

Chapter 4 demonstrated the combined influence of plasmon induced metallic 

nanoparticles (NPs) and dual cathode buffer layers for significantly improving the PCE of 

rrP3HT:PCBM based BHJ solar cells. In this chapter PEDOT:PSS, the anode buffer layer 

is basically modulated by metal NPs and their effect in presence of dual cathode buffer 

layer are analyzed.  Two different types of metal NPs, viz. citrate capped gold (Au) and 

silver (Ag) NPs were blended (20 v/v %) separately in the hole transport layer 

PEDOT:PSS. For the dual cathode buffer layer, two different hole blocking layers were 

chosen, BPhen and BCP, along with LiF/Al cathode contact. The combined influence of 

both the NPs as well as the dual cathode buffer layers were investigated with two blend 

polymers, rrP3HT:PC61BM and rrP3HT:PC71BM. It was observed that for both the blend 

polymer systems the PCE increases significantly in the presence of PEDOT:PSS + AuNPs 

and PEDOT:PSS + AgNPs with BCP/LiF/Al as the cathode contact compared to the bare 

PEDOT:PSS layer. Especially, in the presence of PEDOT:PSS + AuNPs and BCP/LiF/Al, 

the highest PCE was observed for both the blend polymers because of the better band 

alignment of BCP/LiF/Al with the active layers and the superior surface plasmon 

resonance of the AuNPs at the visible spectrum compared to AgNPs. These results 

conclusively explain the combined influence of dual cathode buffer layer and the 

plasmonic metal NPs to remarkably improve the PCE and overall device performance of 

rrP3HT:PCBM based BHJ solar cells.  

In  Chapter 5, the collective effect of plasmon induced dual metal nanoparticles 

(NPs) and the dual cathode buffer layers on improving PCE of rrP3HT:PCBM based BHJ 

solar cell were systematically demonstrated. Here, initially, two different types of metal 

NPs, viz. citrate capped gold (Au) and silver (Ag) NPs were separately synthesized and 

then physically blend together with three different volume ratio [AuNPs + AgNPs (25:75), 

AuNPs + AgNPs (50:50) and AuNPs + AgNPs (75:25)]. These three blended NPs solution 

are then mixed together in the PEDOT:PSS (20 v/v %) hole transport layer to form three 

new NPs doped hole injecting layers and their effect on the performance of rrP3HT:PCBM 

based BHJ solar cell was systamatically analysed. The plasmonic metal nanoparticles 

were incorporated in the PEDOT:PSS layer to improve photo current of the fabricated 

BHJ solar cell by increasing optical absroption and scattering inside the devices. For dual 

cathode buffer layer, two different hole blocking layers, BPhen and BCP were used for 
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enhanced charge collection along with LiF/Al cathode contact. The combined influence of 

both the dual NPs as well as the dual cathode buffer layers were investigated with two 

blend polymers, rrP3HT:PC61BM and rrP3HT:PC71BM. It was observed that for both the 

blend polymer systems the PCE increases significantly in presence of PEDOT:PSS + 

AuNPs:AgNPs (25:75) with BCP/LiF/Al as the cathode contact compared to others 

because of the better band alignment of BCP/LiF/Al with the active layers and the 

superior surface plasmon resonance of the AuNPs:AgNPs (25:75) at the UV-visible 

spectrum compared to AuNPs:AgNPs (50:50) and AuNPs:AgNPs (75:25). These results 

conclusively explained a very simple technique in which the collective effect of dual 

plasmonic metal NPs and dual cathode buffer layer to remarkably improve the PCE and 

overall device performance of rrP3HT:PCBM based BHJ solar cells is shown.   

Chapter 6 demonstrated the combine effect of different shaped plasmonic Gold 

nanoparticles (AuNPs) and the dual cathode buffer layers on improving the PCE of 

rrP3HT:PCBM based BHJ solar cells. Two different blend polymers, namely, 

rrP3HT:PC61BM and rrP3HT:PC71BM were used here along with BPhen and BCP as the 

buffer layers of the convensional LiF/Al cathode contact. Initially, four different shaped 

AuNPs, viz. CTAB capped gold nanorod (AuNRs), nanosphere (AuNSs), nano-oval 

(AuNOs) and nano branch (AuNBs)  were separately mixed together in the PEDOT:PSS 

hole transport layer to form four new NPs doped hole injecting layers and their effect on 

the performance of rrP3HT:PCBM based BHJ solar cell was systamatically analysed. The 

synthesized nanoparticles were characterised by various caracterization technique viz., 

UV-Vis absorption study, FESEM and TEM analysis. The intention of varying the shape of 

the NPs were to improve the photo current by light scattering phenomanon inside the 

BHJ solar cell. It was observed that for both the blend polymer systems the PCE increases 

significantly in presence of PEDOT:PSS + AuNRs with BCP/LiF/Al as the cathode contact 

compared to others because of the better band alignment of BCP/LiF/Al with the active 

layers and the superior surface plasmon resonance of the AuNRs at the UV-visible 

spectrum compared to AuNSs, AuNOs and AuNBs.  These results successively explain the 

influence of shape of AuNPs to magnify the PCE value of rrP3HT:PCBM based BHJ solar 

cells with dual cathode buffer layers.  

The Chapter 7 consisted of epilogue of the thesis. This chapter concludes 

the thesis with a summary of the main research results. A brief discussion on the 

exciting future prospects of Plasmonic BHJ Solar Cell at the subnanoscale is 

included at the end.  
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Chapter 2 
 

Influence of Molar Mass Ratio, Annealing Temperature and 

Cathode Buffer Layer on PCE of Organic BHJ Solar Cell 

 
 

Research efforts towards organic semiconductor based thin film solar cells has 

enhanced dynamically in last few decades, due to their low-cost, interesting 

properties in terms of light, simple fabrication and compatibility with large-area 

and flexible substrates.1-3 Among various types of organic solar cells, bulk hetero 

junction (BHJ) is one of the most promising one because of their facile fabrication 

processing and minutely diminutive amount of material requisite for making roll-

to-roll printing.4,5 Additionally, many organic semiconductors exhibiting very high 

absorption coefficients used as active materials in BHJ, are easily tuneable at the 

molecular level using different synthesis techniques.6-8 However, in comparison 

with inorganic semiconductor based solar cells, for the commercialization of BHJ 

solar cells, several essential factors viz., improved power conversion efficiency 

(PCE), active layer stability, device lifetime etc. are yet to be boosted up.9-13 

Especially, for improving the PCE value of any BHJ solar cell, the controlled molar 

mass ratio of donor-acceptor blend polymers, the annealing temperature (Tan) and 

the cathode buffer layer plays very consequential role and by tuning the factors one 
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can really modify the active layer morphology and the charge transport and finally 

the PCE value of the cell.  

Among various reported BHJ active materials, the blend of regioregular 

poly(3-hexylthiophene) (rrP3HT) with (6,6)-phenylC61-butyric acid methyl ester 

(PC61BM) is one of the widely studied systems due to their unique property of good 

interpenetrating netw0rk forming capacity in nanoscale morphology range and 

large interfacial areas for efficient exciton dissociation. However, there only few 

reports where (6,6)-phenylC71-butyric acid methyl ester (PC71BM) was used as 

acceptor along with P3HT for the fabrication of BHJ solar cell where it is showing 

poor PCE compared to PC61BM. Compared to PC61BM, PC71BM has lower 

unoccupied molecular orbital (LUMO) energy level (ELUMO,PC71BM=3.9 eV and 

ELUMO,PC61BM=3.7 eV) and lower electron mobility (μPC71BM=0.1 cm2/V·s and 

μPC61BM=0.21 cm2/V·s) due to which it showed reduced open circuit voltage, Voc and 

fill factor value (FF) as a result of which its PCE value decreases. Moreover, due to 

unsymmetrical structure of PC71BM it also showed poor thin film morphological 

property compared to PC61BM. Therefore, in order to obtained efficient device 

performance and better PCE with P3HT:PC71BM based organic BHJ solar cell, a 

comprehensive understanding of its thin film growth morphology and charge 

transport mechanism is very essential.14-17  

In this Chapter, we systematically analysed the influence of different molar mass 

ratio, the annealing temperature (Tan) and the cathode buffer layer on the photovoltaic 

performance rrP3HT:PC71BM based BHJ solar cells and their output properties, which 

were further justified by their thin film growth structure and energy level diagram. It has 

been observed that the device having molar mass ratio 1:0.8 and annealed at 150°C with 

Bathocuproine (BCP)/Aluminium (Al) as the cathode contact showed the best device 

performance with PCE, ɳ= 4.79%, Jsc=14.21 mA/cm2, Voc= 0.58 V and FF= 57.8% This 

drastic enhancement in PCE of the devices having BCP/Al as the cathode contact 

compared to the other device configurations is due to the coalesced effects of  better hole-

blocking capacity of BCP/Al and better phase separation of the active blend layer at 

Tan=150°C with 1:0.8 molar mass concentration. These results successfully explicate the 

cumulate role of all these physical parameters and their combined influence to the PCE 

amendment and overall device performance with rrP3HT:PC71BM based organic BHJ 

solar cell.  
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2.1 Experiments 

 

2.1.1 Materials 
 
In this chapter, for device fabrication, the hole injecting material, Poly (3, 4-

ethylenedioxythiophene)-poly (styrene sulfonate) (PEDOT:PSS) and Indium tin oxide 

(ITO) covered glass substrate (RSheet15Ω/sq.), were purchased from Sigma Aldrich, India. 

The cathode material Aluminium wire (99.999% purity) and the buffer layers, Lithium 

Fluoride (LiF) (≥99.99% trace metals basis), Calcium (Ca) (99.99% trace metals basis), 

Bathocuproine (BCP) (Mw360.45 g/mol), and Bathophenanthroline (BPhen) 

(Mw332.40 g/mol) were also purchased from Sigma Aldrich, India and used as received. 

The acceptor material, [6, 6]-Phenyl C71 butyric acid methyl ester (PC71BM) (Mw1030.93 

g/mol, 99.5% pure) and the donor material, regioregular poly (3-hexylthiophene-2, 5-

diyl) (rrP3HT) (Mw83 kg/mol) were purchased from Luminescence Technology Corp., 

Taiwan and Sycon Polymers India Pvt Ltd respectively. Tris (8-hydroxyquinolinato) 

Aluminium (Alq3) was synthesized by following the literature method.18 

 
2.1.2 Characterization Details 
 
Laurell and Spin 150 spin coaters were used for the deposition of PEDOT:PSS and the 

blend polymers on ITO coated glass substrate. Veeco Dektak 150 Surface Profilometer was 

used to measure thicknesses of the thin films. Jaz UV-Vis spectrophotometer was used for 

record the thin film absorption spectra of all the blend polymers having different 

configuration. For photovoltaic characterisation, Newport Oriel Sol 3A solar simulator, 

Oriel IQE-200 instrument and CH 680 Instrument were used along with Keithley-2400 

digital source meter.  

 
2.1.3 Device Fabrication 
 
The rrP3HT:PC71BM based BHJ solar cells were fabricated on commercially 

available ITO-coated glass substrate and the schematic representation of all the 

device structures are shown in Figure.2.1. Four different types of blend polymer 

solution having different molar mass ratio i.e., P3HT:PC71BM= 1:0.6, 1:0.8, 1:1.0 

and 1:1.2 were prepared in 1, 2-diclorobenzene and stirred for 48 hours in hot plate 

at 60°C. After blending, all the active material solutions were filtered with 0.45 μm 

PTFE filter before use.  
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Figure 2.1. Schematic of the fabricated rrP3HT:PC71BM based BHJ organic solar cell with (a) different 

donor-acceptor molar mass ratio at RT, (b) at different Tan  with 1:0.8 donor-acceptor molar mass ratio, (c) 

different donor-acceptor molar mass ratio and at Tan=150°C and (d) at Tan=150°C and donor-acceptor molar 

mass ratio 1:0.8 with different cathode contact. 

 

For device fabrication, the ITO substrates were first patterned by chemical 

etching method with Zinc dust and dilute HCl (1:1) solution and then cleaned by 

ultrasonic cleaner in successive solutions of detergent, de-ionized water, acetone 

and isopropanol. After cleaning the substrates were dried in inert atmosphere and 

then UV-ozone treatment was carried out for ~20 minutes in order to improve the 

work function and the hydrophilic nature of the surface. Following this, 

PEDOT:PSS was spin coated at 3000 rpm and dried at 120°C for 30 minutes. After 

that four different sets of devices were prepared (Table 2.1)-   

a. After PEDOT:PSS layer the active material solutions having different molar 

mass ratio were spin coated at 1000 rpm and dried under room temperature 

(RT) overnight under argon atmosphere. Followed by this LiF/Al 

(1nm/100nm) cathode contact was deposited (Figure. 2.1a). 

b. For studying the effect of annealing temperature, after PEDOT:PSS layer, 

four substrates were prepared with blend polymer having molar mass ratio 

(1:0.8) and then annealed at four different temperature separately using 

four different hot plates i.e., at 100°C, 125°C, 150°C and 175°C for 30 min. 

Followed by this LiF/Al (1nm/100nm) cathode contact was deposited 

(Figure. 2.1b). 
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c. Again in order to find out the effect of molar mass ratio of the blend polymer 

at 150°C, same procedure like point (a) was repeated and all the substrates 

were annealed at 150°C for 30 min. Followed this LiF/Al (1nm/100nm) 

cathode contact was deposited (Figure. 2.1c). 

d. Finally, to find out the effect of cathode buffer layer again five PEDOT:PSS 

coated substrates were prepared with molar mass ratio 1:0.8 and Tan=150°C. 

Followed by this different cathode contact i.e., LiF/Al (1nm/100nm), Ca/Al 

(10nm/100nm), Alq3/Al (5nm/100nm), BPhen/Al (5nm/100nm) and 

BCP/Al (5nm/100nm) cathode contact were thermally evaporated under 

base pressure of 10-6 mbar through a shadow mask determining the active 

area of the device 6 mm²(Figure. 2.1d). 

 

Table 2.1. List of the fabricated BHJ device configurations with rrP3HT:PC71BM 

blend active polymers. 

Variation Device Configuration 

(1) At Room 
Temperature with 
Variable Molar 
Mass Concentration 

(a) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.6)/LiF/Al at RT 

(b) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at RT 

(c) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:1.0)/LiF/Al at RT 

(d) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:1.2)/LiF/Al at RT 

(2) At Constant 
Molar Mass 
Concentration and 
Variable Annealing 
Temperatures 

(a) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at 100°C 

(b) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at 125°C 

(c) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at 150°C 

(d) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at 175°C 

(3) At Constant 
150°C Annealing 
Temperatures with 
Variable Molar 
Mass Concentration 

(a) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.6)/LiF/Al at 150°C 

(b) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at 150°C 

(c) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:1.0)/LiF/Al at 150°C 

(d) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:1.2)/LiF/Al at 150°C 

(4) At Constant 
150°C Annealing 
Temperatures And 
Constant Molar 
Mass Concentration 
(1:0.8) with 
different Cathode 
Contact 

(a) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/LiF/Al at 150°C 

(b) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/Ca/Al at 150°C 

(c) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/Alq3/Al at 150°C 

(d) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/BPhen/Al at 150°C 

(e) ITO/PEDOT:PSS /rrP3HT:PC
71

BM (1:0.8)/BCP/Al at 150°C 
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2.2 Results and Discussion 

 

2.2.1 Thin Film Characterization 
 
The thin film UV-Vis absorption spectra of rrP3HT:PC71BM blend polymers with different 

donor-acceptor molar mass concentration at room temperature, with different annealing 

temperature at weight ratio 1:0.8 and with different donor-acceptor molar mass ratio and 

at constant Tan=150°C are shown in Figure. 2.2.  

 

Figure 2.2. Thin film UV-Visible absorption spectra of rrP3HT:PC71BM with (a) different donor-acceptor 

molar mass ratio at RT, (b) at different annealing temperature with constant 1:0.8 donor-acceptor molar mass 

ratio and (c) different donor-acceptor molar mass ratio and at constant annealing temperature 150°C. 

It was observed from Figure. 2.2a and Figure 2.2c that with the increase of 

PC71BM concentration a quenching in the absorption of the blends were observed 

which can be attributed to the interaction between the rrP3HT and PC71BM, as 

PC71BM has absorption intensity near ultra-violet region where as P3HT has in the 

visible region. On the other hand, in Figure. 2.2b upon increasing the annealing 

temperature gradually from 100°C to 175°C, the absorption intensity again 

increases with a red-shift up to 150°C and then decreases at 175°C with a shift 

towards blue side.  

Generally the π-π* transition of the P3HT backbone signifies the absorption peak 

band. This increased absorption after annealing is believed to be due to the improvement 

of crystallinity of P3HT donor polymer caused by the diffusion of PC71BM molecules by 

heat treatment leads to more π-π* absorption.19-23 As a result highest crystallinity and 

maximum absorption were observed at an annealing temperature of 150°C. Further 

increase in the temperature from 150°C to 175°C, more phase separation are occur as a 

result absorption intensity decreases. This result is also supported by AFM analysis 

(Figure. 2.3). From Figure. 2.3a-Figure. 2.3h it has been observed that the 150°C and 

1:0.8 is the optimum condition of P3HT:PC71BM thin film for BHJ solar cell fabrication as 

at this condition the film showed lowest surface roughness (σrms=21 nm) and better phase 

separation compared to the others. 
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Figure 2.3. AFM topographic images of rrP3HT:PC71BM with (a-d) different Tan with constant 1:0.8 donor-

acceptor molar mass ratio and (e-h) different donor-acceptor molar mass ratio and at constant Tan= 150°C.  

 
2.2.2 Photovoltaic Characterizations 

 
Figure. 2.4, 2.5 and 2.6 represents the photovoltaic properties of all the fabricated BHJ 

devices. In this study, total seventeen different device structures were systematically 

analysed which are listed in Table 2.1. From Figure. 2.4a it was observed that at room 

temperature with the variation of molar mass ratio of the blend active polymer very minor 

variation in current density can be achieved. From the device having configuration (1b), 

the highest PCE was observed to be ɳ=2.88% with Jsc=10.33 mA/cm2, Voc=0.53 V and FF= 

52.17% with 1:0.8 as the molar mass ratio. In the next step, by keeping constant 1:0.8 

molar mass ratio and varying the annealing temperature, it has been observed that only 

by changing the Tan from RT to 150°C, the PCE increases from ɳ=2.88% to 3.94% with 

Jsc=12.39 mA/cm2, Voc=0.54 V and FF= 58.41% [Figure. 2.4b and device configuration 

(2c)]. Figure. 2.4c signifies the variation of current density with respect to different molar 

mass ratio at constant Tan= 150°C. From this data it can be concluded that, the Tan= 

150°C, and molar mass ratio= 1:0.8 are the optimum value for rrP3HT:PC71BM blend 

polymer where the obtained highest photovoltaic parameters are, PCE, ɳ=3.84% with 

Jsc=12.97 mA/cm2, Voc=0.55 V and FF= 53.81% [device configuration (3b)] without any 

contact modification. In the fourth step (Figure. 2.4d), with these optimum conditions, we 

studied the effect of different cathode buffer layers on the output performance of the 

cells.24-29 The energy band diagram of all these buffer layers along with the 

rrP3HT:PC71BM blend polymers are schematically described in Figure. 2.5.  
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Figure 2.4. Current density vs. voltage (J-V) characteristics of rrP3HT:PC71BM with (a) different donor-

acceptor molar mass ratio at RT, (b) at different Tan with constant 1:0.8 donor-acceptor molar mass ratio (c) 

different donor-acceptor molar mass ratio and at constant Tan= 150°C and (d) different cathode buffer layer 

and at optimum conditions. 

