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Abstract 

Environmental cleaned renewable energy resources such as solar energy have gained significant 

attention because of the continual enhancement in worldwide energy requirement. A variety of 

technologies have been developed to make the best use of solar energy. For instance, solar cells based 

inorganic materials such as silicon wafer can convert solar energy directly to an electricity energy, 

however inorganic materials are expensive to manufacture, and thus unattractive for general use. 

Therefore, many researchers have focused on the low cost and easy processing strategies are 

underway to confirm the materials and solar cells device architectures that are inexpensive efficient 

compared to inorganic solar cells such as silicon solar cells. 

Recently, solution processing thin film solar cells is highlighted and many researchers working on 

this field. Therefore, conjugated polymer based on the solar cells is rapidly growth and achieved 

power conversion efficiency (PCE) over 10% in single junction. And quantum dot solar cells (QDSCs) 

reported over 8% PCE at short period time.  

Here, I present positive effect on combination in the organic and quantum dot (QD) for solar cells 

application with all solution processing. First, The effect of poly(3,4-ethylenedioxythiophene):poly(4-

styrenesulfonate) (PEDOT:PSS) as a buffer layer was investigated in PSCs. Four different types of 

PEDOT:PSS were used: PH, PH500 and their DMSO-doped counterparts. The efficiency of PSCs was 

independent of the electric conductivity of the buffer layer as a bulk property. Second, the effect of 

ionic liquid molecules (ILMs) in QD-organic hybrid solar cells. The insertion of a ILMs layer 

between PbS QD and Phenyl-C61-butyric acid methyl ester (PCBM) can shift the band edge of the 

PCBM closer to the vacuum level of PbS. Owing to this new architecture, improvements in device 

performance were achieved. Third, new technique for preparing inverted colloidal QDSCs using 

layer-by-layer processed PbS QD and a ZnO layer formed via the solution-phase decomposition of 

diethyl zinc directly on the PbS film. The inverted QDSCs enhanced in device characteristics stem 

from constructive optical interference in the absorbing PbS QD layer, as well as outstanding diode 

characteristics arising from a superior PbS/ZnO junction achieved substantial improvements in short-

circuit current, open circuit voltage, fill factor and PCE relative to a control device. Fourth, new types 

of architecture of hybrid QD-organic solar cells (by introducing PbS QD layer as performing role of 

photo sensitized layer to achieve high Jsc and PCE using NIR region up to 1100 nm from PbS QD 

light absorbed. 

Keywords: hybrid solar cells, organic, quantum dot, PbS, organic solar cells, quantum Dot 

Solar Cell, bulk-heterojunction. 
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Chapter 1. Introduction  

 

1.1 Solar Cells  

 

Solar cell is a device which can convert light energy directly into the electricity. When light is 

exposed to the material, the photons make electrons excitation to higher energy states in the material. 

Specifically, this phenomenon is shown when the energy of the photons making up the light is larger 

than the energy band gap of the material. However, the excited electrons relaxed to ground state. In a 

solar cells device, there is a built-in asymmetry by doped certain materials such as electron or holes 

enriched materials which pulls the excited electrons away before they can be relaxed to the ground 

state, and apply them to an external circuit.1 The extra energy of the excited electrons generates a 

built-in potential difference or electron moving force. The generated force drives the moving of the 

electrons or holes through a load in the external circuit then generates electrical power2. 

Fundamentally, only three functions need to be fulfilled in solar cells: first, photo generated charge 

carriers (electron-hole pairs) in the light absorbed material. Second, separated charge carriers. Third, 

charge collecting to the electrode then generated the electricity. This conversion can be briefly 

summarized as the photovoltaic effect. Solar cells can be used with several applications, and they 

have been used which electrical power from environmentally friendly solar energy power.  

While our environment is surrounded with abundant solar power, the photovoltaic technology is 

expensive to become a primary energy source. Therefore, the main project of the solar cell field is to 

develop the new technology, which can provide low cost photovoltaic products and make the photo-

conversion of sun light into electrical power cost efficient. 
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1.2 Organic Solar Cells (OSCs)  

 

1.2.1 Operational Mechanism of OSCs 

 

Organic solar cells are that generates the electricity from sunlight by using organic materials which 

could be composed of the conjugated single and double bond alternatively. Mainly, organic solar cells 

is composed four main layers (anode electrode, donor, acceptor (conjugated materials), and cathode 

electrode)3. The principle of the organic solar cells is divided four steps. First, the organic materials 

(donor and acceptor) absorbed incident sun light then generation of the exciton (binding hole and 

electron). Second, generated hole and electron are diffused to the each donor and acceptor layer. Third, 

excitons are dissociated hole and electron respectively. Finally, hole and electron are collected at 

anode and cathode electrode respectively4. The mechanism of the operation is shown in Figure 1.1.   