 

Figure 2.5. Band energy diagrams of the fabricated devices having (a) LiF/Al, (b) Ca/Al, (c) Alq3/Al (d) 

BPhen/Al and (e) BCP/Al as cathode buffer layer. 

Using Ca/Al as cathode contact, similar types of device output were obtained [ɳ 

Ca/Al=3.20% having device configuration, (4b)] like LiF/Al [ɳ LiF/Al= 4.01% having device 

configuration, (4a)] since the work function of Ca/Al (2.9 eV) is almost similar like 

LiF/Al (3 eV) [Figure. 2.5a and Figure. 2.5b]. But with Ca/Al, the stability of the 

fabricated device was observed very poor compared to LiF/Al as Ca can be easily oxidized  
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Figure 2.6. EQE spectra of rrP3HT:PC71BM with (a) different donor-acceptor molar mass ratio at RT, (b) at 

different Tan with constant 1:0.8 donor-acceptor molar mass ratio (c) different donor-acceptor molar mass 

ratio and at constant Tan= 150°C and (d) different cathode buffer layer and at optimum conditions. 

 

Figure 2.7. Nyquist plots of rrP3HT:PC71BM with (a) different donor-acceptor molar mass ratio at RT, (b) 

at different Tan with constant 1:0.8 donor-acceptor molar mass ratio (c) different donor-acceptor molar mass 

ratio and at constant Tan= 150°C and (d) different cathode buffer layer and at optimum conditions. 

in ambient atmosphere. In case of Alq3/Al [having device configuration (4c)], as 

Alq3 is an electron injecting layer, due to the interaction of the HOMO level of this 

buffer material with the blend active layer, some charge carriers recombination 

occur at the interface (Figure. 2.5c). As a result lower PCE value (ɳAlq3/Al=2.91%) 
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was observed. For the devices having configuration (4d) and (4e), we used BPhen 

and BCP as cathode buffer layer along with Al as cathode contact respectively. In 

both the cases, better photovoltaic properties were observed because of superior 

hole blocking capacity of these molecules due to which less charge carriers are 

recombined at the blend polymer-cathode contact interface. Among these two 

configurations, BCP/Al showed better PCE of ɳBCP/Al = 4.79% with Jsc=14.21 

mA/cm2, Voc=0.58 V and FF=57.8% compared to BPhen/Al (ɳBPhen/Al=4.36%) as 

BCP has higher band gap, due to which it shows higher selectivity towards electron 

and blocking the holes to minimize the charge recombination between the blend 

polymer-cathode contact compared to BPhen. As a result we get better band energy 

alignment which enhances the overall photovoltaic performance (Figure. 2.5d and 

Figure. 2.5e). The photovoltaic performance parameters of all the devices are 

summarized in Table 2.2. 

Table 2.2. Summary of BHJ solar cell performance with rrP3HT:PC71BM as the active 

blend layer and with different variation. 

Device 
Configuration 

Jsc 
(mA.cm-2) 

Voc 
(V) 

FF (%) 
PCE, 

(%) 

(1)(a) 10.20 0.52 50.62 2.69 

(1)(b) 10.33 0.53 52.17 2.88 

(1)(c) 8.62 0.52 56.26 2.58 

(1)(a) 9.75 0.50 48.02 2.34 

(2)(a) 11.22 0.54 51.47 3.14 

(2)(b) 11.77 0.54 54.67 3.50 

(2)(c) 12.39 0.54 58.41 3.94 

(2)(d) 11.72 0.54 58.06 3.70 

(3)(a) 12.83 0.55 52.73 3.72 

(3)(b) 12.97 0.55 53.81 3.84 

(3)(c) 12.64 0.55 54.42 3.78 

(3)(d) 10.48 0.53 58.45 3.25 

(4)(a) 13.49 0.54 55.11 4.01 

(4)(b) 12.95 0.54 45.65 3.20 

(4)(c) 9.23 0.55 57.35 2.91 

(4)(d) 13.18 0.57 58.43 4.36 

(4)(e) 14.21 0.58 57.8 4.79 
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Figure. 2.6 and Figure. 2.7 represent the EQE spectra and Nyquist plots for all the 

fabricated BHJ devices. The EQE measurements are done outside the glove box under 

ambient condition. From the graphs it was observed that only varying the molar mass 

concentration and annealing temperature, the highest obtained quantum efficiency is 55 

% (Figure. 2.6a-2.6c). But with the influence of cathode buffer layer it improves to  62% 

with BCP/Al as the cathode contact compared to the other (Figure. 2.6d). Also from the 

Nyquist plots (Figure. 2.7) it was observed that the devices with BCP/Al contact has the 

largest shunt resistance as compared with other device configurations and has good 

correlation with its photovoltaic performance. It has been reported extensively that with 

the variation of molar mass concentration, the annealing temperature and cathode buffer 

layer can also significantly improve the photovoltaic performance of organic BHJ solar 

cells. There are various parameters in terms of incorporation of functional organic and 

inorganic materials that have been mentioned in literature to improve the device 

performances of BHJ solar cells.30-35 In this study we have successfully explained the 

influence of different molar mass ratio, the annealing temperature (Tan) and the cathode 

buffer layer on improving the photovoltaic performance rrP3HT:PC71BM based BHJ solar 

cells. The results demonstrated here, are also successfully justified by the output 

properties of each of the cells, their thin film growth structure and energy level diagram. 

These highly efficient and reproducible organic solar cells can significantly contribute to 

future commercialization of organic solar cell devices.  

 
2.3 Conclusion 

 
In conclusion, the significant effect of different molar mass ratio, the annealing 

temperature (Tan) and the cathode buffer layer on the photovoltaic performance 

rrP3HT:PC71BM based BHJ solar cells is demonstrated. The results of these BHJ 

devices indicated that with 1:0.8 molar mass ratios and 150°C is the optimum 

annealing temperature for this particular blend polymer system for getting highest 

photovoltaic performance. Further with this optimum condition and with BCP/Al 

as cathode buffer layer the device shows maximum efficiency with of ɳ = 4.79%, 

Jsc=14.21 mA/cm2, Voc=0.58 V and FF=57.8% due to the better hole blocking 

capacity of BCP and superior energy band matching of BCP/Al with the active 

blend. In this study we could successfully demonstrate the cumulate role of each of 

the physical parameters and their combined influence to the PCE amendment and 

overall device performance with rrP3HT:PC71BM based organic BHJ solar cell. 
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Chapter 3 
 

Effect of Dual Cathode Buffer Layer on the Performance of 

Organic Bulk Heterojunction Solar Cell 

 
 

In the past few decades, organic bulk heterojunction (BHJ) solar cells have gained 

prominence due to their low-cost, simple fabrication and compatibility with large-area 

and flexible substrates.1-3 The main advantages of BHJ solar cells are their flexibility, 

light-weight, large-scale production, low/room temperature processing and very small 

amount of material requirement for making roll-to-roll printing.4,5 Likewise, the 

properties of the active materials used in BHJ are easily tunable at the molecular level 

using different synthesis techniques.6 However, several crucial factors such as high power 

conversion efficiency (PCE), stability, lifetime etc. are yet to be achieved for the 

commercialization of BHJ solar cells as compared to silicon solar cells.7,8 To accomplish 

this, additional attention on the improvement of PCE as well as the stability of the devices 

is essential. Among BHJ active materials, the blend of regioregular poly(3-

hexylthiophene) (rrP3HT) with (6,6)-phenylC61-butyric acid methyl ester (PC61BM) and 

rrP3HT with (6,6)-phenylC71-butyric acid methyl ester (PC71BM) are the most widely 

studied due to their good interpenetrating network forming ability with large interfacial 

areas for efficient exciton dissociation. However, in order to obtain efficient device 
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performance, especially for organic BHJ solar cells, comprehensive understanding of the 

contact electrodes is essential.9-11 In this regard, substantial progress has already been 

made, yet modulation of contact interfaces between the electrodes and the BHJ active 

layer still needs to be improved. Buffer layer includes several important modifications in 

BHJ like tuning the work function of the electrode, improving the selectivity toward holes 

or electrons, improving device stability etc. The combination of Lithium fluoride / 

Aluminum (LiF/Al) is widely used as a cathode electrode for rrP3HT:PCBM based BHJs, 

where LiF plays the role of cathode buffer layer. LiF/Al helps to improve the short circuit 

current density (Jsc), open circuit voltage (Voc), and overall power conversion efficiency 

(PCE) by driving the majority carriers towards their respective electrode through built-in 

voltage generated by the electrode work function difference.12 However, there still exist 

opportunities for increasing the PCE by collecting photo generated charge carriers by 

modulating the cathode contact with additional buffer layer.13 

In this Chapter, we incorporated three different additional buffer layers viz., 

Tris(8-hydroxyquinolinato) aluminum (Alq3) or Bathophenanthroline (BPhen) or 

Bathocuproine (BCP) with LiF/Al as conventional cathode contact in both 

rrP3HT:PC61BM and rrP3HT:PC71BM blend BHJ solar cells and their corresponding 

photovoltaic performances were systematically correlated with their energy level diagram.  

 

3.1 Experiments 

 

3.1.1 Materials 
 
Indium tin oxide (ITO) coated glass substrate (having sheet resistance 15 Ω/sq.), 

Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS),  [6,6]-Phenyl 

C61 butyric acid methyl ester (PC61BM) (MW 910.88 g/mol, 99.5% pure), Bathocuproine 

(BCP) (MW 360.45 g/mol) Bathophenanthroline  (BPhen) (MW 332.40 g/mol), Lithium 

fluoride (LiF) and Aluminum wire (99.999% purity) were purchased from Sigma Aldrich 

India and  used as received. [6,6]-PhenylC71-butyric acid methyl ester (PC71BM) 

(MW1030.93 g/mol, 99.5% pure) were purchased from Luminescence Technology Corp., 

Taiwan. Regioregular poly(3-hexylthiophene-2,5-diyl) (rrP3HT) (MW83 kg/mol) were 

used as received from Sycon Polymers India Pvt Limited. Tris(8-hydroxyquinolinato) 

Aluminum (Alq3) was synthesized by following the literature method.14 
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3.1.2 Characterization Details 
 
The thin film of PEDOT:PSS and the blend polymers namely rrP3HT:PC61BM and 

rrP3HT:PC71BM were deposited on ITO coated glass substrate by spin coating technique 

using Laurell and Spin 150 spin coater outside and inside the Jacomax glove box. The 

Veeco Dektak 150 Surface Profilometer was used to measure thicknesses of the thin films. 

UV-Visible absorption spectra of thin film of the blend polymers were recorded on a Jaz 

UV-Vis spectrophotometer. AFM images of the thin films were recorded by Agilent 5500-

STM instrument. All the electrical properties were characterized by Keithley-2400 digital 

source meter. Newport, Oriel Sol 3A solar simulator with an Oriel 500 W xenon lamp, 

connected to AM 1.5 Globe filter, was used as solar cell characterization. Newport Oriel 

IQE-200 instrument was used for external quantum efficiency (EQE) measurement. CH 

680 Instrument was used to measure the impedance spectroscopy of all the devices.  

 
3.1.3 Device Fabrication 
 

  

Figure 3.1. Schematic representation of the fabricated rrP3HT:PC61BM and rrP3HT:PC71BM blend polymer 

BHJ organic solar cell. 

A schematic device representation of P3HT:PCBM (blend polymer) based solar 

cells with additional cathode buffer layer is shown in Figure 3.1. The BHJ solar cells were 

fabricated with rrP3HT:PC61BM and rrP3HT:PC71BM, according to the following 

procedure. The commercially available ITO-coated glass electrodes were first manually 

patterned by scotch tape, using diluted HCl (1:1) and Zinc dust (Figure 3.2). The patterned 

substrates were then cleaned by ultrasonic cleaner in successive solutions of soap, de-

ionized water, acetone and isopropanol. Following this, after drying the substrate under 

argon atmosphere they were subjected to UV-ozone treatment for about 20 minutes in 

order to improve the work function of the substrates and to increase the hydrophilic 

nature of the surface. After this treatment, PEDOT:PSS, the hole injecting buffer layer, 
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was spin coated at 3000 rpm for 60 seconds on the ITO and dried at 120°C for 30 minutes 

in argon atmosphere to improve the hole collection from the polymer to the ITO.  

 

Figure 3.2. Schematic of device fabrication process. 

Both the blend polymer solutions were prepared in 1,2-dichlorobenzene (o-DCB) solvent 

with weight ratio of 1:0.8 and stirred for 48 h at 60°C inside the glove box. After blending, 

the solutions were filtered with 0.45μm PTFE filter and immediately spun over 

PEDOT:PSS buffer layer. The thickness of the active layer was optimized at 110(±5) nm, 

confirmed by Surface Profilometer. In order to demonstrate the impact of different 

additional buffer layers with LiF/Al cathode contact on the photovoltaic device 

performances, solar cells were fabricated using the same procedure except for the choice 

of the hole blocking and electron injecting layers. We used BCP and BPhen as hole 

blocking layer and Alq3 as electron injecting layer. After spin coating, the active layers 

were first annealed at 150 °C for 10 min and subsequently, the different cathode buffer 

layers, namely BCP or BPhen or Alq3 were thermally evaporated. Finally, 100 nm thin 

film of LiF/Al (LiF = 1 nm and Al = 100 nm) cathode electrodes were thermally 

evaporated under base pressure of 10-6 mbar through a shadow mask determining the 

active area of the device 6 mm². 

 

3.2 Results and Discussion 

 

3.2.1 Thin Film Characterization 

 
UV-Vis analysis: The UV-Vis absorption spectra of rrP3HT:PC61BM and rrP3HT:PC71BM 

blend polymers (wt. ratio 1:0.8) were recorded in both solution state and thin films mode 
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(Figure 3.3). UV-Vis spectra of rrP3HT, PC61BM and PC71BM in solution were also 

recorded as reference. A quenching of the absorption in both these blends was observed 

which can be attributed to the interaction between the rrP3HT and PCBM. It was also 

observed that the absorption of the thin film has a red-shift compared to the absorption in 

solution, attributed to the increase in solid state molecular packing of rrP3HT with 

PCBM.15 

AFM analysis: The AFM images of all the additional cathode buffer layers over 

rrP3HT:PC61BM and rrP3HT:PC71BM were recorded and shown in Figure 3.4 a-c and 

Figure 3.4 d-f respectively. It has been observed that among all the additional cathode 

buffer layers, rrP3HT:PCBM/Alq3 (Figure 3.4a and Figure 3.4d) thin film has the smallest 

R.M.S. roughness (r.m.s.=7.89 nm and 9.07 nm) that forms very uniform film. On the 

other hand rrP3HT:PCBM/BPhen (Figure 3.4b and Figure 3.4e)  showed larger grains 

and higher surface roughness (r.m.s.= 11.74 nm and 14.88 nm). In case of 

rrP3HT:PCBM/BCP (Figure 3.4c and Figure 3.4f ) the R.M.S. roughness of the film is less 

than BPhen and almost equal to the Alq3 buffer layer. Additionally, BCP is seen forming 

larger grain size compared to the Alq3 and almost equal to BPhen. It has already been 

mentioned in several reports that, in case of organic BHJ solar cells, high surface 

roughness and less grain size of cathode buffer layer resists the charge transport from 

photoactive layer to the cathode contact.16 Because of this the BCP/LiF/Al dual cathode 

buffer layer shows higher efficiency electrical output with both the blend polymer 

systems. 

 
 

Figure 3.3. UV-Vis absorption spectra of (a) rrP3HT, PC61BM, rrP3HT:PC61BM (solution) and 

rrP3HT:PC61BM thin film and (b) rrP3HT, PC71BM, rrP3HT:PC71BM (solution) and rrP3HT:PC71BM thin film. 

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0  P3HT_Liquid 

 PC61BM_Liquid 

 P3HT:PC61BM_Liquid 

 P3HT:PC61BM_Thin Film

Wavelength (nm)

 N
o
rm

al
iz

ed
 A

b
so

rb
an

ce
 (

a.
 u

.)

300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

 N
o
rm

al
iz

ed
 A

b
so

rb
an

ce
 (

a.
 u

.)

 P3HT_Liquid 

 PC71BM_Liquid 

 P3HT:PC71BM_Liquid 

 P3HT:PC71BM_Thin Film

(a) (b)

TH-2036_126153004



 

Chapter 3 

46 
 

 
 

Figure 3.4.  AFM images of (a) Alq3 (b) BPhen and (c) BCP on rrP3HT:PC61BM and (d) Alq3 (e) BPhen and 

(f) BCP on rrP3HT:PC71BM blend polymer thin film. 

For reference the AFM images of ITO substrate, ITO with PEDOT:PSS layer and the active 

layers PC61BM and PC71BM were also recorded (Figure 3.5).  

 

 
Figure 3.5. AFM image of (a) ITO coated glass substrate (b) ITO/PEDOT:PSS (c) 

ITO/PEDOT:PSS/rrP3PH:PC61BM and (d) ITO/PEDOT:PSS/rrP3PH:PC71BM. 

 

The AFM of rrP3HT:PC61BM and rrP3HT:PC71BM films were recorded after thermal 

annealing at 150 °C for 10 min. Both these films were highly ordered with good phase 

separation. From these images, it was clearly visible that the blend polymers contain 

clusters of PCBM signifying excellent blending of PCBM with rrP3HT polymer.17.  
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3.2.2 Photovoltaic Characterizations 
 
Figure 3.6, 3.7 and 3.8 displayed the current density-voltage (J-V) characteristics, EQE 

spectra and the Nyquist plots of all the fabricated devices. Herein, we have fabricated 

devices with four different configurations, (i) ITO (150 nm) /PEDOT:PSS (40 nm) /Blend 

Polymer (110 nm) /LiF (1 nm) /Al(100 nm), (ii) ITO (150 nm) /PEDOT:PSS (40 nm) 

/Blend Polymer (110 nm) /Alq3 (6 nm) /LiF (1 nm) /Al (100 nm), (iii) ITO (150 nm) 

/PEDOT:PSS (40 nm) /Blend Polymer (110 nm) /BPhen (6 nm) /LiF (1 nm) /Al (100 nm) 

and (iv) ITO (150 nm) /PEDOT:PSS (40 nm) /Blend Polymer (110 nm) /BCP (6 nm) /LiF 

(1 nm) /Al (100 nm) with rrP3HT:PC61BM and rrP3HT:PC71BM respectively. The Nyquist 

plots, for all the BHJs, demonstrate good concurrence for higher charge transport with 

different additional cathode buffer electrodes. Generally, the shunt resistance of the 

device can be estimated from the diameter of the semicircle under its test conditions.18-21 

It has been observed that the devices with BCP/LiF/Al contact has the largest shunt 

resistance as compared with other device configurations and has good correlation with its 

photovoltaic performance. 

 

Figure 3.6. Current density-Voltage (J-V) characteristics curves of (a) rrP3HT:PC61BM and (b) 

rrP3HT:PC71BM solar cell with different dual cathode buffer layer. 

For the device, having configuration (i), fabricated with only LiF/Al electrodes 

(shown in Figure 3.9 (i)), the PCE was observed to be ɳ=2.4% with Jsc=7.8 mA/cm2, 

Voc=0.57 V and FF= 54% for rrP3HT:PC61BM, whereas for rrP3HT:PC71BM it was 

observed to be ɳ=4.04% with Jsc=11.9 mA/cm2, Voc=0.57 V and FF= 60%. We consider 

this device configuration as the conventional solar cell and compared the performances of 

other fabricated devices under identical conditions with this device. 
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Figure 3.7. EQE spectra of (a) rrP3HT:PC61BM and (b) rrP3HT:PC71BM solar cell with different dual cathode 

buffer layer. 

 

Figure 3.8. Nyquist plots of (a) rrP3HT:PC61BM and (b) rrP3HT:PC71BM solar cell with different dual 

cathode buffer layer. 

For the device configuration (ii) (shown in Figure 3.9 (ii)), we used Alq3 as 

additional electron injection layer to provide better Ohmic contact, to enhance the PCE. 

However, due to the interaction between HOMO level of Alq3 of the dual buffer layer 

cathode contact with the blend polymer some charge carriers recombine as a result of 

which we obtained ɳ=1.4% with Jsc=7.2 mA/cm2, Voc=0.56 V and FF= 39% for 

rrP3HT:PC61BM solar cell. On the contrary for rrP3HT:PC71BM we obtained ɳ= 3.82% 

with Jsc=11.4 mA/cm2, Voc=0.56 V and FF= 49%. For the configuration (iii) and (iv), we 

introduced BPhen and BCP as additional hole blocking layer along with LiF/Al cathode 

contact respectively. In both the cases, we observed better photovoltaic performance 

because of lesser charge carrier recombination due to this additional layer with LiF/Al 

that likely helps to drive the majority carriers towards their respective electrode through 
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built-in voltage which further enhances charge carrier transport. The configuration (iii) 

(shown in Figure 3.9 (iii)), showed better PCE of ɳ= 3.8% with Jsc=11.9 mA/cm2, Voc=0.59 

V and FF=55% for rrP3HT:PC61BM, whereas for rrP3HT:PC71BM the PCE obtained was 

ɳ=4.45%, Jsc=12.8 mA/cm2, Voc=0.58 V and FF= 60%. BCP, a high band gap material, 

used here as an additional hole blocking cathode buffer layer, showed the best results 

among all the device configurations due to its excellent band alignment with both 

rrP3HT:PC61BM and rrP3HT:PC71BM active layers and high selectivity towards electron 

and blocking the holes to minimize the charge recombination between the blend polymer-

cathode  contact. This led to the improvement in the current density and overall 

photovoltaic performance. The corresponding energy level diagrams of the devices having 

configuration BCP/LiF/Al with rrP3HT:PC61BM and rrP3HT:PC71BM are shown in Figure 

3.9. The configuration (iv) showed higher PCE of ɳ= 4.5%, Jsc=13.3 mA/cm2, Voc=0.59 V 

and FF= 59% for rrP3HT:PC61BM whereas for rrP3HT:PC71BM the PCE was ɳ= 4.96%, 

Jsc=13.5 mA/cm2, Voc=0.60 V and FF= 61% which is the highest PCE value for BHJ device 

with dual cathode buffer layer possessing BCP. The photovoltaic performance parameters 

of all the devices are summarized in Table 3.1. 

Table 3.1. Summary of rrP3HT:PC61BM and rrP3HT:PC71BM devices with different dual 

cathode buffer layer. 

Blend 
polymer 

Device 
configuration 

with 
ITO/PEDOT:PSS 
/ Blend polymer/ 

Rs 
(.cm-2) 

 
[From 

Nyquist 
plots] 

Rsh 
(.cm-2) 

 
[From 

Nyquist 
plots] 

Jsc 
(mA.cm-2) 

Voc 
(V) 

FF 
(%) 

PCE, 
(%) 

rrP3HT:P

C61BM 

(i) LiF/Al 79.67 3483 7.8 0.57 54 2.4 

(ii) Alq3/LiF/Al 61.04 1403 7.2 0.56 39 1.4 

(iii) BPhen/LiF/Al 54.73 4450 11.9 0.59 55 3.8 

(iv) BCP/LiF/Al 74.58 7056 13.3 0.59 59 4.5 

rrP3HT:P

C71BM 

(i) LiF/Al 50.96 6735 11.9 0.57 60 4.04 

(ii) Alq3/LiF/Al 53.96 5709 11.4 0.56 59 3.82 

(iii) BPhen/LiF/Al 48.58 6867 12.8 0.58 60 4.45 

(iv) BCP/LiF/Al 51.39 7327 13.5 0.60 61 4.96 
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Figure 3.9. Band energy diagram of the fabricated devices having configuration (i), (ii), (iii) and (iv) with 

blend polymer (a) rrP3HT:PC61BM and (b) rrP3HT:PC71BM respectively.  
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3.3 Conclusion 

 
In this Chapter, the significant effect of incorporating different dual cathode buffer layers 

on the performance of photovoltaic properties of rrP3HT:PC61BM and rrP3HT:PC71BM 

based bulk heterojunction solar cell was demonstrated. The results of these BHJ devices 

indicated that the presence of Alq3 acts as an additional electron injecting buffer layer, 

with LiF/Al cathode, thereby lowering the PCE due to the charge carrier recombination. 

The BCP and BPhen, act as additional hole blocking buffer layers with LiF/Al showing 

enhancement in the device performance due to their good band alignment with the active 

layer. These buffer layers having larger band gap than that of blend polymer helps them to 

prevent the charge carrier recombination at the cathode electrode. Specifically, BCP with 

LiF/Al showed the best performance compared to other devices, with ɳ= 4.5%, Jsc=13.3 

mA/cm2, Voc=0.59 V and FF= 59% and PCE, ɳ= 4.96%, Jsc=13.5 mA/cm2, Voc=0.60 V and 

FF= 61% for rrP3HT:PC61BM and rrP3HT:PC71BM respectively, due to its better hole-

blocking capacity. In this study we could successfully demonstrate the vital role of dual 

cathode buffer layers for enhancing the power convention efficiency of rrP3HT:PCBM 

based organic bulk heterojunction solar cells.   
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Chapter 4 
 

Combined Influence of Plasmonic Metal Nanoparticle and 
Dual Cathode Buffer Layer on PCE of Organic BHJ Solar Cell 

 
 

The development of highly efficient organic bulk heterojunction (BHJ) solar cells has 

been rapidly increasing in the last few decades due to their considerable fabrication 

advantage, that is, the potential to achieve mechanically flexible and light weight devices 

with large area production capability compared to the silicon technology.1–10 However, 

there are several important issues such as high power conversion efficiency (PCE), device 

life time, large area production, etc., that are yet to be improved in the organic device 

technology to compete with the conventional silicon technology which dominates the 

market presently.11–16 The PCE of BHJ solar cells is primarily controlled by two factors, 

namely (1) the amount of light absorbed by the active blend material, and (2) the 

collection of dissociated charges at the cathode contact. Several reports have mentioned 

methods to overcome these factors separately by performing device modifications.17–27 

Due to the low mobility of organic semiconductors and lower lifetime of the photo 

generated excitons, the thicknesses of the blend polymers are limited to few nanometre 

scales. As a consequence, the absorption path length also becomes lower. With the 

increment of blend polymer thickness, most of the dissociated charges recombine in the 
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active layer, whereas a few are collected at the electrodes as a result of which the PCE 

value decreases.28–32 In contrast, the cathode buffer layer plays a very significant role in 

enhancing the PCE of BHJ solar cells by tuning the contact work function, thereby 

improving the selectivity towards the particular charge carrier.33–35 The combination of a 

particular buffer layer with a cathode contact helps in increasing the short circuit current 

density (Jsc) and open circuit voltage (Voc), by changing the built-in-potential generated 

by the work function difference of the electrodes. This modified built-in-potential helps in 

driving the charge carriers towards their respective electrodes and finally as a result of 

which the PCE value increases.36,37 However, by combining the two separate effects, 

namely, the plasmonic effect of metal NPs and the effect of the cathode buffer layer, the 

PCE of organic BHJ solar cells can be further enhanced. 

In this Chapter, freshly synthesized AuNPs and AgNPs were blended with the 

PEDOT:PSS hole transport layer and their combined effect was carefully analysed with 

cathode contacts containing different dual buffer layers with rrP3HT:PC61BM and 

rrP3HT:PC71BM as blend polymer systems. For the dual cathode buffer layer, we chose 

two different hole blocking layers, BPhen and BCP, with a LiF/Al cathode contact. It has 

been observed that for both the blend polymer systems the power conversion efficiency 

(PCE) increases significantly in the presence of the PEDOT:PSS + AuNPs and PEDOT:PSS 

+ AgNPs with BCP/LiF/Al as a cathode contact compared to the bare PEDOT:PSS layer. 

In particular, in the presence of PEDOT:PSS + AuNPs and BCP/LiF/Al, the highest PCE 

was observed for both the blend polymers because of the better band alignment of 

BCP/LiF/Al with the active layers and the superior surface plasmon resonance of the 

AuNPs in the visible spectrum compared to AgNPs.  

 

4.1 Experiments 

 

4.1.1 Materials 
 

Gold (III) chloride trihydrate (HAuCl4·3H2O) (Mw393.83 g/mol), Silver nitrate (AgNO3) 

(Mw169.87 g/mol), Bathocuproine (BCP) (Mw360.45 g/mol), Bathophenanthroline  

(BPhen) (Mw332.40 g/mol), Lithium fluoride (LiF), Aluminum wire (99.999% purity), 

Indium tin oxide (ITO) coated glass substrate (RSheet15Ω/sq.), Poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS),  [6,6]-Phenyl C61 butyric 

acid methyl ester (PC61BM) (Mw910.88 g/mol), were purchased from Sigma Aldrich. 

Tri-sodium citrate 2-hydrate was obtained from Merck Specialties Pvt. Ltd., India. [6,6]-

Phenyl C71 butyric acid methyl ester (PC71BM) (Mw1030.93 g/mol, 99.5% pure) was 
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purchased from Luminescence Technology Corp., Taiwan. Regioregular poly(3-

hexylthiophene-2,5-diyl) (rrP3HT) (Mw83 kg/mol) was used as received from Sycon 

Polymers India Pvt. Ltd.  

 
4.1.2 Characterization Details 
 
The UV-Visible absorption spectra and the Transmission Electron Microscopy (TEM) 

image of the synthesized metal NPs were characterized by Jaz UV-Vis spectrophotometer 

and Tecnai G2 F20 S-twin JEOL 2100 transmission electron microscope respectively. 

Field emission scanning electron microscopy (FESEM) images were recorded in a Sigma 

Carl Zeiss scanning electron microscope. Grazing-Incidence wide-Angle X-ray Scattering 

(GIWAXS) and Grazing-Incidence small-Angle X-ray Scattering (GISAXS) were recorded 

by Xenocs Xeuss 2.0 instrument photon energy of 8.04 keV and a sample−detector 

distance of 177.33 mm for GIWAXS and 2503.3 mm for GISAXS with a grazing incidence 

angle of 0.18°. The steady state PL spectra were recorded by Fluromax-4 

spectrophotometer. Laurell and Spin 150 spin coaters were used for the deposition of 

metal NPs doped PEDOT:PSS as well as the blend polymers on ITO coated glass 

substrate. The thicknesses of the films were measured by Veeco Dektak 150 Surface 

Profilometer. Agilent 5500-STM instrument was used for the AFM analysis. Newport, 

Oriel Sol 3A solar simulator and Oriel IQE-200 instrument were used for solar cell J-V 

characterization and for the measurement of external quantum efficiency (EQE) of all the 

fabricated BHJ solar cells. Impedance Spectroscopy was recorded by CH 680 Instrument. 

Finally Keithley-2400 digital source meter was used to measure all the electrical 

properties of the fabricated devices.  

 
4.1.3 Device Fabrication 

 

 

Figure 4.1. Schematic representation of the fabricated rrP3HT:PC61BM and rrP3HT:PC71BM based 

plasmonic BHJ organic solar cell. 
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Figure. 4.2. Graphical representation of resistive device of PEDOT:PSS layer at different concentration of (a) 

AuNPs and (b) AgNPs. Inset of this graph, the schematic of the fabricated resistive device (AL/PEDOT:PSS 

(with or without metal NPs at different concentration/Al) and UV-Vis Spectra of AuNPs and AgNPs. 

A schematic device representation of P3HT:PCBM (blend polymer) based plasmonic solar 

cell with additional cathode buffer layer is shown in Figure. 4.1. For the fabrication of 

plasmonic BHJ solar cells, the AuNPs and AgNPs were first synthesized by chemical 

reduction method. The details of the synthesis technique of the metal NPs and their 

respective characterizations are given in the result and discussion section. After 

synthesizing the metal NPs two separate blend solutions were made with the standard 

hole injecting layers (HIL), PEDOT:PSS, namely PEDOT:PSS + AuNPs and PEDOT:PSS + 

AgNPs having concentration of 20% (v/v). Before the device fabrication we systematically 

standardized the concentration of the metal NPs in PEDOT:PSS HIL by measuring 

resistive device for bare and doped PEDOT:PSS Figure. 4.2. Followed by this, the 

modified hole injecting layers, were spin coated at 3000 rpm for 60 seconds on the pre-

cleaned, UV-ozone treated ITO coated glass substrate and dried at 120 °C for 30 minutes 

under argon atmosphere to improve the hole collection from the polymer to the ITO. The 

rest of the device fabrication steps are identical to literature.38  

 

4.2 Results and Discussion 

 

4.2.1 Synthesis and Characterization of the Metal NPs 

  
The metal NPs were freshly prepared by chemical reduction method using tri-sodium 

citrate solution as reducing and stabilizing agent. All the solutions were prepared in 

double distilled water. For the synthesis of AuNPs, 50 mL 10 mM HAuCl4 was heated to 

boiling using hot plate with continuous stirring using a controlled magnetic stirrer. This 
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solution was boiled until the temperature reached 100°C followed by the rapid addition of 

1.5% tri-sodium citrate to this boiling solution with simultaneous stirring. The color of the 

solution gradually changed from transparent light yellow to dark black and finally to the 

characteristic wine red, which indicated the formation of AuNPs.  

 

Figure. 4.3. UV-vis absorption spectra (in solution) and TEM image (in inset) of (a) AuNPs and (b) AgNPs 

 

Figure. 4.4. FESEM images of (a) AuNPs and (b) AgNPs respectively 

 

Similarly for the synthesis of AgNPs, 50 mL of 1 mM AgNO3 was heated to boiling 

using hot plate magnetic stirrer. To this solution 5 mL of 1% tri-sodium citrate was added 

drop wise. During this process the solution was mixed vigorously and heated until a color 

change was evident (yellowish brown). Further, it was removed from the heating element 

and stirred until cool to room temperature. The synthesized metal NPs were characterized 

by UV-visible spectrophotometer, TEM and FESEM analysis [Figure 4.3 and Figure 4.4]. 

The characteristic surface plasmon resonance peak of AuNPs and AgNPs were observed at 
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521 nm and 431 nm whereas the average particle sizes were found to be 10 nm and 20 

nm respectively. 

 

Figure 4.5. AFM topography images (under tapping mode; scan size: 2 μm × 2 μm) of 40 nm thin (a) 

PEDOT:PSS (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs deposited on the top ITO coated glass 

substrate. 

 

Figure 4.6. FESEM images of PEDOT:PSS doped with 20% (v/v) (a) AuNPs and (b) AgNPs respectively. 

 

It has been observed that the r.m.s. surface roughness of the bare PEDOT:PSS layer was 

2.61 nm whereas for PEDOT:PSS + AuNPs and PEDOT:PSS + AgNPs it was 2.69 nm 

and 3.56 nm respectively (Figure. 4.5). The distribution of the metal NPs in the 

PEDOT:PSS layers are shown in Figure. 4.6. It has been already reported in the literature 

that, lager size of the metal NPs is always better for enhancing the light scattering and 

light absorption properties of the BHJ solar cell, which further increase the Jsc value of the 

cell, as a result, one can obtain higher PCE value.26,27 In this study, it was observed that 

higher particle size increase the surface roughness (Figure 4.7), as a result, the size of 

AuNPs and AgNPs was optimized to ~10 nm and ~20 nm respectively.  
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Figure 4.7. AFM topography images (scan size: 2 μm × 2 μm) of 40 nm thin (a) PEDOT:PSS + AuNPs (~40 

nm) and (b) PEDOT:PSS + AgNPs (~50 nm) deposited on the top ITO coated glass substrate. The FESEM 

images of bare and lager in sized AuNPs and AgNPs are shown in the inset of (a) and (b) respectively. 

Since sizes of these synthesized NPs are very small compared to the 

thickness of the PEDOT:PSS thin film (40 nm) it does not compromise the 

morphology of the PEDOT:PSS layer. Also as observed from GIWAXS analyses, the 

crystallinity of the active layers also remains similar in presence of metal 

nanoparticle doped PEDOT:PSS layer like the bare PEDOT:PSS layer (Figure.4.8). 

Hence, both these metal NPs can be added to the hole injecting layer to improve 

the photo absorption and light scattering within the organic BHJ solar cell. From 

GIWAXS analysis [Figure.4.8a and Figure.4.8b], three major peaks are observed, 

among which (100) signified almost similar lamellar phase of P3HT, which are 1.64 

nm (0.3821 Å-1) and 1.65 nm (0.3818 Å-1) for PC61BM and PC71BM system on 

AuNPs doped PEDOT:PSS surface after 30 min exposure time [Figure.4.8c and 

Figure.4.8e]. Both the films possess the edge on orientation and standard 

dimension of P3HT. No significant effect in the crystallinity was observed for both 

the active layers which indicated that there were no crystallinity changes occurring 

in the active layers due to the incorporation of the metal NPs inside the 

PEDOT:PSS layer, which is also supported by AFM and electrical performance of 

the fabricated devices. There is a small difference between the characteristic 

dimensions obtained from PCBM amorphous peak i.e., 1.364 Å-1 (0.46 nm) for 

PC61BM and 1.316 Å-1 (0.48 nm) for PC71BM which identifies the change in C-chain 

length in PCBM. The analysis of GIWAXS data was analysed by using the software 
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GIXSGUI.38-44

 

Figure 4.8. GIWAXS images of (a) P3HT:PC61BM and (b) P3HT:PC71BM active layers on 

PEDOT:PSS + AuNPs coated thin film. The corresponding integrated diffraction intensity plots are 

shown in (c) and (d) for P3HT:PC61BM and P3HT:PC71BM respectively. 

 

 

Figure 4.9. (a) GIWAXS images and (b) the corresponding integrated diffraction intensity plot of 

P3HT:PC71BM active layers on PEDOT:PSS + AgNPs coated thin film.  
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Figure 4.10. GISAXS images of (a) P3HT:PC61BM and (b) P3TH:PC71BM active layers on PEDOT: PSS + 

AuNPs coated thin film. The corresponding horizontal cuts from the 2D GISAXS data plots are shown in (b) 

and (d). GISAXS images and its corresponding horizontal cuts from the 2D GISAXS data of P3TH:PC71BM 

active layers on PEDOT:PSS + AgNPs are shown in (e) and (f) respectively. 

For reference purpose, GIWAXS profile of P3HT:PC71BM on PEDOT:PSS + AgNPs 

thin film and AFM images of metal doped PEDOT:PSS layers with both the active blend 

polymers were also recorded (Figure. 4.9 and Figure. 4.11). The corresponding GISAXS 

profile of both the blend polymer with metal NPs are also shown in Figure. 4.10.42 The 

AFM images of both the active layers on the NPs modified PEDOT:PSS layer recorded 
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post thermal annealing at 150°C for 10 min showed morphology with good phase 

separation. 