Each step has the efficiency which can determine the power conversion efficiency (PCE) of the 

organic solar cells5. Especially, short circuit density is mainly involved in a loss of each step. The 

connection of external quantum efficiency (EQE) of a solar cells device is described as a percentage 

of the number of charge carriers collection at the each electrode under short-circuit condition from the 

incident photons to the device6. EQE could be explained as the production of the above steps. 

 

EQE = η × η  × η  × η  	                           (1.1) 

 

 

 

Figure 1.1 Mechanism of operation for organic solar cells 
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1.2.2 Characteristics of OSCs 

 

The device performance of the OSCs is characterized by current-voltage measurement. The J-V 

curves are measured by a source measurement unit assisted by a solar simulator. The standard test 

condition is setting to AM 1.5G condition with an intensity of 100mW/cm2 at a temperature of 25 °C 

or, vary with the intensity and wavelength of the light.7  

PCE of device is calculated following equation 1.2 which composed of current density-voltage (J-

V) characteristic curves8. From the J-V curves of the solar cells, open circuit voltage (Voc), short-

circuit current density (Jsc) and fill factor (FF) can be obtained.9  

 

   =
   	   	  

      
× 100                            (1.2) 

 

Where Pinput is the power density of the incident light.10 The corresponding equivalent circuit of a 

solar cell is shown as Figure 1.2 series resistance (RS) is intrinsic impedance of the device from 

contact of the each layer and a shunt resistance (Rsh) comes from leakage current from the device. The 

J-V characteristics can be described as equation 1.311 
 

 =    exp  
 (      )

   
 − 1 +	

      

    
−    			              (1.3) 

 

Where k is Boltzmann’s constant, T is temperature, q is elementary charge, A is an area of the 

device, n is ideality factor of the diode, J0 is reverse saturation current density, Jph is photocurrent 

density, RS and Rsh is series resistance and shunt resistance of the device respectively9, 12. The 

photovoltaic parameters JSC, VOC and FF from the J-V curve are mainly depending on the n, J0, RS, 

and Rsh.
10  
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Figure 1.2. Equivalent circuit of a solar cell. 

 

Open circuit voltage 

 

Normally, the VOC of a metal-insulator-metal (MIM) structure device came from metal electrode 

contacted the difference in work function.13 However, a maximum available voltage in a p-n junction 

device is decided from the quasi Fermi levels difference of the flow charge carriers, which is, n-type 

semiconductor energy level and p-type semiconductor energy level respectively.14 While in organic 

solar cells, the VOC is found to be directly depending on the highest occupied molecular orbital 

HOMO level of the donor materials (quasi Fermi level of p-type semiconductor) and lowest 

unoccupied molecular orbital LUMO level of the acceptor materials (quasi Fermi level of n-type 

semiconductor) for OSCs.5, 15 The open circuit potential is a function of energy levels of the intrinsic 

materials’ property, The VOC is the voltage across the solar cell when J = 0, which is the open-

circuited condition in illuminated solar power. At J = 0, no power (watt) is actually generated. Since, 

the VOC evaluates the boundary for voltages which is possible point for solar cells power.16 

 

Short circuit current 

RS

Id Ish I

RL
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For the ideal case of the device, no loss contact which is the short circuit current – Isc state, is 

decided from the charge carrier mobility and the photoinduced charge carrier density in the 

semiconductors device including OSCs.16b, 17 

   =
  

  
                                  (1.3) 

 

Where e is the elementary charge, n is the density of charge carriers, E is the electric field and μ is 

the mobility. Presuming 100% efficiency of generated photoinduced charge in a solar cells device, 

definition of the n is the number of absorbed photons in the device per unit volume.18  

For a given absorption property of a OSCs material, the mobility of charge carriers is the bottleneck. 