 

Figure 4.11. AFM topography images (2μm×2μm) of rrP3Ht:PC61BM and rrP3HT:PC71BM blend polymers 

on PEDOT:PSS+AgNPs and PEDOT:PSS+AuNPs layers respectively.  

 
4.2.2 Photovoltaic Characterizations 

 
In this work two blend polymer systems namely (i) rrP3HT:PC61BM and (ii) 

rrP3HT:PC71BM were used for the fabrication of plasmonic BHJ solar cell.  For the 

fabrication of the devices we used bare PEDOT:PSS as the hole injecting layer and two 

metal NPs modified hole injecting layers viz. PEDOT:PSS + AgNPs and PEDOT:PSS + 

AuNPs with two different cathode buffer layers, namely BCP and BPhen. Figure. 4.12 

shows the schematic representation of the combined effect of plasmonic metal NPs as well 

as the dual cathode buffer layer with rrP3HT:PCBM active layer. The UV-Vis spectra and 

PL spectra of both the blend polymer upon the bare and metal NPs doped PEDOT:PSS are 

also recorded and are shown in Figure. 4.12 and Figure. 4.13 respectively. 
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Figure. 4.12. Schematic representation of the combined effect of plasmonic metal NPs and BCP/LiF/Al as 

the dual cathode buffer layers on rrP3HT:PCBM based bulk heterojunction solar cell with (a) bare 

PEDOT:PSS, (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs. 

 

Figure. 4.13. UV-Vis absorption spectra of (a) rrP3HT:PC61BM and (b) rrP3HT:PC71BM BHJ solar cells in 

presence of bare PEDOT:PSS, PEDOT:PSS + AgNPs and PEDOT:PSS + AuNPs respectively. 
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Figure. 4.14. Steady-state photoluminescence (PL) spectra of (a, b) rrP3HT:PC61BM and (c, d) 

rrP3HT:PC71BM in presence of different concentration of AgNPs and AuNPs respectively. 

Here BCP/LiF/Al is considered as the dual cathode buffer layer since we obtained 

more efficient results in the case of BCP compared to BPhen. The schematic 

representation of the same with BPhen/LiF/Al as the dual cathode buffer layer with 

rrP3HT:PCBM active layer is shown in Figure. 4.15. The mechanism of both the buffer 

layers along with the metal nanoparticles is almost same. Though the band alignment of 

BCP and BPhen with rrP3HT:PCBM active layers are different and the morphological 

growth nature of these two cathode buffer layers upon rrP3HT:PCBM active layer, is 

created the main difference among them which also affect their BHJ solar cell output 

performance. For better understanding, the AFM images of BCP and BPhen over 

rrP3HT:PC61BM and rrP3HT:PC71BM are shown in Figure. 4.16. It has been observed that 

among these two additional cathode buffer layers, rrP3HT:PCBM/BPhen [Figure. 4.16a 

and Figure. 4.16c] showed larger grains and higher surface roughness (σr.m.s. = 11.74 nm 

and 14.88 nm) compared to BCP. It has already been mentioned in several reports that, in 

case of organic  
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Figure. 4.15. Schematic representation of the combined effect of plasmonic metal NPs and BPhen/LiF/Al as 

the dual cathode buffer layers on rrP3HT:PCBM based bulk heterojunction solar cell with (a) bare 

PEDOT:PSS, (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs. 

BHJ solar cells, high surface roughness of cathode buffer layer resists the charge 

transport from photoactive layer to the cathode contact. This is one of the vital reason due 

to which the BCP/LiF/Al dual cathode buffer layer shows higher efficient electrical output 

with both the blend polymer systems compared to BPhen/LiF/Al. Here, the Figure. 4.12a 

represents the effect of dual cathode buffer layer with bare PEDOT:PSS, whereas Figure 

4.12b and Figure 4.12c represents the effect of the same along with PEDOT:PSS + AgNPs 

and PEDOT:PSS + AuNPs respectively. Each of the device configurations which were 

fabricated and analysed in the present study are listed in Table 4.1. The devices with bare 

PEDOT:PSS and dual cathode buffer layers were fabricated for reference purpose as 

reported previously.45 
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Figure. 4.16. AFM images of (a) BPhen and (b) BCP on rrP3HT:PC61BM and (c) BPhen and (d) BCP on 

rrP3HT:PC71BM blend polymer thin film. 

Table 4.1 List of the fabricated BHJ device configurations of rrP3HT:PC61BM and 

rrP3HT:PC71BM with different dual cathode buffer layer. 

 

Blend 

Polymer 

Hole Injecting 

Layer (HIL) 
Device Configuration with cathode buffer layers 

(i) 

rrP3HT:PC61

BM 

(a)Bare 

PEDOT:PSS 

(1) ITO / HIL (a) / Blend Polymer (i) / LiF / Al 

(2) ITO / HIL (a) / Blend Polymer (i) / BPhen / LiF / Al 

(3) ITO / HIL (a) / Blend Polymer (i) / BCP / LiF / Al 

(b)PEDOT:PSS

+AgNPs 

(4) ITO / HIL (b) / Blend Polymer (i) / LiF/Al 

(5) ITO / HIL (b) / Blend Polymer (i) / BPhen / LiF / Al 

(6) ITO / HIL (b) / Blend Polymer (i) / BCP / LiF / Al 

(c)PEDOT:PSS

+AuNPs 

(7) ITO / HIL (c) / Blend Polymer (i) / LiF / Al 

(8) ITO / HIL (c) / Blend Polymer (i) / BPhen / LiF / Al 

(9) ITO / HIL (c) / Blend Polymer (i) / BCP / LiF / Al 

(ii) 

rrP3HT:PC71

BM 

(a)Bare 

PEDOT:PSS 

(10) ITO / HIL (a) / Blend Polymer (ii) / LiF / Al 

(11) ITO / HIL (a) / Blend Polymer (ii) / BPhen / LiF / Al 

(12) ITO / HIL (a) / Blend Polymer (ii) / BCP / LiF / Al 

(b)PEDOT:PSS

+AgNPs 

(13) ITO / HIL (b) / Blend Polymer (ii) / LiF / Al 

(14) ITO / HIL (b) / Blend Polymer (ii) / BPhen / LiF / Al 

(15) ITO / HIL (b) / Blend Polymer (ii) / BCP / LiF / Al 

(c)PEDOT:PSS

+AuNPs 

(16) ITO / HIL (c) / Blend Polymer (ii) / LiF / Al 

(17) ITO / HIL (c) / Blend Polymer (ii) / BPhen / LiF / Al 

(18) ITO / HIL (c) / Blend Polymer (ii) / BCP / LiF / Al 
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Herein, we have designed total eighteen different device configurations where the 

thickness of the HIL (40 nm) and the blend polymer (110 nm) layers were kept 

identical for all the devices. The thickness of the cathode buffer layers, BPhen and BCP 

were kept at 6 nm upon which LiF (1 nm)/Al (100 nm), conventional cathode contact 

were deposited.  

 

Figure. 4.17. Current density vs. voltage (J-V) characteristics of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM 

BHJ solar cells with (a) bare PEDOT:PSS, (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs with 

different dual cathode buffer layer. 

Figure. 4.17 represent the current density-voltage (J-V) characteristics of all the 

fabricated devices. From these J-V characteristic graphs, with bare PEDOT:PSS hole 

injecting layer [Figure. 4.17i-a and Figure. 4. 17ii-a], we observed that by the systematic 

variation of only the dual cathode buffer layer the PCE (ɳ) value of both the 
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rrP3HT:PC61BM and rrP3HT:PC71BM BHJ solar cells can be improved. In the devices 

having configuration (3) we found that the maximum value of ɳ=4.65% with Jsc=13.6 

mA/cm2, Voc=0.59 V and FF= 61% for rrP3HT:PC61BM blend polymer, whereas, the 

maximum PCE of the device having configuration (12) fabricated with rrP3HT:PC71BM, 

was observed to be ɳ=4.96% with Jsc=13.5 mA/cm2, Voc=0.59 V and FF= 61%. These 

highest PCE values obtained in presence of  BCP/LiF/Al as compared to the other dual 

cathode buffer layers are due to the better morphology and excellent band alignment of 

BCP/LiF/Al with both rrP3HT:PC61BM and rrP3HT:PC71BM active layers compared to 

BPhen/LiF/Al and conventional LiF/Al.45 Also BCP has high selectivity towards electrons 

due to its high band gap (Eg 3.5 eV) and deeper HOMO energy level ( -7 eV) and it can 

block holes to minimize the charge recombination between the blend polymer-cathode 

contacts [Figure. 4.12a].  

The same phenomenon was also observed when bare PEDOT:PSS was replaced 

with metal NP incorporated PEDOT:PSS hole injecting layers. Moreover, in the presence 

of PEDOT:PSS + AgNPs and PEDOT:PSS + AuNPs better device performances were 

observed compared to the bare PEDOT:PSS because of  the surface plasmon effect which 

increases the photo absorption length, scattering and trapping of the incident light that 

passes through the HIL [Figure. 4.12b and Figure. 4.12c]. The maximum PCE of the 

devices, having configuration (6) and (15) fabricated with PEDOT:PSS + AgNPs 

and BCP/LiF/Al cathode contact, was observed to be ɳ=4.94% with Jsc=13.1 

mA/cm2, Voc=0.58 V and FF=62% for rrP3HT:PC61BM blend polymer whereas, the 

maximum PCE of the device having configuration (15) fabricated with 

rrP3HT:PC71BM, was observed to be ɳ=5.29% with Jsc=14.7 mA/cm2, Voc=0.58 V 

and FF= 61% [Figure. 4.17i-b and Figure. 4.17ii-b]. Further, from the Figure. 4.17i-c 

and Figure. 4.17ii-c, we observed that the devices having configuration (9) and (18) 

fabricated with PEDOT:PSS + AuNPs and BCP/LiF/Al cathode contact showed 

maximum ɳ=4.99% with Jsc=13.9 mA/cm2, Voc=0.59 V and FF=62% for 

rrP3HT:PC61BM blend polymer and maximum ɳ=5.65% with Jsc=16.1 mA/cm2, 

Voc=0.58 V and FF= 61% for rrP3HT:PC71BM blend polymer respectively. In case of 

the metal NP incorporated PEDOT:PSS hole injecting layers we observed that the 

device with PEDOT:PSS + AuNPs as the HIL and BCP/LiF/Al as the cathode 

contact showed better device performance compared to the device containing 

PEDOT:PSS + AgNPs with  the same cathode contact since AuNPs have surface 

plasmon resonance at the visible spectrum region (531 nm) whereas AgNPs have 

the same near the UV region (421 nm) (Figure. 4.3).46 

TH-2036_126153004



 

                                                                                  Chapter 4 

                                                                                                                                       71 
 

Table 4.2 Summary of plasmonic BHJ solar cell performance with rrP3HT:PC61BM and 

rrP3HT:PC71BM as the active blend layer and with different dual cathode buffer layer. 

 

Blend 
polymer 

Hole 
Injectin
g Layer 
(HIL) 

Device 
Configuration 

with 
ITO/HIL/Blend 

Polymer/ 

Jsc,max (#Jsc,avg) 
(mA.cm-2) 

Jsc,EQE 
(mA.c
m-2) 

 

Voc,max(#Voc,avg) 
(V) 

FFmax 

(FFavg) 
(%) 

PCE,max (#avg) 
(%) 

(i) 
rrP3HT:
PC61BM 

(a)Bare 
PEDOT:

PSS 

(1) LiF/Al 10.6 (8.91.09) 6.94 
0.57 

(0.560.01) 

55 

(5402) 

3.30 

(2.710.32) 

(2) 
BPhen/LiF/Al 

12.4 (11.61.31) 8.02 
0.59 

(0.580.01) 
60 

(5802) 
4.02 

(3.690.41) 

(3) 
BCP/LiF/Al 

13.6 

(12.70.99) 
8.70 

0.59 

(0.580.01) 

61 

(5902) 

4.68 

(4.440.24) 

(b)PED
OT:PSS
+AgNPs 

(4) LiF/Al 12.6 (9.92.13) 7.43 
0.54 

(0.530.01) 
56 (54 

02) 

3.45 

(2.870.62) 

(5) 
BPhen/LiF/Al 

12.8 (11.51.08) 9.57 
0.58 

(0.570.01) 
61 (59 

02) 

4.18 

(3.900.29) 

(6) 
BCP/LiF/Al 

13.1 

(12.60.72) 
10.01 

0.58 

(0.560.01) 

62 

(5804) 

4.94 

(4.160.56) 

(c)PED
OT:PSS
+AuNPs 

(7) LiF/Al 11.6 (10.61.07) 8.50 
0.55 

(0.550.01) 
59 (5801) 

3.96 
(3.390.30) 

(8) 
BPhen/LiF/Al 

12.1 (11.21.02) 8.94 
0.58 

(0.570.01) 
61 (5902) 

4.43 

(3.820.45) 

(9) 
BCP/LiF/Al 

13.9 

(12.71.33) 
10.04 

0.59 

(0.580.01) 

62 

(6002) 

4.99 

(4.390.51) 

(ii) 
rrP3HT:
PC71BM 

(a)Bare 
PEDOT:

PSS 

(10) LiF/Al 12.0 (11.81.21) 10.81 
0.57 

(0.550.02) 

60 

(5504) 

4.04 

(3.480.67) 

(11) 
BPhen/LiF/Al 

12.8 (11.90.99) 11.05 
0.58 

(0.570.01) 

60 

(5505) 

4.45 

(3.790.65) 

(12) 
BCP/LiF/Al 

13.5 
(12.81.01) 

11.02 
0.59 

(0.590.01) 
62 

(5705) 
4.96 

(4.360.61) 

(b)PED
OT:PSS
+AgNPs 

(13) LiF/Al 12.7 (12.60.52) 11.01 
0.55 

(0.540.01) 

60 

(5802) 

4.05 

(3.980.44) 

(14) 
BPhen/LiF/Al 

14.1 (12.41.63) 11.29 
0.59 

(0.570.01) 

63 

(6003) 

4.92 

(4.300.47) 

(15) 
BCP/LiF/Al 

14.7 

(13.10.93) 
11.85 

0.58 

(0.570.01) 

61 

(5902) 

5.29 

(4.550.48) 

(c)PED
OT:PSS
+AuNPs 

(16) LiF/Al 12.8 (11.81.36) 10.51 
0.55 

(0.540.01) 

61 

(5802) 

4.66 

(3.810.46) 

(17) 
BPhen/LiF/Al 

14.9 (13.11.85) 11.61 
0.58 

(0.570.01) 
63 

(6102) 
5.52 

(4.630.89) 

(18) 
BCP/LiF/Al 

16.1 

(15.41.05) 
11.92 

0.58 

(0.570.01) 

61 

(5902) 

5.65 

(5.250.31) 
# Average of ten different cells of each of the device configurations are represented in bracket. 

Thus, initially with the help of dual cathode buffer layer the PCE of 

rrP3HT:PC61BM and rrP3HT:PC71BM based BHJ solar cell increased from 3.30% 

(LiF/Al) to 4.68% (BCP/LiF/Al) and 4.04% (LiF/Al) to 4.96% (BCP/LiF/Al) 

respectively.  

In the second step, using the combined effect of plasmonic AgNPs blended 

PEDOT:PSS and dual cathode buffer layers the PCE value further increased from 

3.45% (LiF/Al) to 4.94% (BCP/LiF/Al) for rrP3HT:PC61BM and from 4.05% 

(LiF/Al) to 5.29% (BCP/LiF/Al) for rrP3HT:PC71BM active layers. Finally, utilizing 

the PEDOT:PSS + AuNPs and dual cathode buffer layer combination the maximum PCE 

value for both the blend polymers increased from 3.96% (LiF/Al) to 4.99% (BCP/LiF/Al) 
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for rrP3HT:PC61BM and 4.66% (LiF/Al) to 5.65% (BCP/LiF/Al) for rrP3HT:PC71BM. 

Moreover, from the dark J-V characteristic of all the fabricated devices no significant 

changes were observed in presence of both the metal nanoparticles. 

All the device parameters including their average and maximum values were calculated 

from the J-V characteristics in presence of bare PEDOT:PSS and both the metal NPs 

blended  PEDOT:PSS layers with all the cathode contacts viz. LiF/Al, BPhen/LiF/Al and 

BCP/LiF/Al (Table 4.2).43 The calculated series and shunt resistance (Rs and Rsh) values 

are summarized in Table 4.3. 

Table 4.3. Summary of the series and shunt resistance value of all the fabricated BHJ 

devices obtained from J-V characteristics curves. 

 

Blend 

polymer 

Hole Injecting Layer 

(HIL) 

Device 

Configuration with 

ITO/HIL/Blend 

Polymer/ 

Rs 

(.cm
-2

) 

Rsh 

(.cm
-2

) 

 

(i) 

rrP3HT:

PC61BM 

(a)Bare PEDOT:PSS (1) LiF/Al 119 4921 

(2) BPhen/LiF/Al 112 5181 

(3) BCP/LiF/Al 100 5257 

(b)PEDOT:PSS+AgNPs (4) LiF/Al 114 5021 

(5) BPhen/LiF/Al 95 7368 

(6) BCP/LiF/Al 88 8051 

(c)PEDOT:PSS+AuNPs (7) LiF/Al 103 5089 

(8) BPhen/LiF/Al 99 7442 

(9) BCP/LiF/Al 82 8510 

(ii) 

rrP3HT:

PC71BM 

(a)Bare PEDOT:PSS (10) LiF/Al 114 5488 

(11) BPhen/LiF/Al 107 6349 

(12) BCP/LiF/Al 103 6435 

(b)PEDOT:PSS+AgNPs (13) LiF/Al 106 6583 

(14) BPhen/LiF/Al 102 8347 

(15) BCP/LiF/Al 101 8130 

(c)PEDOT:PSS+AuNPs (16) LiF/Al 104 6775 

(17) BPhen/LiF/Al 98 8944 

(18) BCP/LiF/Al 102 8665 

 

Figure. 4.18 and Figure. 4.19 represent the EQE and IQE spectra of all the 

fabricated devices.48 All the EQE and IQE measurements were done under ambient 

conditions. From Figure. 4.18 it was observed that all the devices having BCP/LiF/Al as 

the cathode contact showed highest quantum efficiency compared to the other cathode 

contact in the wavelength range between 300 nm and 700 nm with EQE values over 55%. 

For rrP3HT:PC61BM with BCP/LiF/Al as cathode contact the maximum EQE values were 
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56.3%, 58.6% and 60.2% at 489 nm for bare PEDOT:PSS, PEDOT:PSS + AgNPs and 

PEDOT:PSS + AuNPs respectively. 

 

Figure 4.18. EQE spectra of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM BHJ solar cells with (a) bare 

PEDOT:PSS, (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs with different dual cathode buffer layers. 

In case of rrP3HT:PC71BM blend active layer system with same cathode 

contact the observed maximum EQE values for bare PEDOT:PSS, PEDOT:PSS + 

AgNPs and PEDOT:PSS + AuNPs were 64.2%, 64.47 % and 65.6% respectively at 

470 nm wavelength values. All the calculated Jsc value extracted from EQE spectra 

are also listed in Table 4.2. The estimated IQE spectra of all the devices are 

represented in Figure. 4.19. The observed wide (300 nm to 700 nm) and high IQE 

curves (70%) of all the fabricated devices reveal that the morphology of both the 
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blend polymer films deposited on the bare PEDOT:PSS and metal NPs blended 

PEDOT:PSS layers  

 

 

Figure 4.19. IQE spectra of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM BHJ solar cells with (a) bare 

PEDOT:PSS, (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs with different dual cathode buffer layers. 

are ideal for the highly efficient BHJ solar cell. These results are in very good agreement 

with the experimental IQE data where a systematic increment in quantum efficiency in 

presence of PEDOT:PSS + AgNPs and PEDOT:PSS + AuNPs compared to bare 

PEDOT:PSS system was observed. To support these experimental data we further 

recorded the Nyquist plots (Figure. 4.20) of all the fabricated plasmonic BHJ solar cell. 

Generally, from the diameter of the semicircle of Nyquist plot the shunt resistance of the 

fabricated devices under its test condition can be determined. Herein, we observed that 
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BCP/LiF/Al contact had the largest shunt resistance as compared with the other contact, 

except the device having configuration (18), due to the less FF and higher Jsc value 

compared to BPhen/LiF/Al due to the presence of AuNPs. 

 

Figure 4.20. Nyquist plots of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM BHJ solar cells with (a) bare 

PEDOT:PSS, (b) PEDOT:PSS + AgNPs and (c) PEDOT:PSS + AuNPs with different dual cathode buffer layers. 

In literature, different approaches are used to improve the efficiency of BHJ 

solar cells by incorporating different molecular modifications and device 

engineering. Modification of cathode contact by inserting functional buffer layer is 

one of the efficient approaches among them. Recently, it has also been reported 

that incorporation of metallic NP in various layers of the device architecture was an 

additional technique for improving the PCE of BHJ solar cell because of their 

strong interacting nature with solar photons. Especially, AuNPs and AgNPs have 

immense potential to be incorporated in the fabrication of BHJ solar cells since 

gold has less oxidation effect, whereas silver is cost effective compared to other 

metals. Table 4.4 provides a summary of recent data on P3HT:PCBM based bulk 

heterojunction solar cells having different device architecture modification in 

cathode buffer layers and incorporation of metallic NPs in various layer of BHJ 

solar cell for getting efficient device parformance.49-62  
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Table 4.4 Summary of recent literature data on P3HT:PCBM based BHJ cells using 

various cathode buffer layers and metal NPs. 

 

Device 
configuration with 
ITO/PEDOT:PSS / 

P3HT:PCBM / 

Effect of Device Modified in 
Improv
ed PCE 

(%) 
Reference 

BPhen/Al Buffer Layer Cathode Contact 3.26 
48 

 
BPhen:Liq/Al Buffer Layer Cathode Contact 3.58 

BPhen:Cs2CO3/Al Buffer Layer Cathode Contact 3.54 

Yb/BCP/Ag Buffer Layer Cathode Contact 4.09 
49 

BCP/Ag Buffer Layer Cathode Contact 3.66 

BCP/LiF/Al Buffer Layer Cathode Contact 3.2 
50 

BCP: Liq/Al Buffer Layer Cathode Contact 3.5 

BCP/Al Buffer Layer Cathode Contact 4.11 51 

BPhen/Al Buffer Layer Cathode Contact 3.32 

52 CsI/BPhen/Al Buffer Layer Cathode Contact 3.51 

CsCl/BPhen/Al Buffer Layer Cathode Contact 3.72 

BCP:Ag 
(30nm)/Ag 

Buffer Layer Cathode Contact 3.44 53 

LiF/Al Metal NPs AuNPs in PEDOT:PSS Layer 3.19 54 

Ca/Al Metal NPs AuNPs in PEDOT:PSS Layer 4.24 55 

Ca/Al Metal NPs AuNPs in PEDOT:PSS Layer 4.19 56 

Al Metal NPs AuNPs in Active Layer 3.71 57 

LiF/Al Metal NPs AuNPs modified ITO Layer 1.53 58 

LiF/Al Metal NPs 
AuNPs in PEDOT:PSS and 
Active Layer 

3.85 59 

Ca/Al Metal NPs Au-Ag alloy NPs in active layer 4.73 60 

Ca/Al Metal NPs 
Ag NPs and Ag Nanoprisms in 
active layer 

4.30 61 

Al Metal NPs AuNPs in Anodic Buffer Layer 2.45 62 
 

The dispersion of AuNPs and AgNPs in PEDOT:PSS layer is comparatively easy and 

straightforward. Since PEDOT:PSS can be dispersed in aqueous medium; therefore, the 

AuNPs and AgNPs synthesized by chemical reduction method can be easily mixed with 

PEDOT:PSS without any chemical functionalization. In this regard, without using a 

stabilizer, NaBH4 based AuNPs synthesized directly in PEDOT:PSS increases the PCE 

value up to 3.19% of P3HT:PCBM based solar cell with LiF/Al as cathode contact.52 It has 

been found that the size of the metal NPs can also strongly affect the efficiency of BHJ 

solar cell. AuNPs with 50 nm size doped in PEDOT:PSS layer increases the efficiency of 

P3HT:PCBM based solar cell from 3.57% to 4.24%.56  Again, the combination of Au-Ag 

alloy NPs in active layer further increases the PCE value of P3HT:PCBM based solar cell 

with Ca/Al as cathode contact up to 4.73%.61  Yet, to the best of our knowledge, the 

TH-2036_126153004



 

                                                                                  Chapter 4 

                                                                                                                                       77 
 

maximum PCE value of P3HT:PCBM solar cell reported with bare PEDOT:PSS and 

BCP/Al cathode contact is 4.11%.52  

In this study, we have successfully improved the PCE value of both the 

rrP3HT:PC61BM and rrP3HT:PC71BM based solar cells by the collective effect of the 

plasmonic metal NPs and the dual cathode buffer layer. Two different types of metal NPs, 

namely AgNPs and AuNPs are blended separately in the PEDOT:PSS hole transport layer. 

For the dual cathode buffer layer, we chose two different hole blocking layers, BPhen and 

BCP, along with LiF/Al conventional blocking layers. For both the blend polymer systems 

the observed PCE increases significantly in the presence of PEDOT:PSS + AuNPs and 

PEDOT:PSS + AgNPs with BCP/LiF/Al as the cathode contact because of better band 

alignment of the dual cathode buffer layers with the active layers and the superior surface 

plasmonic effect of the metallic NPs. We observed the best device performance in the 

presence of AuNPs because of its surface plasmon resonance at the visible region. The 

results demonstrated here successfully explain the role of metal NP modified PEDOT:PSS 

layers with different dual cathode buffer layers and their contribution to the overall device 

performance. Moreover, this study introduced a very easy and simple technique for the 

fabrication of highly efficient organic BHJ solar cell based on rrP3HT:PC61BM and 

rrP3HT:PC71BM with PCE close to 6 %, a value which can be further improved by 

engineering the device architecture and by using preferential additives.  

 

4.3 Conclusion 

 
In conclusion, the combined influence of different dual cathode buffer layers with two 

different metal NPs on the performance of rrP3HT:PC61BM and rrP3HT:PC71BM based 

bulk heterojunction solar cell was demonstrated. Both the metal NPs, i.e. AuNPs and 

AgNPs that were utilized for device fabrication were freshly synthesized by chemical 

reduction method with tri-sodium citrate as reducing and stabilizing agent. The 

significance of both the NPs contained PEDOT:PSS layer on the device performances were 

justified by their remarkable performances and these results were compared with 

conventional device architecture. It was established that the device comprising 

PEDOT:PSS + AuNPs with BCP/LiF/Al cathode contact showed the best device 

performance i.e. ɳ=5.65% with Jsc=16.1 mA/cm2, Voc=0.58 V and FF=61% for 

rrP3HT:PC71BM and ɳ=4.99% with Jsc=13.9 mA/cm2, Voc=0.59 V and FF= 62% for 

rrP3HT:PC61BM compared to the PEDOT:PSS + AgNPs and bare PEDOT:PSS device 

architecture containing the same dual cathode contact. This PEDOT:PSS + AuNPs with 

BCP/LiF/Al device architecture showed better results compared to all the other devices 
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reported here due to the simultaneous effect of AuNPs which improves the absorption 

length by scattering of incident solar photon and the BCP/LiF dual cathode buffer layer 

that can block more holes to minimize the charge recombination between the blend 

polymer-cathode contacts. Overall, in this study we could successfully demonstrate a very 

simple and easy fabrication technique to achieve highly efficient organic BHJ solar cells 

by combination the two effects simultaneously.   
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Chapter 5 
 

Collective Effect of Hybrid Metals Nanoparticles and Dual 

Cathode Buffer Layers on PCE of Organic BHJ Solar Cell 

 
 

The augmented universal demand of cost efficacious sustainable energy sources has 

inspired researchers and engineers in identical proportions to develop new methods to 

convert solar energy into electrical energy.1-5 Among them, the third generation Organic 

Photovoltaic (OPV) technology is one of the most promising one because of its capability 

to obtain a faster, economical and their compatibility with larger area and flexible 

substrates to assemble devices compared to the conventional first generation- silicon 

wafer and second generation-CdTe and CIGS based thin film solar cell technologies.6-9 

The Organic Bulk Heterojunction (BHJ) solar cell is one of the third-generation solar cells 

having its simplest device architecture with a blend active layer of two kinds of organic 

material, one is electron donator and the other electron acceptor. However, because of the 

low carrier mobility of organic semiconductors, the Power Conversion Efficiency (PCE) of 

BHJ organic solar cells are not yet high enough for commercialization. Therefore, efforts 

to develop the PCE of BHJ organic solar cells has become one of the most interesting 

research topics at the present time due to their promising application as a replacement of 

their inorganic counter parts in future.10-15  
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The efficiency of BHJ solar cell are mainly influence by two parameters, viz., (1) 

the light absorption capability of the blend active materials, and (2) the dissociated charge 

collection ability of the contact electrodes. There are several methods already reported in 

the literature to overcome these factors.16-25 Since the organic active materials have very 

low carrier mobility and the photo generated excitons have shorter lifetime, the thickness 

of the active layer blends are restricted to a few nanometre range, which further reduces 

the absorption path length. Again, on increasing the thickness, the dissociated charges 

start to recombine inside the active layer itself and only a few are able to reach at the 

electrodes, which further decreases the PCE value.26-29 For improving the point (1), 

trapping of light by the inducing plasmonic metal nanoparticles (NPs) in the various 

layers of BHJ solar cells was found to be useful for better photo absorption in organic 

BHJ solar cells. Al, Ag, Au and Cu are some standard metal nanoparticles generally used 

in organic solar cell applications as they are able to show strong localized surface plasmon 

resonances (LSPRs) property near UV, visible and near infrared (NIR) wavelength regions 

by interacting with incident sunlight. Specifically, Al and Ag lead to SPR in the UV region 

while Au and Cu show in the visible spectrum. Surface plasmon is the physical 

phenomenon where bound excitation is generated on noble metal surface when incident 

photon interacted with the free conduction electrons of the metal surface. After excitation, 

surface plasmon decay either by radiatively or non-radiatively, follow-on absorption or 

scattering of light respectively, as result of which internal absorption path length 

increases.30-33 

On the contrary, in order to improve the point (2), the contact interfacial layer 

plays very important role for improving the efficiency of BHJ solar cells by modulating the 

electrode work function and thereby increasing the selectivity towards the particular 

carrier.34,35 The coalescence of a definite interfacial layer with cathode aims to increment 

the short circuit current density (Jsc) and open circuit voltage (Voc), by transmuting the 

built-in-potential engendered by the electrodes work function difference. This 

modification support the charge carriers to move easily towards their respective contacts 

and as a result of which efficiency increases.36,37 Further, by combining these two 

phenomenon, namely, the plasmon induced metallic nanoparticle effect and the effect of 

cathode interfacial layer, the efficiency of organic BHJ solar cells can be modified. 

In this study, the collective effect of plasmon induced hybrid metal nanoparticles 

(NPs) and the dual cathode interfacial layers on improving the power conversion 

efficiency of regioregular P3HT-PCBM based Bulk Hetero Junction solar cell are 

systematically demonstrated. Initially, two different types of plasmonic NPs, viz. citrate 

stabilized gold (Au) and silver (Ag) were separately synthesized and then physically 
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blended together with three different volume ratio [AuNPs + AgNPs (25:75), AuNPs + 

AgNPs (50:50) and AuNPs + AgNPs (75:25)]. These three blended nanoparticle solutions 

were then mixed with hole injecting layer (HIL) PEDOT:PSS and their collective effect 

was systematically observed with cathode electrode modified by different interfacial 

organic materials with rrP3HT:PC61BM and rrP3HT:PC71BM as the blend active system 

respectively. Two different hole blocking organic materials namely, BPhen and BCP, along 

with LiF/Al were chosen together as modified cathode contact. For both the blend active 

layers, it was observed that the efficiency of BHJ solar cell increases notably in presence 

of PEDOT:PSS + AuNPS:AgNPs (25:75) HIL layer with BCP/LiF/Al as the cathode 

electrode compared to other combination because of the energy level alignment of 

BCP/LiF/Al with the active blends and excellent SPR of the AuNPs:AgNPs (25:75) at the 

UV-visible region compared to AuNPs:AgNPs (50:50) and AuNPs:AgNPs (75:25).  

 

5.1 Experiments 

 

5.1.1 Materials 
 

In this chapter, for the synthesis of Au and Ag nanoparticles, Gold (III) chloride 

trihydrate (HAuCl4·3H2O) (Mw 393.83 g/mol, Sigma Aldrich, India), Silver nitrate 

(AgNO3) (Mw 169.87 g/mol, Sigma Aldrich, India) and tri-sodium citrate 2-hydrate 

(Merck Specialties Pvt Ltd) were used without any further purification. For the solar cells 

fabrication, Indium tin oxide (ITO) substrate (RSheet15Ω/sq., Sigma Aldrich, India), Poly 

(3, 4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS, Sigma Aldrich, 

India), [6, 6]-Phenyl C61 butyric acid methyl ester (PC61BM) (Mw 910.88 g/mol, Sigma 

Aldrich, India), were purchased and used as received. For cathode, Aluminium wire 

(99.999% purity) and the cathode interfacial layers, namely, Bathocuproine (BCP) (Mw 

360.45 g/mol, Sigma Aldrich, India), Bathophenanthroline (BPhen) (Mw332.40 g/mol, 

Sigma Aldrich, India) and Lithium Fluoride (LiF, Sigma Aldrich, India) are also used as 

received. [6, 6]-Phenyl C71 butyric acid methyl ester (PC71BM) (Mw 1030.93 g/mol, 99.5% 

pure) was purchased from Luminescence Technology Corp., Taiwan and used as received. 

The donor polymer, regioregular poly (3-hexylthiophene-2, 5-diyl) (rrP3HT) (Mw83 

kg/mol) was used as received from Sycon Polymers India Private Limited. 
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5.1.2 Characterization Details 

 

The synthesized bare and blended metal NPs with different ratios were 

characterized by Jaz UV-Vis spectrophotometer and Tecnai G2 F20 S-twin JEOL 2100 

transmission electron microscope respectively to determine the absorbance and the size 

of the NPs. Laurell spin coaters were used for the deposition of metal NPs doped 

PEDOT:PSS in ambient condition and the rrP3HT: PCBM active layer blends were coated 

upon NPs doped PEDOT:PSS layer using Spin 150 spin coaters inside the glove box. The 

thicknesses of all the layers of the fabricated BHJ devices were measured by using Veeco 

Dektak 150 Surface Profilometer. All the photovoltaics properties namely, J-V 

characteristics, external quantum efficiency (EQE) and impedance spectroscopy of the 

fabricated devices were measured by Newport Oriel Sol 3A solar simulator, Oriel IQE-200 

instrument and CH 680 Instrument respectively connecting with Keithley-2400 digital 

source meter.  

 
5.1.3 Device Fabrication 
 

 

Figure 5.1. UV-Vis absorption study of (a) the synthesized Au and Ag Nanoparticles and (b) blended AuNPs: 

AgNPs at three different blend ratios. 

 

The plasmonic AuNPs and AgNPs were synthesized by simple chemical reduction 

method in double distilled water using tri-sodium citrate 2-hydrate as the reducing and 

stabilizing agent. For AuNPs synthesis, 50 mL of 10 mM HAuCl4 was heated up to boiling 

with continuous stirring using a hot plate containing controlled magnetic stirrer. When 

the solution boiled and the temperature reached up to 100°C, 1.5% tri-sodium citrate 2-

hydrate was rapidly added to the solution with simultaneous stirring. Due to the 

reduction mechanism, the colour of the solution changes slowly from transparent light 

yellow to characteristic wine red, which signifies the formation of very smaller sized 
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AuNPs. Similar procedure was followed for the synthesis of AgNPs. In this case, 50 mL of 

1 mM AgNO3 was heated up to its boiling point and when the solution boiled, 5 mL of 1% 

tri-sodium citrate 2-hydrate was added drop wise to it with vigorous stirring. The solution 

was mixed vigorously until it changed to the characteristic yellowish brown. Both the 

solutions, after the formation of the nanoparticles were removed from the hot plate and 

stirred until the temperature reached room temperature. The NPs were then 

characterized by UV-visible spectrophotometer, FESEM and TEM analysis to determine 

the characteristics absorption peaks and the size of the particles. The observed UV-Vis 

plasmonic peaks of AuNPs and AgNPs were observed at 518 nm and 424 nm (Figure. 5.1a) 

and their corresponding average sizes were observed as 10 nm for AuNPs and 20 nm 

for respectively (shown as Figure. 4.3 and Figure 4.4 in Chapter 4).  

 

Figure 5.2. TEM images of blended AuNPs: AgNPs at three different blend ratios. 

 

For the fabrication of plasmonic BHJ solar cell, initially three different blend 

solutions of metal nanoparticles were prepared from the above mentioned bare 

nanoparticles solutions namely, (A) AuNPs:AgNPs (25:75) vol %, (B) AuNPs:AgNPs 

(50:50) vol % and (C) AuNPs:AgNPs (75:25) vol % which were again characterized by UV-

Vis spectrophotometer and TEM analysis (Figure. 5.1b and Figure. 5.2) to further 

determine the characteristic absorption peaks and the average size/shape of the particles. 

From UV-Vis absorption spectra it was observed that both the characteristic peaks of 

AuNPs and AgNPs were present in the same positions after the physical blending which 

signified no deformation occurring in the average size or shape of the nanoparticles 

(Figure.5.1b). These results were supported by TEM analyses which are shown in Figure. 

5.2. The blend solutions of the metal NPs were then mixed with PEDOT:PSS hole 

injecting layer (HIL) with a doping concentration of 20% (v/v). The doping concentration 

of the blended metal nanoparticles into the PEDOT:PSS layer were standardized prior to 

the BHJ device fabrication by measuring the thin film resistivity of the doped PEDOT:PSS 
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layer. It was observed that the thin film resistivity value of the NPs modified PEDOT:PSS 

layers for 20% (v/v) was lesser compared to the other doping concentration (Figure. 5.3).  

 

Figure. 5.3. Graphical representation of resistive device of PEDOT:PSS layer at different concentration of (a) 

AuNPs: AgNPs (25:75), (b) AuNPs: AgNPs (50:50) and (c) AuNPs: AgNPs (75:25).  

 

Figure 5.4. Schematic of the fabricated plasmonic bulk hetero junction solar cell. 

 

Following this, the new HILs, were spun on the pre-cleaned, UV-ozone modified ITO 

substrate (40 nm) and annealed at 120 °C for 30 minutes in globe box. Since the average 

size of these blended NPs is very small (˂ 25 nm) compared to the thickness of HIL, hence 

it does not create any significant change in the morphology of the HIL film. The rest of the 

BHJ cell fabrication processes are similar to previously reported literature.38 The layer-

by-layer schematic of the fabricated plasmonic BHJ cells with regioregular P3HT:PCBM 

(blend active layer) dual cathode interfacial layer is shown in Figure. 5.4.  