The mobility is highly dependent on the device structure and materials own intrinsic property. The 

mobility is also very sensitive on the morphology of nanoscale for the organic semiconductor. The 

film nanomorphology depends on the preparation method and condition. Parameters such as the 

solvent evaporation time, solvent type, the deposition method, and the temperature of the substrate is 

possible to change the nanomorphology in the device.18b, 19  

 

Fill Factor 

 

Simply, fill factor is decided by efficiently reached charge carriers electrons and holes to the 

electrodes respectively, when generated or applied the built-in potential is lowered to the VOC. In fact, 

Both charge carrier recombination and transport are happened with competition.20 Therefore, the 

device the mobility μ and lifetime τ times decides the drifted distance d of charge carriers under a 

generated electric field E:21 

 

d = μτE                                 (1.4) 

 

The mobility μ and lifetime τ times are necessary for high efficient OSCs.16b And also, generated 

the series resistances from the contacted region influences the FF has to be minimized.22 One of 
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possible influenced on the FF is limited conductivity of the electrode substrate. And also, the device 

is going to free of "shorts" between cathode and anode electrodes to increase the shunt resistance. The 

simple calculation of the FF is highly dependent on VOC and JSC of the boundaries of power 

generation in a solar cell device, the theoretical maximum power density in the solar cells device 

generates Pmax occurs at the voltage Vmax and current-density Jmax where the solar cells device of J and 

V is at a maximum value. |Jmax| and Vmax are always less than |JSC| and VOC in the characteristics of the 

diode behavior because the parasite impedance and recombination losses.23 The FF is involved 

difference of the loss from the theoretical maximum and is determined as following equation (1.5) 

 

  =
        

      
	                                (1.5) 

 

FF indicates that Jmax and Vmax come to the boundaries of power generation related to the JSC and 

VOC and sharpness of J-V curve that connects JSC and VOC. Because higher voltage is related to 

maximum power of the solar cells efficiency, and also high FF is required. From the intrinsic or bulk 

impedance such as contact point, The result of the FF is less than 100%.for the high efficiency solar 

cells reduced impedance to increase the high FF and also increase the |JSC| and VOC.
24  

 

Power conversion efficiency 

 

The power conversion efficiency η ultimately involving all solar cells parameters including JSC, 

VOC, FF, and contacted impedance of each point as determined by the percentage of incident 

irradiance (input power) divided area of the device that can be converted to output power of total 

generated solar cells efficiency. The calculated solar cells efficiency is simply calculated from the J-V 

curve each point where the cell operates changes depending on the loaded power density (input 

power), and thus the output power depending on input power. In agreement with calculation of the 

output power is used equation (1.6) form, efficiency is written.25  

 

η =
|    |×    

      
× 100% =

  ×|   |×   

      
× 100%	                (1.6) 
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Equation (1.6) directly introduces that the solar cells parameters of JSC, VOC, and FF. Moreover, the 

area of the device is calculated current density from the short circuit current that effect solar cells 

efficiency and is including inactive areas of the device which is integral in the solar cell, such as grids 

and interconnect of the cell, when calculating the power conversion efficiency for devices of modules 

or large area. Solar cells efficiency is determined that effectively the occupied space area by generated 

solar power from the covered solar cells to generate the given incident solar power energy. In general, 

exposed areas of solar power has high amount of resources to generate the solar energy. Therefore, 

large area with high intensity of solar cells area is highly demanded for total generated solar power 

energy from solar cells. And also high power conversion efficiency is also highly required. 

Nonetheless, there are still competition between cost per power and power conversion efficiency for 

technology of solar cell field which should be steady level. Efficiency of solar cells is highly 

depending on the light spectrum and power intensity of the solar energy because absorbed light is 

dependent on the materials band-gap which can be converted to the absorbed light wavelengths. To 

define the absorbed region of the materials for solar cells.26 The standard spectrum wavelength is very 

important for the solar cells field for the accurate calculation of the power conversion efficiency. 

When the sun light reached earth’s ground, is not 100% because varies trap interfere the sunlight such 

as air, cloud, wind, atmosphere, and other factors, the Air Mass 1.5 Global spectrum (AM1.5 G) is the 

standard spectrum to identify the solar cells performance which is purposed for commonly used. 

AM1.5 G is shown in Figure 1.3. For the standard measurement of the solar cells performance in the 

laboratory scale, the AM1.5 G filter is mandatory to measure the accurate performance of solar cells 

and suitable light lamp.27 
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Figure 1.3. Spectral irradiance of the AM1.5G solar spectrum. 

 

Generally, AM 1.5 spectra is used to measure the solar cell device performances. The meaning of 

the Air Mass(AM) referenced to the distance through the condition of the atmosphere that sun light 

pass through to the ground of the earth.16b, 28 When the sun perpendicular with earth’ ground (at 

zenith)(see Figure 1.4), before reached atmosphere of the earth called AM 0 and after pass through the 

atmosphere involving the diffusion, reflectance, and several factors shown in Figure 1.5.29 When the 

angle direction of sun from the zenith is 48.2° or 60.1° respectively, the sun path ways are called AM 

1.5 or AM 2.0. The several paths of the sun light are schematically shown in Figure 1.4. The Several 

earth atmosphere conditions are schematically shown in Figure 1.5 from the zenith perpendicular 

direction, sun light is directly incident to the earth. There are two common AM 1.5 conditions (Figure 

1.5), called AM 1.5G (global) and AM 1.5D (direct). AM 1.5G involves the diffuse radiation and 

direct radiation.30 AM 1.5D spectrum only considered direct radiation. The wavelength versus sun 

light intensity is shown in Figure 1.3.  
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Figure 1.4. Schematic of path length change with zenith angle in air mass condition 

 

 

 

 

Figure 1.5. Direct radiation, diffuse radiation, and ground-reflected radiation of the sun 
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External quantum efficiency 

The definition of the external quantum efficiency (EQE) is the ratio of incident number of photons 

to the device converted to generated current at the electrodes in the wavelength region. The displayed 

wavelength is function of the materials absorption from the active layer region converted to the 

current. This wavelength dependent EQE data shows the materials absorption property how the 

absorbed light at the certain wavelength region effectively converted to the current in the solar cells 

device. And also EQE data displays that from the new device structure or used new materials for 

active layer which region (at certain wavelength depending on the device structure and active 

materials) is more converted current or recombined compared to the absorption of the device or 

materials in the solar cells.31 The calculated EQE is identically integrated to the short-circuit current 

density. The calculation of the EQE is following equation (1.7) 

 

EQE(λ) =
      	  	         

      	  	       
=

   ( )/ 

      ( )  
                     (1.7) 

 

λ is the wavelength, e is the elementary charge. 
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1.3 State-of-the-Art in OSCs 

 

1.3.1 Molecular structure for OSCs 

 

OSCs have been developed by innovated donors and acceptors materials. Actively, researched 

materials of chemical structures of electron donor and acceptor are shown in Figure 1.6 One of early 

developed high efficient electron donor material is poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene 

vinylene] (MEH-PPV) by Fred Wudl et al. synthesized in 1993 year.32 Who also investigated widely 

used organic acceptor fullerene derivatives [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in 

1990s.33 At that time, remarkable discovery was introduced which blending donor and acceptor 

material together in one organic solution then coating the film called bulkheterojunction(BHJ) solar 

cells by Yu et. at in 1995 year.34 This enhancement of the interface of the exciton dissociation thus 

increased electron and hole life time to reach the electrode. From this BHJ technic, OSCs reached 

over 3.00% of the PCE.35 But, MEH-PPV conjugated polymer has low mobility. Therefore, high 

carrier mobility and region regular poly (3-hexylthiophene) (P3HT)36 has developed which 

reached PCE over 5.00% with blended fullerene derivative.26, 37 And P3HT has a high hole mobility 

~10-3 cm2 V-1s-1. Since 2000s, from the P3HT reached 5.00% of PCE, the field of OSCs becomes 

actively developing research to increase the PCE.38 The researcher mainly focused on the low band 

gap materials to absorb the light over visible region to increase the JSC and reducing the HOMO level 

to achieve the high VOC. Therefore, several high-performance organic materials have been developed 

using push-pull donor-acceptor structure. People were studied carbazole based conjugated polymer 

with push-pull structure. poly[2,6-( 4,4-bis-(2 - ethylhexyl ) - 4H- cyclopenta [2,1-b;3,4-b’] 

dithiophene)-alt-4,7-(2,1,3- benzothiadiazole)] (PCPDTBT) had shown wide absorption region up to 

900 nm.39 The OSCs based on made from PCPDTBT have showed an efficiency of around 3.00% in 

first step. Several researchers studied additive effect on the PCPDTBT then achieved over 5.5% with 

PCPDTBT. Another carbazole based high performance conjugated polymer Poly[N-9’’-hepta-

decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) was 

developed by Mario Leclerc et al. PCE of PCDTBT was achieved 3.60% in first time in 2008 year. 