 
 

5.2 Results and Discussion 

 

5.2.1 Photovoltaic Characterizations 
 

The schematic of the mechanism involved in the fabricated plasmonic solar cell 

containing three different hybrid NPs doped hole injecting layers and dual cathode 
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interfacial layers are represented in Figure. 5.5. In this case, two different phenomenon, 

i.e., (1) the plasmonic effect of the hybridizes metal NPs and (2) the influence of dual 

cathode interfacial layers, simultaneously act together and help to improve the 

photovoltaic properties of the fabricated BHJ cells. Two different blend active polymers 

viz., (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM along with three different hybridized 

NPs doped HIL namely, (a) PEDOT:PSS + AuNPS:AgNPs (25:75), (b) PEDOT:PSS+ 

AuNPS:AgNPs (50:50) and (c) PEDOT:PSS+ AuNPs:AgNPs (75:25) were used in this 

study. The LiF/Al was chosen as conventional cathode contact whereas BPhen and BCP 

were considered as two different cathode interfacial layers. It was observed that the 

doping ratio of the two metal NPs in the hole injecting layer have significant effect on the 

photovoltaic performance of the fabricated plasmonic BHJ solar cell. As the concentration 

of AgNPs increases in the HIL, the efficiency of all the devices also increases irrespective 

to the cathode contact. For the HIL (a) PEDOT:PSS + AuNPs:AgNPs (25:75), better device 

property was observed for all the devices due to the highest absorption capacity of 

AuNPs:AgNPs (25:75) compared to AuNPs:AgNPs (50:50) and AuNPs:AgNPs (75:25) as 

shown in Figure. 5.1a. Again the effect of both the dual cathode interfacial layers along 

with the three NPs modified HILs were nearly identical and it showed significant 

enhancement in the photovoltaic parameters of the BHJ devices compared to 

conventional LiF/Al cathode contact. Further, due to the better band energy alignment of 

BCP/LiF/Al with the active layers compared to BPhen/LiF/Al, BCP/LiF/Al shows better 

device characteristics compared to BPhen/LiF/Al.  

Additionally, the surface roughness of BPhen (σr.m.s.~11.47 nm for rrP3HT:PC61BM 

and ~14.88 nm for rrP3HT:PC71BM) upon the rrP3HT:PCBM active layer is higher 

compared to BCP (σr.m.s.~9.76 nm for rrP3HT: PC61BM and ~9.45 nm for rrP3HT:PC71BM) 

(shown as Figure. 4.16 in Chapter 4) and it has been already mentioned in various reports 

that, in case of organic solar cells, the flow of charges from blend active layer to the 

cathode contact is resisted by the surface roughness of cathode interfacial layer, as a result 

of which efficiency decreases. 

Figure. 5.5a, Figure. 5.5b and Figure. 5.5c presented schematically the mechanism 

involved in the collective effect of dual cathode interfacial layer with (a) PEDOT:PSS + 

AuNPs:AgNPs (25:75), (b) PEDOT:PSS + AuNPs:AgNPs (50:50) and (c) PEDOT:PSS + 

AuNPs:AgNPs (75:25) respectively. Each of the configurations of the fabricated devices 

were listed in Table 5.1. In this study, we have fabricated total eighteen different device 

configurations in which the thickness of the HIL (40 nm) and the blend polymer (110 

nm) layers were kept similar for all configurations. The thickness of BPhen and BCP were 

TH-2036_126153004



 

Chapter 5 

92 
 

kept 6 nm upon which LiF (1 nm)/Al (100 nm), was deposited. The current density-

voltage (J-V) characteristics of all the plasmonic BHJ solar cells are shown in Figure. 5.6. 

 

Figure 5.5. Schematic of the mechanism involved with collective effect of hybrid metal NPs and dual cathode 

interfacial layers on P3HT:PCBM based BHJ solar cell with (a) PEDOT:PSS + AuNPs: AgNPs (25:75), (b) 

PEDOT:PSS + AuNPs: AgNPs (50:50)and (c) PEDOT:PSS + AuNPs: AgNPs (75:25) in presence of  (i) 

BPhen/LiF/Al and (ii) BCP/LiF/Al respectively. 

With conventional cathode contact (Figure. 5.6 i-a and Figure. 5.6 ii-a), it was 

observed that with the variation of doping ratio of hybridized NPs, the PCE (ɳ) value can 

be improved for both the blend polymer systems. For the device having configuration (1) 

it has been observed that the maximum ɳ=4.03% with Jsc=12.87 mA/cm2, Voc=0.54 V and 

FF= 58% for rrP3HT:PC61BM blend polymer, on the other hand, the maximum ɳ for the 

device having configuration (10) with rrP3HT:PC71BM, was obtained to be 4.89% with 

Jsc=16.19 mA/cm2, Voc=0.54 V and FF= 56%. A similar characteristic was also noticed 

when LiF/Al was replaced with BPhen/LiF/Al and BCP/LiF/Al. 

Moreover, in the presence of these second cathode interfacial layer and HIL-(a) 

PEDOT:PSS + AuNPs:AgNPs (25:75) better device performance were observed compared 

to the HIL-(b) PEDOT:PSS + AuNPs:AgNPs (50:50) and HIL-(c) PEDOT:PSS + 

AuNPs:AgNPs (75:25) because of the higher surface plasmon effect of the AuNPs:AgNPs 

(25:75) which enhances the absorption length, scattering and trapping of the incident 

photon when it travels through the modified HIL (Figure. 5.5b and Figure. 5.5c). Further 

due to the better band alignment, a reason which is already mention above, BCP/LiF/Al 

along with HIL-(a) PEDOT:PSS + AuNPs: AgNPs (25:75) displayed better device 
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performance compared to BPhen/LiF/Al for both the blend active layers. Also the 

selectivity of BCP towards electrons is very high as it has wide band gap (Eg 3.5 eV) and  

Table 5.1. Fabricated BHJ device configurations with hybrid metal NPs and dual cathode 

interfacial layer. 

Blend 
active 
layer 

Cathode 
Interfacial 

layer 
(CIL) 

PEDOT:PSS 
+AuNPs + 

AgNPs 

Device Configuration 

(i) 
rrP3HT:
PC61BM 

(A)LiF/Al 

(a) (25:75) (1) ITO / HIL(a) / Blend Active Layer (i) / CIL (A) 

(b) (50:50) (2) ITO / HIL(b) / Blend Active Layer (i) / CIL (A) 

(c) (75:25) (3) ITO / HIL(c) / Blend Active Layer (i) / CIL (A) 

(B)BPhen
/LiF/Al 

(a) (25:75) (4) ITO / HIL(a) / Blend Active Layer (i) / CIL (B) 

(b) (50:50) (5) ITO / HIL(b) / Blend Active Layer (i) / CIL (B) 

(c) (75:25) (6) ITO / HIL(c) / Blend Active Layer (i) / CIL (B) 

(C)BCP/ 
LiF/Al 

(a) (25:75) (7) ITO / HIL(a) / Blend Active Layer (i) / CIL (C) 

(b) (50:50) (8) ITO / HIL(b) / Blend Active Layer (i) / CIL (C) 

(c) (75:25) (9) ITO / HIL(c) / Blend Active Layer (i) / CIL (C) 

(ii) 
rrP3HT:
PC71BM 

(A)LiF/Al 

(a) (25:75) (10) ITO / HIL(a) / Blend Active Layer (ii) / CIL (A) 

(b) (50:50) (11) ITO / HIL(b) / Blend Active Layer (ii) / CIL (A) 

(c) (75:25) (12) ITO / HIL(c) / Blend Active Layer (ii) / CIL (A) 

(B)BPhen
/LiF/Al 

(a) (25:75) (13) ITO / HIL(a) / Blend Active Layer (ii) / CIL (B) 

(b) (50:50) (14) ITO / HIL(b) / Blend Active Layer (ii) / CIL (B) 

(c) (75:25) (15) ITO / HIL(c) / Blend Active Layer (ii) / CIL (B) 

(C)BCP/ 
LiF/Al 

(a) (25:75) (16) ITO / HIL(a) / Blend Active Layer (ii) / CIL (C) 

(b) (50:50) (17) ITO / HIL(b) / Blend Active Layer (ii) / CIL (C) 

(c) (75:25) (18) ITO / HIL(c) / Blend Active Layer (ii) / CIL (C) 

 

deeper HOMO level ( -7 eV) due to which it can block holes and minimize the 

recombination of charge between the cathode contacts-blend active layer (Figure. 

5.5a). For the devices with configurations (4) and (13), the maximum efficiency was 

observed as ɳ=4.94% with Jsc=15.21 mA/cm2, Voc=0.56 V, FF=58% for 

rrP3HT:PC61BM and ɳ=5.60% with Jsc=16.38 mA/cm2, Voc=0.57 V and FF= 60% 

for rrP3HT:PC71BM [Fig. 5 i-b and ii-b] respectively. Further, from the Figure. 5.6 
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i-c and Figure 5.6 ii-c, it was observed that the devices with configuration (7) and 

(16), showed the maximum ɳ=5.31% with Jsc=14.77 mA/cm2, Voc=0.58 V and FF= 

62% for rrP3HT:PC61BM and maximum ɳ=5.71% with Jsc=16.98 mA/cm2, Voc=0.58 

V and FF= 58% for rrP3HT:PC71BM respectively. 

 

Figure 5.6. J-V characteristics of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM BHJ solar cells with different 

doping concentration of AuNPs: AgNPs and different (a) LiF/Al, (b) BPhen/LiF/Al and (c) BCP/LiF/Al 

cathode interfacial layer. 

For the devices with configurations (4) and (13), the maximum efficiency 

was observed as ɳ=4.94% with Jsc=15.21 mA/cm2, Voc=0.56 V, FF=58% for 

rrP3HT:PC61BM and ɳ=5.60% with Jsc=16.38 mA/cm2, Voc=0.57 V and FF= 60% 

for rrP3HT:PC71BM [Fig. 5 i-b and ii-b] respectively. Further, from the Figure. 5.6 

i-c and Figure 5.6 ii-c, it was observed that the devices with configuration (7) and 

(16), showed the maximum ɳ=5.31% with Jsc=14.77mA/cm2, Voc=0.58 V and 

FF=62% for rrP3HT:PC61BM and maximum ɳ=5.71% with Jsc=16.98 mA/cm2, 

Voc=0.58 V and FF= 58% for rrP3HT:PC71BM respectively. The device parameters 

obtained from all the fabricated devices with different configurations, mentioned in Table 

5.1, are summarized in Table 5.2. For reference analysis, the devices having bare 

PEDOT:PSS, PEDOT:PSS + AgNPs and PEDOT:PSS + AuNPs  HIL were also 

fabricated along with conventional and dual cathode interfacial layer. In the first 

step, with bare PEDOT:PSS and dual cathode interfacial layers the efficiency of 

rrP3HT:PC61BM increased from 3.30% (LiF/Al) to 4.68% (BCP/LiF/Al) and for 

rrP3HT:PC71BM, 4.04% (LiF/Al) to 4.96% (BCP/LiF/Al) respectively. In the second 
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step similar effect was observed with single NPs doped PEDOT:PSS hole injecting 

layer. Using the combined effect of PEDOT:PSS + AgNPs and dual cathode 

interfacial layers, the PCE increased from 3.45% (LiF/Al) to 4.94% (BCP/LiF/Al) 

for rrP3HT:PC61BM and 4.05% (LiF/Al) to 5.29% (BCP/LiF/Al) for 

rrP3HT:PC71BM active layers. Similarly, with PEDOT:PSS + AuNPs, the PCE value 

further increased from 3.96% (LiF/Al) to 4.99% (BCP/LiF/Al) for rrP3HT:PC61BM and 

4.66% (LiF/Al) to 5.65% (BCP/LiF/Al) for rrP3HT:PC71BM (shown as Figure. 3.3 in 

Chapter 3).  

 

Figure 5.7. External quantum efficiency (EQE) spectre (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM BHJ 

solar cells with different doping concentration of AuNPs: AgNPs and different (a) LiF/Al, (b) BPhen/LiF/Al 

and (c) BCP/LiF/Al cathode interfacial layer. 

Due to the better internal absorbance and scattering properties, the photovoltaic 

properties of the devices with PEDOT:PSS+ AuNPs were observed higher compared to 

PEDOT:PSS+ AgNPs as AuNPs has SPR in visible region (518 nm) and AgNPs has the 

same near the UV region (424 nm). Finally to further improve the internal 

absorbance and scattering phenomena, both the metal nanoparticles were 

incorporated in the PEDOT:PSS layer together in different doping ratio to observe 

that with HIL-(a) PEDOT:PSS + AuNPs:AgNPs (25:75) and BCP/LiF/Al the PCE value 

can be further improved and finally it can be increased from 4.03% (LiF/Al) to 5.31% 

(BCP/LiF/Al) for rrP3HT:PC61BM and 4.89% (LiF/Al) to 5.71% (BCP/LiF/Al) for 

rrP3HT:PC71BM. No significant changes were observed in presence of the three metal NP 

doped HIL in the dark J-V characteristics of all the fabricated devices. 
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Figure 5.8. Nyquist plots of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM BHJ solar cells with different 

doping concentration of AuNPs: AgNPs and different (a) LiF/Al, (b) BPhen/LiF/Al and (c) BCP/LiF/Al 

cathode buffer layer. 

The EQE spectra and Nyquist plots of all the devices are represented in Figure. 5.7 

and Figure. 5.8 respectively. The EQE measurements were carried out outside the glove 

box in ambient atmosphere. From EQE spectra it was noticed that the devices containing 

BCP as second cathode interfacial layer showed highest quantum efficiency than the other 

cathode contact in between 300-700 nm wavelength range, with EQE values over ≥ 55% 

for rrP3HT:PC61BM and ≥ 65% for rrP3HT:PC71BM for all the metal NPs contained HIL. 

The Jsc value obtained from EQE spectra are also listed in Table 5.2.  

To further understand the electron injection in detail, the Nyquist plots was 

recorded. Generally, the shunt resistance of the device can be estimated from the 

diameter of the semicircle under its test conditions. It has been observed that the devices 

with BCP/LiF/Al contact has the largest shunt resistance (shown in Table 5.2) as 

compared with other device configurations. This observation suggested that due to the 

high selectivity towards electron of BCP and its high hole blocking capacity, minimize the 

charge recombination between the blend polymer-cathode contacts. This led to the 

improvement in the current density and overall photovoltaic performance.  Among all the 

device architectures, the configuration (15), with BPhen/LiF/Al contact, showed higher 

shunt resistance due to its higher FF and lesser Jsc values.  

Different approaches are practiced in literature to amend the performance of BHJ 

solar cells like, various molecular designing and device structure modifications. The 

TH-2036_126153004



 

Chapter 5 

97 
 

modification in cathode contact by inserting functional buffer layer34-44 and in the hole 

injecting layer with plasmonic metal NPs are one of the efficient approaches among 

them.45-55 The blending of metal NPs in PEDOT:PSS layer is relatively facile and easiest 

approach. As PEDOT:PSS is soluble in water medium and also the gold and silver NPs can 

be synthesized through chemical reduction method, these NPs can easily be co-mixed 

with PEDOT:PSS without further functionalization. Regarding this point, it was observed 

that incorporation of NaBH4 contained AuNPs in PEDOT:PSS can improve the efficiency 

of P3HT:PCBM  based solar cell up to 3.19% with LiF/Al contact.43  

Table 5.2 Summary of Photovoltaic performance of all the fabricated plasmonic BHJ 

solar cell. 

Device 

Configur

ation 

Jsc,max (#Jsc,avg) 

(mA.cm-2) 

Jsc,EQE 

(mA. 

cm-2) 

Rs 

(.cm-2) 

Rsh 

(.cm-2) 

Voc,max  

(#Voc,avg) 

(V) 

FFmax 

(#FF,avg) 

(%) 

PCE,max 

(#avg) 

(%) 

(1) 
12.87 

(11.980.72) 
6.57 134 6357 

0.54 

(0.530.01) 

58 

(5701) 

4.03(3.750

.21) 

(2) 
12.41 

(11.690.85) 
6.07 137 5649 

0.54 

(0.530.02) 

56 

(5502) 

3.75 

(3.540.28) 

(3) 
11.56 

(10.710.89) 
5.66 141 3509 

0.54 

(0.530.02) 

58 

(5701) 

3.62 

(3.350.27) 

(4) 
15.21 

(14.380.83) 
6.67 133 7468 

0.56 

(0.550.01) 

58 

(5702) 

4.94 

(4.680.26) 

(5) 
14.68 

(13.431.25) 
6.35 145 5797 

0.56 

(0.550.01) 

56 

(5502) 

4.60 

(4.210.39) 

(6) 
14.65 

(13.391.26) 
6.11 153 4504 

0.56 

(0.550.02) 

55 

(5401) 

4.51 

(4.130.38) 

(7) 
14.77 

(13.890.67) 
7.81 127 12097 

0.58 

(0.570.01) 

62 

(6001) 

5.31 

(4.990.29) 

(8) 
14.32 

(13.650.88) 
7.54 128 11503 

0.58 

(0.550.02) 

61 

(5901) 

5.07 

(4.130.94) 

(9) 
15.26 

(13.491.77) 
6.85 135 7880 

0.58 

(0.560.03) 

57 

(5602) 

4.71 

(4.460.32) 

(10) 
16.19 

(15.320.75) 
9.05 130 7089 

0.54 

(0.530.01) 

56 

(5502) 

4.89 

(4.630.22) 

(11) 
15.72 

(14.970.84) 
8.89 134 4557 

0.54 

(0.530.02) 

56 

(5501) 

4.75 

(4.530.26) 

(12) 
14.67 

(13.830.87) 
8.65 136 3776 

0.54 

(0.530.02) 

57 

(5601) 

4.52 

(4.260.25) 

(13) 
16.38 

(15.660.48) 
8.91 123 6442 

0.57 

(0.560.01) 

60 

(5901) 

5.60 

(5.360.17) 

(14) 
14.29 

(13.810.72) 
8.58 127 11142 

0.57 

(0.560.01) 

61 

(5902) 

4.97 

(4.800.24) 

(15) 
13.37(12.84 

0.60) 
8.28 135 12588 

0.57 

(0.560.02) 

62 

(5902) 

4.73 

(4.540.19) 

(16) 
16.98 

(15.930.94) 
9.12 117 5561 

0.58 

(0.570.01) 

58 

(5701) 

5.71 

(5.360.28) 

(17) 
15.82 

(14.981.05) 
8.74 125 4545 

0.57 

(0.560.02) 

58 

(5702) 

5.23 

(4.950.35) 

(18) 
15.61 

(14.541.07) 
8.49 136 4395 

0.57 

(0.560.02) 

56 

(5501) 

4.98 

(4.640.33) 

# Average value of ten different devices. 

TH-2036_126153004



 

Chapter 5 

98 
 

Also additionally, it has been found that the efficiency of BHJ solar cell is vigorously 

affected by the size of the metal NPs. 50 nm sized AuNPs contained PEDOT:PSS layer can 

improve the efficiency of the same blend polymer system from 3.57% to 4.24%.44 Further, 

the amalgamation of Au-Ag alloy NPs in active layer improved the PCE up to 4.73% with 

Ca/Al as cathode contact.49 

In this study, we have successfully amended the PCE value for both the bend active layers 

through the collective effect of plasmon induced hybrid metal NPs and the dual cathode 

interfacial layers. Initially, two variants of citrate stabilized gold and silver NPs were 

discretely synthesized and then physically blended together with three different volume 

ratios [AuNPs + AgNPs (25:75), AuNPs + AgNPs (50:50) and AuNPs + AgNPs (75:25)]. 

These three coalesced NPs solution are then co-mixed together in the PEDOT:PSS hole 

injecting layer to compose three new NPs doped hole injecting layers for the application of 

organic BHJ solar cell. The plasmonic metal nanoparticles were incorporated in the 

PEDOT:PSS layer to improve photo current of the fabricated BHJ solar cell by increasing 

optical absorption and scattering in both the UV and visible wavelength range inside the 

devices. For dual cathode interfacial layer, two organic small molecules, BPhen and BCP 

were used along with LiF/Al cathode contact to improve the charge collection. For both 

the active layers systems the efficiency enhances significantly with PEDOT:PSS + 

AuNPS:AgNPs (25:75) as HIL and BCP/LiF/Al as cathode contact. Moreover, this study 

introduced a profoundly facile and very easy technique for high performance 

rrP3HT:PC61BM and rrP3HT:PC71BM based organic BHJ solar cell with PCE 6 %, a value 

which can be further ameliorated by engineering the contrivance architecture and by 

utilizing preferential additives.  

 

5.3 Conclusion 

 
In conclusion, the cooperative effect of plasmon induced hybrid metal NPs and the dual 

cathode interfacial layers on rrP3HT:PC61BM and rrP3HT:PC71BM based bulk 

heterojunction solar cell performance was systematically discussed. Both the citrate 

stabilized metal NPs were first blended together in three different volume ratio, viz., 

[AuNPs + AgNPs (25:75), AuNPs + AgNPs (50:50) and AuNPs + AgNPs (75:25)] and then 

with PEDOT:PSS hole injecting layer. The importance and effect of NPs modified HIL on 

the device parameters are systematically validated and were compared with each other. It 

has been found that the PCE increases considerably for both the active blend systems, in 

presence of PEDOT:PSS + AuNPs:AgNPs (25:75) with BCP/LiF/Al as the modified 

cathode electrode, because of the better energy level matching of BCP/LiF/Al with the 
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active blend and the excellent surface plasmon property of the AuNPs:AgNPs (25:75) in 

the UV-visible region compared to AuNPs:AgNPs (50:50) and AuNPs:AgNPs (75:25). The 

device with ITO/PEDOT:PSS + AuNPs:AgNPs (25:75)/rrP3HT:PC71BM/BCP/LiF/Al 

configuration showed PCE, ɳ= 5.71% with Jsc= 16.98 mA/cm2, Voc= 0.58 V and FF=58%, 

whereas, for ITO/PEDOT:PSS + AuNPs:AgNPs (25:75)/rrP3HT:PC61BM/ BCP/LiF/Al, 

the device parameters were observed as PCE, ɳ= 5.31% with Jsc=14.77 mA/cm2, Voc= 0.58 

V and FF= 62%. These results conclusively explain a very easy method in which the 

cooperative effect of plasmonic hybrid metals nanoparticles and dual cathode Interfacial 

layers outstandingly enrich the PCE and on the overall performance of P3HT-PCBM 

based BHJ solar cells. 
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Chapter 6 
 

Influence of Different Shaped Plasmonic AuNPs and Double 

Cathode Interfacial Layers on PCE of Organic BHJ Solar Cell 

 
 

Over the last two decades, a magnetizing interest can be observed for rectifying the 

performance of third generation- organic bulk hetero junction (BHJ) solar cell because of 

its capability to obtain more expeditious, lightweight, economical contrivances compared 

to the conventional first generation silicon wafer and second generation-CdTe, and CIGS 

predicated thin film solar cell technologies. However, their conversion efficiency is still 

not commensurable to their silicon counterparts. The efficiency of organic BHJ solar cell 

essentially depends upon two factors- (1) the photo-absorption capacity of the blend 

active materials, and (2) the photo-generated charge collection ability of the contacts 

material.  

There are already several approaches mentioned in the literature to improve the 

photovoltaic properties by reducing these problems. For improving the point (1), the most 

commonly used techniques are the inclusion of periodic nanostructures, diffraction 

gratings, plasmonic excitation using metallic nanoparticles (NPs) and a combination of 

gratings and metallic nanoparticles.1-4 Trapping of light by the inducing plasmonic metal 

NPs in the various layers of BHJ solar cell was found to be useful for better photo 
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absorption in organic BHJ solar cells.5-8 A surface plasmon is a phenomenon where bound 

excitation is generated on noble metal surface when incident photon interacted with the 

free conduction electrons of the metal surface. After excitation, surface plasmon decay 

either by radiatively or non-radiatively, follow-on absorption or scattering of light 

respectively, as result of which internal absorption path length increases. Additionally, 

metallic nanoparticles also affect the exciton generation rate, dissociation and extraction 

of photo-generated charges inside the organic BHJ solar cell. One of the main advantage 

metallic nanoparticles is that it does not compromise the structure of the BHJ solar cell 

since they can be easily mixed up in any one layers of the device. Further it has been 

found that different shapes and sizes of the metallic nanoparticles also has great influence 

on the improving the power conversion efficiency of BHJ solar cell as the plasmonic 

property of any metallic NPs directly depends on its dimensionality. Further, in order to 

impromise point (2), the interfacial layers of the contact materials also show very 

important significance for increasing the efficiency of BHJ solar cell by modifying the 

contact work function and thereby improving the particular charge carrier selectivity.9-16  

This study try to demonstrate the combined influence of different shaped 

plasmonic gold nanoparticles (AuNPs) and the double cathode interfacial layer on 

improving the power conversion efficiency (PCE) of rrP3HT:PCBM based Bulk Hetero 

Junction (BHJ) solar cell. Two different blend polymers, namely, rrP3HT:PC61BM and 

rrP3HT:PC71BM along with BPhen and BCP as the buffer layers of the convensional 

LiF/Al cathode contact were used here in order to demostrate the effects. Initially, four 

different types AuNPs, viz. CTAB capped gold nanorod (AuNRs), gold nanosphere 

(AuNSs), gold nano-oval (AuNOs) and gold nano branch (AuNBs)  were synthesized 

separately and then blend with PEDOT:PSS hole transport layer to form four newly doped 

hole injecting layers and their effect on improving the power conversion efficiency (PCE) 

of rrP3HT:PCBM based BHJ solar cell was systamatically analysed. It has been found that 

for both the blend systems the PCE increases appreciably in presence of PEDOT:PSS + 

AuNRs with BCP/LiF/Al as the cathode contact compared to others because the superior 

surface plasmon resonance of the AuNRs at the UV-visible spectrum compared to AuNSs, 

AuNOs and AuNBs and the better band alignment of BCP/LiF/Al with the active layers. 

and The device with ITO/ PEDOT:PSS + AuNRs/rrP3HT:PC71BM/BCP/LiF/Al 

configuration showed the highest  PCE, ɳ= 5.83 % with Jsc= 15.80 mA/cm2, Voc= 0.58 V 

and FF=63%, whereas, for ITO/ PEDOT:PSS + AuNRs/rrP3HT:PC61BM/BCP/LiF/Al, the 

device parameters were observed as PCE, ɳ= 5.44 % with Jsc=17.40 mA/cm2, Voc= 0.57 V 

and FF= 57%. To the best of our knowledge, these result are one of the highest reported 

value on rrP3HT:PCBM based organic BHJ system and the results can successively 
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explain the influence of shape of AuNPs to magnify the PCE value of rrP3HT:PCBM based 

BHJ solar cells in presence of double cathode interfacial layer. 
 

 

6.1 Experiments 

 

6.1.1 Synthesis of Different Shaped AuNPs 
 
For the synthesis of different shaped AuNPs, gold (III) chloride trihydrate 

(HAuCl4·3H2O), sodium borohydride (NaBH4), silver nitrate (AgNO3), 

cetyltrimethylammonium bromide (CTAB) and ascorbic acid were purchased from Sigma-

Aldrich and used without any modification. Tri-sodium citrate 2-hydrate was purchased 

from Merck Specialties Pvt Ltd and de-ionized water was used in all the preparations. 

Seed-mediated method was used for the synthesis of four different shapes Gold 

nanoparticles viz., including nano-spheres, nano-ovals, nano-branches and nano-rods. 

Three different types of gold seed were prepared for synthesizing four different shaped 

AuNPs, the detail of which are given below- 

Seed 1: Seed 1 was prepared in presence of cetyltrimethylammonium bromide 

(CTAB) as stabilizing agent. For the preparation of  CTAB-stabilized Seed freshly 

prepared, ice-cold aqueous NaBH4 solution (0.01 M, 0.3 mL) was added into an aqueous 

mixture solution composed of HAuCl4 (0.01 M, 0.125 mL) and CTAB (0.1 M, 3.75 mL), 

followed by rapid inversion mixing for 2 min. The resulting seed solution was kept at 

room temperature for 2 h before use. 

Seed 2: Seed 2 was prepared in presence of cetyltrimethylammonium bromide 

(CTAB) as stabilizing agent for gold nanorod preparation. In this method, the seed 

solution was prepared by the addition of HAuCl4 (0.01 M, 0.25 mL) into CTAB (0.1 M, 10 

mL) in a 15mL plastic tube with gentle mixing. A freshly prepared, ice-cold NaBH4 

solution (0.01 M, 0.6 mL) was then injected quickly into the mixture solution, followed by 

rapid inversion for 2 min. The seed solution was kept at room temperature for 2 h before 

use. 

Seed 3: Seed 3 was prepared in presence of tri-sodium citrate 2-hydrate as 

stabilizing agent. For the preparation of citrate-stabilized seeds, aqueous solutions of 

HAuCl4 (0.01 M, 0.125 mL) and citrate (0.01 M, 0.25 mL) were added into water (9.625 

mL), and then a freshly prepared, ice-cold aqueous NaBH4 solution (0.01 M, 0.15 mL) was 

added under vigorous stirring. The resulting seed solution was kept at room temperature 

for at least 2 h before use. 
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Figure 6.1. UV-Vis absorption study of the synthesized (a) AuNBs (b) AuNSs (c) AuNOs and (b) AuNRs 

respectively. 

 

Figure 6.2. TEM images of the synthesized (a) AuNBs (b) AuNSs (c) AuNOs and (b) AuNRs respectively. 

 

Synthesis of Gold Nano-sphere (AuNSs): The AuNSs was prepared by the 

sequential addition of CTAB (0.1 M, 6.4 mL), HAuCl4 (0.01 M, 0.8 mL) and ascorbic acid 

(0.1 M, 3.8 mL) into water (32 mL). 20 μL of the seed 1 solution diluted 10 times with 
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water was then added into the growth solution. The resulting solution was mixed by 

gentle inversion for 10 s and then left undisturbed overnight. 

Synthesis of Gold Nano-branch (AuNBs): Gold nano-branches were grown with 

citrate-stabilized Au nanoparticles as seeds (seed 3). The growth solution of Au Nano-

branches was prepared by the sequential addition of HAuCl4 (0.01 M, 1.8 mL), AgNO3 

(0.01 M, 0.27 mL), and ascorbic acid (0.1 M, 0.3 mL) into an aqueous CTAB solution (0.1 

M, 42.75 mL). The seed 3 solution (40 μL) was then added. The entire reaction solution 

was mixed by gentle inversion for 10 s and then left undisturbed overnight. 

Synthesis of Gold Nano-oval (AuNOs) and Gold Nano-rod (AuNRs): AuNOs and 

AuNRs were synthesized by similar method only the amount of AgNO3 was varied. For the 

synthesis of AuNRs, HAuCl4 (0.01 M, 2.0 mL) and AgNO3 (0.01 M, 0.4 mL) were mixed 

with CTAB (0.1 M, 40 mL) in a 50 mL plastic tube whereas for AuNOs the amount of 

AgNO3 was decreases to 0.01mL. HCl (1.0 M, 0.8 mL) was then added separately to this 

two solutions to adjust the pH of the solution to 1-2, followed by the addition of ascorbic 

acid (0.1 M, 0.32 mL). Finally, the seed 2 solution (0.096 mL) was injected into the 

growth solutions. The solutions were then gently mixed for 10 s and left undisturbed 

overnight. After 24 hours of synthesis, all the NPs solutions (2 mL) were washed with de-

ionized water by centrifuged it in 15000 rpm for 5 min. The precipitates were then re-

dispersed into water (2 mL), centrifuged again at 15000 rpm for 5 min, and finally again 

re-dispersed into de-ionized water (2 mL each) before recording the TEM and UV-vis 

spectra of the NPs. The recorded UV-Vis Spectra and the TEM images of each of the NPs 

are shown in Figure. 6.1 and Figure.6.2 respectively. The observed UV-Vis plasmonic 

peaks of AuNBs, AuNSs, AuNOs and AuNRs were observed at 636 nm, 541 nm, 543 nm 

and (532 nm, 762 nm) respectively [Figure. 6.1] and their corresponding average sizes 

were observed as 20 nm for AuNBs, 10 nm for AuNSs, 15 nm for AuNOs and 18 nm for 

AuNRs respectively [Figure. 6.2].  

 
6.1.2 Thin Film Morphology Study 
 

The plasmonic BHJ solar cells were fabricated on commercially available ITO-coated 

glass substrate (RSheet15Ω/sq., Sigma Aldrich, India) and the schematic representation of 

all the device structures are shown in Figure.6.3. All the devices were fabricated following 

the same method as like Chapter 5. Prior to the device fabrication the effect of four 

different shaped AuNPs on the morphology of the active layer surface were analysed by 

Grazing Incidence Small Angle X-ray Scattering (GISAXS) study.17-22  
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Figure 6.3. Schematic of the fabricated plasmonic bulk hetero junction solar cell with (b) PEDOT:PSS + 

AuNBs (c) PEDOT:PSS + AuNSs (d) PEDOT:PSS + AuNOs and  (e) PEDOT:PSS + AuNRs as HIL respectively. 

 

Figure 6.4. GISAXS images rrP3HT:PC71BM blend polymer on (a) Bare PEDOT:PSS (b) PEDOT:PSS + 

AuNBs (c) PEDOT:PSS + AuNSs (d) PEDOT:PSS + AuNOs and  (e) PEDOT:PSS + AuNRs respectively. 
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Figure 6.5. Correlation peak of GISAXS images. (a) azimuthal integration (b) correlation peak in qz direction 

(c) correlation peak in lateral direction and (d) Yoneda cuts along lateral direction. 

 

For this study, the synthesized four different types of AuNPs were blended with  

Poly (3, 4-ethylenedioxythiophene) -poly(styrene sulfonate) (PEDOT:PSS, Sigma Aldrich, 

India), hole injecting layer with a doping concentration of 20% (v/v), to make  four 

different types of NPs doped new HIL. Following this, the four different HIL were spun on 

the ITO coated substrates at 3000 rpm and dried at 120°C for 30 minutes. The 

measurements were carried out by SAXSpoint 2.0 system (Anton Paar) having Dectris 

Eiger detector with photon energy of 40 kV, sample−detector distance of 315 mm and a 

grazing incidence angle of 0.2°. The 2D q-plots of the GISAXS measurements are shown 

Figure. 6.4. It is observed that all the different shaped AuNPs doped PEDOT:PSS 

containing samples (Figure. 6.4b to Figure. 6.4e) are very much alike with each other 

whereas the sample with bare PEDOT:PSS is showing a distinct scattering pattern 

(Figure. 6.4a). A correlation peak is visible for all the samples indicating a slightly 

distorted layered structure. To analyse this, the azimuthal integration along the 

correlation peak are plotted which is shown in Figure. 6.5 which shows that the sample 

with bare PEDOT: PSS exhibits a narrower peak while with all the AuNPs modified 
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PEDOT: PSS contained samples are exhibits a comparable broadness which indicates that 

the presence of AuNPs leads to a slight disorder in the active layer system. There were 

total sixteen different device architectures were fabricated in order to analyse this dual 

effect which are listed below in the Table 6.1. 

Table 6.1. Fabricated BHJ device configurations with different shaped AuNPs and 

double cathode interfacial layer. 

Blend 

active 

layer 

Cathode 

Interfacial layer 

(CIL) 

HIL Device Configuration 

(i) 

rrP3HT:

PC61BM 

(A)BPhen/LiF/Al 

(a) PEDOT:PSS 

+AuNBs 
(1) ITO / HIL(a) / Blend Active Layer (i) / CIL (A) 

(b) PEDOT:PSS 
+AuNSs 

(2) ITO / HIL(b) / Blend Active Layer (i) / CIL (A) 

(c) PEDOT:PSS 
+AuNOs 

(3) ITO / HIL(c) / Blend Active Layer (i) / CIL (A) 

(d) PEDOT:PSS 
+AuNRs 

(4) ITO / HIL(d) / Blend Active Layer (i) / CIL (A) 

(B)BCP/LiF/Al 

(a) PEDOT:PSS 
+AuNBs 

(5) ITO / HIL(a) / Blend Active Layer (i) / CIL (B) 

(b) PEDOT:PSS 
+AuNSs 

(6) ITO / HIL(b) / Blend Active Layer (i) / CIL (B) 

(c) PEDOT:PSS 
+AuNOs 

(7) ITO / HIL(c) / Blend Active Layer (i) / CIL (B) 

(d) PEDOT:PSS 
+AuNRs 

(8) ITO / HIL(d) / Blend Active Layer (i) / CIL (B) 

(ii) 

rrP3HT:

PC71BM 

(A)BPhen/LiF/Al 

(a) PEDOT:PSS 

+AuNBs 
(9) ITO / HIL(a) / Blend Active Layer (ii) / CIL (A) 

(b) PEDOT:PSS 
+AuNSs 

(10) ITO / HIL(b) / Blend Active Layer (ii) / CIL (A) 

(c) PEDOT:PSS 
+AuNOs 

(11) ITO / HIL(c) / Blend Active Layer (ii) / CIL (A) 

(d) PEDOT:PSS 
+AuNRs 

(12) ITO / HIL(d) / Blend Active Layer (ii) / CIL (A) 

(B)BCP/LiF/Al 

(a) PEDOT:PSS 
+AuNBs 

(13) ITO / HIL(a) / Blend Active Layer (ii) / CIL (B) 

(b) PEDOT:PSS 
+AuNSs 

(14) ITO / HIL(b) / Blend Active Layer (ii) / CIL (B) 

(c) PEDOT:PSS 
+AuNOs 

(15) ITO / HIL(c) / Blend Active Layer (ii) / CIL (B) 

(d) PEDOT:PSS 
+AuNRs 

(16) ITO / HIL(d) / Blend Active Layer (iI) / CIL (B) 

 

6.2 Results and Discussion 

 

6.2.1 Photovoltaic Characterization 

The schematic of the mechanism involved in the fabricated rrP3HT:PC71BM based 

plasmonic solar cell, containing four different shaped AuNPs doped hole injecting layers 

with double cathode interfacial layer are represented in Figure. 6.6 to Figure. 6.9. In this 
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study, two different physical phenomenon, i.e., (1) the plasmonic effect of different 

shaped AuNPs and (2) the influence of double cathode interfacial layers, are 

simultaneously acting together and helping to improve the photovoltaic properties of the  

 

Figure 6.6. Schematic representation of the mechanism involved for rrP3HT:PC71BM BHJ solar cell with 

different shaped AuNPs viz., (a) AuNBs, (b) AuNSs, (c) AuNOs and (d) AuNRs and BPhen/LiF/Al as the 

double cathode interfacial layer. 