After 1 year, Park et. al. introduced the TiOX as an optical spacer layer with PCDTBT increased PCE 

up to 6.10%.28 Nowadays, over 7.00% of PCE has been reported by several groups with PCDTBT.40 

One of hot conjugated polymer  poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-bA]dithiophene-

2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno [3,4-b]-thiophenediyl] (PTB7) was developed by 

Yu et. al. Yu reported over 7.00% of PCE with PTB7 in 2010 year.41 Many researchers have 
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interested in this very high performance with organic materials then optimized device. Recently, 

several groups reported over 8.00% with PTB7.42  

 

 

 

Figure 1.6. Chemical structures of representative electron donors and acceptors used in OSCs 
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1.3.2 Device structure for OSCs 

 

The general device structure of the organic solar cells is comprised of a stacking several layers. 

Normally thing film conductive oxide (TCO) electrode layer which has high transmittance for 

incident light solar source to the active layer then laid the active layer which is a combination of 

donor and acceptor materials is well stacked or mixed then laid metal electrode. For the optimized 

device structure, people introduced the buffer layer between electrode and active layer to help charge 

transport and electron or hole blocking to avoid recombination. One of key issue for OSCs is short life 

exciton time (Diffusion length) of the organic materials about 4–20 nm.16b, 43 To overcome this issue, 

several groups have working on the developing new materials and new device structure. One of the 

break-through of the enhanced diffusion length of the solar cells device is mixed donor and acceptor 

materials called bulk heterojunction to avoid the quick recombination of the generated exciton before 

reached electrode.16b, 44 And another issue is stacking several devices called tandem device.45 There 

are two kinds of the tandem series connected tandem and parallel connected tandem. 

 

 

 

Figure 1.7. Schematic of a various organic solar cells structures. 
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Single layer 

 

In beginning of the organic solar cells, thermal evaporating the organic materials technic was used 

to fabricate organic solar cells device on the TCO electrode then also evaporated metal electrode. The 

diode characteristic of the organic solar cells device was similar to the inorganic solar cells device 

characteristics (metal-insulator-metal model) and OSCs was studied with doping concept from the 

inorganic solar cells device with schottky contact mechanism.46 Figure 1.7a shows typical single 

junction organic solar cells. Near the metal and semiconductor contact point, the depletion region W 

can be built.11b The band bended of metal-semiconductor schottky junction is shown in Figure 1.7a. 

The single layer solar cells device can be corresponded to the difference work-function of the each 

electrode which is driving force of the generation of the electric field to flow the electron and hole to 

the electrodes each other with dissociated excitons.47 Therefore, illuminated sun light to the 

transparent electrode and another placed electrode contacts to the active semiconductor should be 

different work function value to generate the electric field. The thickness of active layer should be 

thin because the organic solar cell materials of the exciton diffusion length are less than 20 nm. 

Therefore, thin layer of the active layer is limitation of the single layer solar cells which lead the small 

amount of the light absorption then generate the low photocurrent level. Another problem of the 

single layer solar cells is direct contact from metal-semiconductor can generate the huge series 

resistance in solar cells which directly effect on the FF and PCE. However, single junction solar cells 

is good for the photodetector with high reverse bias.48 

 

Bilayer heterojunction 

 

For the bilayer heterojunction device, the donor and acceptor material are necessary to make p-n 

junction like with stacking donor and acceptor layer continuously. Therefore, generated charge from 

donor or acceptor layer can be separated at the interface of the donor/acceptor.4b, 21, 49 For the OSCs, 

the bilayer heterojunction should be matched donor and acceptor materials HOMO and LUMO level 

to the contacted electrode work function due to generation of the electric field from the work function 

difference of the electrode related to the charge carrier efficiently collected at the electrode. The 

typical bilayer heterojunction OSCs structure is shown in Figure 1.7b with possible generated holes 

and electrons moving path way. Generally, p-n junction needs doping of the electron or hole to 

intrinsic semiconductors for the free holes or electrons. At the junction of the p-type materials/n-type 

materials, charges are moving by generated the electric field in the depleted region. In bilayer 
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heterojunction OSCs, donor and acceptor materials are not doped. However, the charge transfer of the 

donor and acceptor are happened. This is due to the electron affinity and an ionization potential 

differences in the organic materials. Once photon is incident to the donor D material, the electron –

hole pair (exciton) is generated from the HOMO region to the LUMO region (S0→S1). Then Exciton 

can be transfer to the acceptor A layer by electric field. The electron can be transfer to the LUMO of 

the acceptor and holes are transfer to the anode electrode.50 This processing is totally generated energy 

from the donor layer Equation (1.8) is an energetically preferential. 

 

ID* − EAA − EC < 0                           (1.8) 

 

Where EAA is the electron affinity of the acceptor material, EC is the effective Coulomb 

interaction, and ID* the ionization potential of the excited state (D*) of the donor material 

respectively. At the junction of the donor and acceptor, the different LUMO level energy is possible 

to separate the electron and hole from the coulomb force of the exciton.51 And the difference work 

function of the two electrodes can generate the electric field which is driving force of the charge 

transfer to the collecting the electron to the cathode electrode and hole to the anode electrode. 

Therefore, photoinduced charge transfer (CT) can be only under illumination condition.52 The 

potential of the built-in from the difference of the donor and acceptor LUMO level is key point of the 

charge separation. Therefore, bilayer of OSCs of donor-acceptor is perfect concept.53 

The advantage of the bilayer OSCs structure is the very effective charge dissociation at the 

donor/acceptor interface. For the single layer OSCs always shows low PCE because of the easily 

recombined charge and hard to separation of the generated exciton to the hole and electron.54 

However, bilayer OSCs, generated exciton can be easily separating by the built-in potential from the 

difference donor and acceptor energy level which can reduce the molecular recombination.55 

Generally, Bilayer OSCs can be fabricated by thermal evaporation method or using spin casting 

method by using soubility difference of the donor and acceptor materials.56  

 

Bulk heterojunction 

 

From the limitation of the bilayer OSCs, increasing the thickness of the active layer is very 

important for the high efficiency OSCs. Therefore, mixing the donor and acceptor in one solvent 
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method called bulk heterojunction OSCs was developed by Wanli Ma et. al. in 2005.37 The bulk 

heterojunction method can remarkably increase the thickness of OSCs without recombination 

ideally.57 This is due to the making path way for the charges with less than exciton diffusion length of 

the organic material. Figure 1.7c schematically depicted the bulk heterojunction OSCs.44, 58 The 

concept and mechanism of the bulk heterojunction OSCs is the same as the bilayer OSCs about the 

donor-acceptor.59 However, bulk heterojunction OSCs have large interfacial area for the charge 

separation happened region. Due to the small exciton diffusion length of the organic semiconductor ~ 

20 nm, thin layer of active layer is required.59-60 To increase the active layer thickness, It is necessary 

to increase the path way for the charges before they recombined within life time.61 From this concept, 

the charges can be separated within their life time at the different phases. Therefore, remarkably 

reduce the recombination and enhance the generation of the photocurrent.48b, 62 The importance for the 

bulk heterojunction is making the interconnecting network of the bicontinuous donor and acceptor 

phase because of well transfer of the charges.63 Therefore, the nanoscale morphology of the bulk 

heterojunction OSCs is very important issues.64 Normally, bulk heterojunction OSCs is made with 

spincasting of the blended donor and acceptor materials in one solvent. The bulk heterojunction 

method is the most general method to achieve high PCE for OSCs. 