  

Figure 6.7. Schematic representation of the mechanism involved for rrP3HT:PC71BM BHJ solar cell with 

different shaped AuNPs viz., (a) AuNBs, (b) AuNSs, (c) AuNOs and (d) AuNRs and BCP/LiF/Al as the double 

cathode interfacial layer. 
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Figure 6.8. Schematic representation of the mechanism involved for rrP3HT:PC61BM BHJ solar cell with 

different shaped AuNPs viz., (a) AuNBs, (b) AuNSs, (c) AuNOs and (d) AuNRs and BPhen/LiF/Al as the 

double cathode interfacial layer. 

 

 

Figure 6.9. Schematic representation of the mechanism involved for rrP3HT:PC61BM BHJ solar cell with 

different shaped AuNPs viz., (a) AuNBs, (b) AuNSs, (c) AuNOs and (d) AuNRs and BCP/LiF/Al as the double 

cathode interfacial layer. 
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Figure 6.10. J-V characteristics of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM plasmonic BHJ solar cells 

containing different shaped AuNPs along with (a) BPhen/LiF/Al and (b) BCP/LiF/Al double cathode 

interfacial layer. 

 

Figure 6.11. EQE spectra of (i) rrP3HT:PC61BM and (ii) rrP3HT:PC71BM plasmonic BHJ solar cells 

containing different shaped AuNPs along with (a) BPhen/LiF/Al and (b) BCP/LiF/Al double cathode 

interfacial layer. 

 

fabricated BHJ cells. It was observed that for both the blend active materials the PCE 

value increases significantly with the combination of PEDOT:PSS +AuNRs based HIL and 

BCP/LiF/Al as the double cathode interfacial layer. Figure.6.10 and Figure.6.11 

represented the J-V characteristics and EQE spectra of all the fabricated plasmonic BHJ 
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devices. For the device having configuration (8) it has been observed that the maximum 

ɳ=5.53% with Jsc=16.98 mA/cm2, Voc=0.57 V and FF= 57.1% for rrP3HT:PC61BM blend 

polymer, on the other hand, the maximum ɳ for the device having configuration (16) with 

rrP3HT:PC71BM, was obtained to be 5.83% with Jsc=15.77 mA/cm2, Voc=0.58 V and FF= 

63.5%. An analogues behaviour was also noticed when BCP/LiF/Al was replaced with 

BPhen/LiF/Al. For the device having configuration (4) it has been observed that the 

maximum ɳ=5.23% with Jsc=16.17 mA/cm2, Voc=0.57 V and FF= 56.7% for 

rrP3HT:PC61BM blend polymer, on the other hand, the maximum PCE for the device 

having configuration (12) with rrP3HT:PC71BM, was obtained to be 5.55% with Jsc=15.75 

mA/cm2, Voc=0.57 V and FF= 61.9%. Similar incremental pattern were also observed in 

the EQE measurements. From EQE study it was noticed that the devices containing BCP 

as second cathode interfacial layer showed highest quantum efficiency than the other 

cathode contact in between 300-700 nm wavelength range, with EQE values over ≥ 60% 

for rrP3HT:PC61BM and ≥ 65% for rrP3HT:PC71BM for all the metal NPs contained HIL. 

As for all the devices EQE measurements were carried out outside the glove box without 

encapsulation under high humidity condition (~80%), due to the fast degradation of BCP, 

BPhen and the blend active layers, very high increment were not observed in the EQE 

spectra. For analysing the effect of double cathode interfacial layer, it was observed that, 

compared to BPhen/LiF/Al, BCP/LiF/Al is showing better device performance which is 

because of the better energy level alignment of BCP/LiF/Al with the active layers 

compared to BPhen/LiF/Al.23 Further the selectivity of BCP towards electrons is very high 

as it has wide band gap (Eg 3.5 eV) and very deeper HOMO level (-7 eV) due to which it 

can block holes and minimize the recombination of charge between the cathode contacts-

blend active layers [Figure. 6.6 to Figure. 6.9]. Again for analysing the effect of different 

plasmonic AuNPs, it was noticed that with PEDOT:PSS + AuNBs, all the devices are 

showing inferior performance compared to PEDOT:PSS + AuNSs and PEDOT:PSS + 

AuNOs, whereas with PEDOT:PSS + AuNRs the devices were showing best performances 

compared to all. This may be due to the higher surface plasmon effect of AuNRs compared 

to other which enhances the absorption length, scattering and trapping of the of incident 

photon which is when travel through the modified HIL [Figure. 6.6 to Figure. 6.9]. This 

statement was also supported by UV-Vis study [Figure. 6.1] from which it is clearly visible 

that compared to the other AuNPs, AuNRs are covering almost the entire UV-Vis 

spectrum (400nm-900nm) by its two characteristics surface plasmon resonance peaks. 

Due to this AuNRs able to enhance the photo absorption by increasing the forward 

scattering cross section and the near-field enhancement which further help to increase the 

PCE value of the fabricated BHJ solar cell. The device parameters obtained from all the 
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devices with different configurations, mentioned in Table 6.1, are summarized in Table 

6.2. To the best of our knowledge, these result are one of the highest reported value on 

rrP3HT:PCBM based organic BHJ system and the results can successively explain the 

influence of shape of AuNPs to magnify the PCE value of rrP3HT:PCBM based BHJ solar 

cells in presence of double cathode interfacial layer. 

Different approaches are mentioned in the literature to improve the 

performance of BHJ solar cells by a variety of molecular designing and device 

structure modulations. Modification in cathode contact by inserting functional 

buffer layer24-27 and in the hole injecting layer with plasmon induced NPs are one of 

the efficient  

Table 6.2. Summary of photovoltaic performance of all the fabricated plasmonic BHJ 

solar cell. 

Device Configuration 
Jsc,max 

(mA.cm-2) 
Voc,max 

(V) 
FFmax 
(%) 

PCE,max (%) 

(1) 14.51 0.56 53.6 4.36 

(2) 12.14 0.58 63.3 4.46 

(3) 15.29 0.58 57.7 5.12 

(4) 16.17 0.57 56.7 5.23 

(5) 12.69 0.57 61.2 4.43 

(6) 13.92 0.58 61.3 4.94 

(7) 16.48 0.58 56.2 5.37 

(8) 16.98 0.57 57.1 5.53 

(9) 14.98 0.57 56.7 4.78 

(10) 14.78 0.58 62.0 5.31 

(11) 15.35 0.58 59.8 5.32 

(12) 15.75 0.57 61.9 5.55 

(13) 16.15 0.57 54.2 4.97 

(14) 16.08 0.58 60.1 5.61 

(15) 15.87 0.58 61.7 5.68 

(16) 15.77 0.58 63.5 5.83 

 

approaches among them.28-32 The coalescing metal NPs in PEDOT:PSS layer is relatively 

facile and most facile approach. As PEDOT:PSS is soluble in aqueous medium and withal 

the gold NPs can be synthesized by liquid chemical method, so these NPs can facilely be 

co-commixed with PEDOT:PSS without further functionalization. Regarding this point, it 

was observed that incorporation of NaBH4 contained AuNPs in PEDOT:PSS can improve 

the efficiency of P3HT:PCBM predicated solar cell up to 3.19% with LiF/Al contact.31 

TH-2036_126153004



 

Chapter 6 

118 
 

Further, it has been found that the efficiency of BHJ solar cell is vigorously affected by the 

size of the metal NPs. 50 nm sized AuNPs contained PEDOT:PSS layer can ameliorates 

the efficiency of the same blend polymer system from 3.57% to 4.24%.29 Again, the 

amalgamation of Au-Ag alloy NPs in active layer amended the PCE up to 4.73% with 

Ca/Al as cathode contact.28  

In this study, we have successfully amended the PCE value for both the bend 

active layers through combined influence of different shaped plasmonic gold 

nanoparticles (AuNPs) and the double cathode interfacial layer. Initially, four different 

types AuNPs, viz. CTAB capped gold nanorod (AuNRs), gold nanosphere (AuNSs), gold 

nano-oval (AuNOs) and gold nano branch (AuNBs)  were synthesized separately.These 

four coalesced NPs solution are then commixed together in the PEDOT:PSS hole injecting 

layer to compose four new NPs doped hole injecting layers for the application of organic 

BHJ solar cell. The plasmonic metal nanoparticles were incorporated in the PEDOT:PSS 

layer is to improved photocurrent of the fabricated BHJ solar cell by increasing optical 

absorption and scattering in both the UV and visible wavelength range inside the devices. 

For dual cathode interracial layer, two organic small molecules, BPhen and BCP were 

used along with LiF/Al cathode contact to improve the charge collection. For both the 

active layers systems the efficiency enhances significantly with PEDOT:PSS + AuNRs as 

HIL and BCP/LiF/Al as cathode contact. Moreover, this study introduced a profoundly 

facile and very easy technique for high performance rrP3HT:PC61BM and rrP3HT:PC71BM 

based organic BHJ solar cell with PCE 6 %, a value which can be further ameliorated by 

engineering the contrivance architecture and by utilizing preferential additives.  

6.3 Conclusion 

 
In conclusion, combined influence of different shaped plasmonic gold nanoparticles 

(AuNPs) and the double cathode interfacial layer on rrP3HT:PC61BM and rrP3HT:PC71BM 

based bulk heterojunction solar cell’s performance was systematically discussed. Initially, 

four different types AuNPs, viz. CTAB capped gold nanorod (AuNRs), gold nanosphere 

(AuNSs), gold nano-oval (AuNOs) and gold nano branch (AuNBs)  were synthesized 

separately and then blend with PEDOT: PSS hole transport layer to form four newly 

doped hole injecting layers and their effect on improving the power conversion efficiency 

(PCE) of rrP3HT:PCBM based BHJ solar cell was systamatically analysed. The 

importance and effect of NPs modified HIL on the device parameters are systematically 

validated and were compared with each other. It has been found that the PCE increases 

considerably for both the active blend systems, in presence of PEDOT:PSS + AuNRs with 
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BCP/LiF/Al as the modified cathode electrode, because of the better energy level 

matching of BCP/LiF/Al with the active blend and the excellent surface plasmon property 

of the AuNRs in the UV-visible region compared to AuNBs, AuNSs and AuNOs. The 

device with ITO/ PEDOT:PSS + AuNRs/rrP3HT:PC71BM/BCP/LiF/Al configuration 

showed the highest  PCE, ɳ= 5.83 % with Jsc= 15.80 mA/cm2, Voc= 0.58 V and FF=63%, 

whereas, for ITO/ PEDOT:PSS + AuNRs/rrP3HT:PC61BM/BCP/LiF/Al, the device 

parameters were observed as PCE, ɳ= 5.44 % with Jsc=17.40 mA/cm2, Voc= 0.57 V and 

FF= 57%. These results conclusively explain a very easy method in which the combined 

influence of different shaped plasmonic gold nanoparticles (AuNPs) and the double 

cathode interfacial layer outstandingly enrich the PCE and on the whole performance of 

P3HT-PCBM based BHJ solar cells. 
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Chapter 7 
 

EPILOGUE 

 
 

Due to the influence of clean and sustainable energy device development and therefore 

the motivation to fabricate highly efficient organic bulk heterojunction solar cell, which 

can possibly be used as an efficient solar energy converter in this tremendous universal 

demand of easily processable energy transforming device, this thesis mainly focused to 

introduce different methods to enhance the power conversion efficiency of very 

commonly studied system, namely, rrP3HT with PC61BM and/or rrPC71BM based organic 

bulk heterojunction solar cell. The entire thesis essentially pays attention in device 

engineering of BHJ solar cell by modulating the cathode and anode interfacial layers to 

achieve improved photovoltaics performance. 

At the very beginning, the thesis discussed about the individual influence of the 

molar mass ratio of donor-acceptor polymers, the effect of annealing temperature and the 

significance of cathode buffer layer on amending  the power conversion efficiency of BHJ 

solar cell. For this study rrP3HT:PC71BM was choosen as the active layer blend whereas 

Ca, LiF, BPhen and BCP were selected for the cathode buffer layer. The molar mass ratio 

was varied systematically as 1:0.6, 1:0.8, 1:1.0 and 1:1.2 respectively whereas to study the 

effect of temperature the substrates were annealed sequencially at  100°C, 125°C, 150°C 
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and 175°C respectively. The performance of all the fabricated BHJ solar cells were 

correlated systematically with their thin film growth structure and energy level diagram. 

This study successfully standardized all this essential physical parameters which 

eventually controled the performance of thin film solar cell. By controlling these factors, 

the efficiency of the fabricated rrP3HT:PC71BM based BHJ was increased from 2.69% 

(with 1:0.6, RT, LiF/Al) to 4.79% (with 1:0.8,150°C, BCP/Al). This drastic enhancement in 

PCE of the devices having BCP/Al as the cathode contact compared to the other device 

configurations is due to the collective effects of BCP along with Al due to the better hole-

blocking capacity and better phase separation of the active blend layer at 150°C annealing 

temperature. 

In the next step, another new concept was demonstrated in the dissertation by 

incorporation of dual cathode buffer layer in rrP3HT:PCBM based BHJ solar cell for 

harvesting the PCE value. In this study, three different additional buffer layers viz., Alq3, 

BPhen, and BCP was incorporated along with LiF/Al as conventional cathode contact for 

the fabrication of both rrP3HT:PC61BM and rrP3HT:PC71BM based BHJ solar cells. The 

photovoltaic performances were again correlated with their energy level diagram. It has 

been observed that the devices with BCP/LiF/Al as dual cathode buffer layer showed the 

best device performance for both with rrP3HT:PC71BM and rrP3HT:PC61BM system which 

is due to the combined effects of  better hole-blocking capacity of BCP and low work 

function provided by LiF/Al with the blend polymer. The PCE of rrP3HT:PC61BM was 

found to be improvising drastically from 2.4% (LiF/Al) to 4.5% (BCP/LiF/Al) and for 

rrP3HT:PC71BM from 4.04% (LiF/Al) to 4.96% (BCP/LiF/Al) with very easy modification 

of the cathode contact.  

Furthermore, in order to modulate the anode buffer layer, plasmonic metal 

nanoparticles were introduced into the BHJ device structure. For this purpose, two 

different types of metal NPs, viz. citrate capped gold (Au) and silver (Ag) NPs were 

blended (20 v/v %) separately in the hole transport layer PEDOT:PSS. For the dual 

cathode buffer layer, again the same hole blocking layers, viz., BPhen and BCP, along with 

LiF/Al cathode contact were selected. The combined influence of both the NPs as well as 

the dual cathode buffer layers were investigated for both the blend polymers, 

rrP3HT:PC61BM and rrP3HT:PC71BM. It was observed that for both the blend polymer 

systems the power conversion efficiency (PCE) increases significantly in the presence of 

PEDOT:PSS + AuNPs and PEDOT:PSS + AgNPs with BCP/LiF/Al as the cathode contact 

compared to the bare PEDOT:PSS layer. Especially, the devices containing PEDOT:PSS + 

AuNPs and BCP/LiF/Al, the highest PCE were observed for both the blend polymers 

because of the better energy band alignment of BCP/LiF/Al with the active layers and the 
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superior surface plasmon resonance of the AuNPs at the visible spectrum compared to 

AgNPs. In this study the PCE again increased for rrP3HT:PC61BM from ~4.68 % 

(BCP/LiF/Al, bare PEDOT:PSS) to ~4.99 % (BCP/LiF/Al, PEDOT:PSS+AuNPs) whereas 

for rrP3HT:PC71BM system it increased from 4.96 % (BCP/LiF/Al, bare PEDOT:PSS) to 

5.65 % (BCP/LiF/Al, PEDOT:PSS+AuNPs). These results conclusively explain the 

importance of cathode and anode buffer layers modulation to remarkably improve the 

PCE and overall device performance of rrP3HT:PCBM based BHJ solar cells. 

Again in order to find the influence of metal NPs concentration for harvesting the 

PCE of organic BHJ the collective effect of plasmon induced dual metal nanoparticles 

(NPs) and the dual cathode buffer layers were studied. For this analysis, initially, two 

different types of metal NPs, viz. citrate capped gold (Au) and silver (Ag) NPs were 

separately blended with three different volume ratio [AuNPs + AgNPs (25:75), AuNPs + 

AgNPs (50:50) and AuNPs + AgNPs (75:25)]. These three blended NPs solution were then 

mixed together in the PEDOT:PSS to form three new NPs doped hole injecting layers and 

their effect on the performance of rrP3HT:PCBM based BHJ solar cell was also 

systamatically analysed. The plasmonic metal nanoparticles were incorporated in the 

PEDOT:PSS layer to improve photo current of the fabricated BHJ solar cell by increasing 

optical absroption and scattering inside the devices. It was observed that for both the 

blend polymer systems the PCE increases significantly in presence of PEDOT:PSS + 

AuNPs:AgNPs (25:75) with BCP/LiF/Al as the cathode contact compared to others the 

superior surface plasmon resonance of the AuNPs:AgNPs (25:75) at the UV-visible 

spectrum compared to AuNPs:AgNPs (50:50) and AuNPs:AgNPs (75:25). In this case the 

PCE further increases for rrP3HT:PC61BM from 4.03 % [LiF/Al, PEDOT:PSS + 

AuNPs:AgNPs (25:75)] to 5.31 % [BCP/LiF/Al, PEDOT:PSS+ AuNPs:AgNPs (25:75)] 

whereas for rrP3HT:PC71BM system it is increases from 4.89% [LiF/Al, PEDOT:PSS+ 

AuNPs:AgNPs (25:75)] to 5.71 % [BCP/LiF/Al, PEDOT:PSS+ AuNPs:AgNPs (25:75)]. 

These results precisely explain the importance of volume ratio of plasmonic metal NPs 

along with dual cathode buffer layer for increasing the overall device performance of 

rrP3HT:PCBM based BHJ solar cells. 

Finally, as the plasmonicity of metal NPs strongly varied with its different shape 

and size, and in order to understand this effect in organic BHJ solar cell performances, 

four different shaped AuNPs, viz. CTAB capped gold nanorod (AuNRs), nanosphere 

(AuNSs), nano-oval (AuNOs) and nano branch (AuNBs) were synthesized. These particles 

were then separately mixed together in the PEDOT:PSS hole transport layer to form four 

new NPs doped hole injecting layers and their effects were studied with the dual cathode 

buffer layers on improving the PCE of rrP3HT:PCBM based BHJ solar cells. The 
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synthesized nanoparticles were characterised by various caracterization techniques viz., 

UV-Vis absorption study and TEM analysis. The intention of varying the shape of the NPs 

was to improve the photo current by light scattering phenomenon inside the BHJ solar 

cell. It was observed that for both the blend polymer systems the PCE increased 

significantly in the presence of PEDOT:PSS + AuNRs with BCP/LiF/Al as the cathode 

contact compared to others because of the superior surface plasmon resonance of the 

AuNRs at the entire UV-visible spectrum compared to AuNSs, AuNOs and AuNBs. In 

these cases the observed increment in PCE value for rrP3HT:PC61BM system were found 

to be 5.53% whereas for rrP3HT:PC71BM the same was observed as 5.83%. 

Thus, by step wise device standardization this thesis successfully explained some 

facile methods by which the power conversion efficiency of very commonly studied 

system, namely rrP3HT:PC71BM was improved from 4.79% to 5.83%. This concept can be 

further used moderately in future for highly efficient rrP3HT:PC71BM based flexible 

tandem or perovskite solar cell fabrication. A schematic representation of the overall 

thesis overview is shown in Figure. 7.1 below- 

     

Figure 7.1. Schematic of the Thesis overview. 
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