 

Tandem 

 

Tandem solar cells provide one way of increasing the overall absorption and efficiency of a solar 

cell. A tandem cell is essentially two (or more) solar cells stacked directly on top of each other with a 

transparent electrode (recombination layer) in the middle.65 Light will travel through the front cell, 

past the transparent electrode, and into the back cell. Ideally, a tandem cell will behave like two cells 

in series. Therefore, the voltages produced by the two cells will add, and the current of the tandem cell 

will be limited by the lower current of the two cells as following equation (1.9) and (1.10) 

 

   (      ) =    (     )+   (    )	                     (1.9) 

   (      ) = min	[   (     ) ,    (    )]                    (1.10) 

 

For the OSCs, the tandem structure needs to overcome two main intrinsic properties of the organic 

semiconductor.66 One is the low lifetime and charge carrier mobility which can limit the distance of 
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the carrier charge transport.65 The low lifetime and charge carrier mobility is the problem for making 

thick active layer to maximize the absorption light. And another thing is low light absorption of the 

organic materials. Certainly, the absorption spectrum of the organic materials is not perfectly made of 

a continuum. The organic semiconductor materials always provide the narrow region of the 

absorption as shown in Figure 1.8.67 Therefore, It is necessary to combine several organic materials to 

cover each weakness for efficient absorption light.  

 

 

Figure 1.8. Schematic of a tandem structure and absorption region.67 

 

Figure 1.8 shows a normal organic tandem structure solar cell composed of two obvious devices 

stacked between TCO electrode and metal electrode with inserted intermediate layer. Right side of  

Figure 1.8 shows absorption region of the each device. The light is incident to the TCO electrode and 

first, bottom device absorbed light then top device absorbed remained light. This structure is 

advantage for the using the small loss of the light by using different band gap organic materials.68 The 

intermediate layer is also very important to connect two devices in series or in parallel. In realization 

of the tandem OSCs, series connected tandem device is more developed. The purpose of the tandem 

device is connecting two devices in one device structure. Therefore, the composition of the structure 

is very important which parameter increase by using tandem structure. To connect the different energy 

band gap of the bottom and top cell, the intermediate layer should be aligned to the quasi-Fermi level 
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for the bottom cell’s acceptor with the quasi-Fermi level of the top cell’s donor (or opposite direction 

for the inverted structure).69 That is to say the intermediate layer should be a center for the 

recombination of holes coming from one top device and electrons coming from the bottom device.  
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1.4 Quantum Dot Solar Cells (QDSCs)  

 

1.4.1 Quantum Confinement 

 

When the size of QD decreased to dimensions less than the Bohr exciton radius of holes and 

electrons, QD is confined by a potential barrier in all directions. The quantum confinement of holes 

and electrons leads to size-dependent electronic energy levels, which resemble discrete atomic-like 

hole and electron energy states shown in Figure 1.9.70 The size-dependence of electronic energy levels 

offer the flexibility to control the optical, electrical, and photophysical properties of semiconductor 

QDs by changing the physical dimensions of the QDs, and hence, manipulating their effective 

bandgap energy (Eg QD). 

 

 

Figure 1.9. Changed band gap according to the size of the quantum dot. 
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In 1986, L. E. Brus derived an analytical expression that described how the effective bandgap 

energy of a spherical semiconductor QD changes with its radius, R, and showed that it is given by 

equation (1.11)71 
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                   (1.11) 

 

where h is Planck’s constant, me and mh are the effective mass of an electron and hole, respectively, 

and ε is the dielectric constant of the QD material. Despite the simplifying assumptions behind its 

derivation, equation. (1.11) accurately captures and clearly illustrates the strong size-dependence of 

the effective bandgap energy, which in turn determines the electrical and optical properties of the QD. 

The first term on the right-hand side of equation. (1.11) represents the bandgap energy of the bulk 

semiconductor. The second term is the quantum confinement energy of the electrons and the holes; 

this term increases with decreasing QD radius and is proportional to R-2. The third term originates 

from the Coulomb attraction of the electron–hole pair,72 and varies as R-1. Since the Coulomb 

attraction increases with increasing quantum confinement, the third term counteracts the quantum 

confinement and shifts Eg QD towards lower energies. However, when the radius of the QD is 

sufficiently small, the carrier confinement term in equation (1.11) dominates the Coulomb attraction 

term. As a result, the effective bandgap energy of the QD widens with decreasing size; the optical 

absorptions and emissions associated with excitations across the bandgap shift towards higher 

energies, a phenomenon referred to as ‘blue- shifting’. Figure 1.10 shows this ‘blue-shift’ in optical 

absorption data for a series of PbS QDs with different diameters from Sargent group in university of 

toronto. Typically, the position of the lowest energy absorption feature, which corresponded to the 

lowest energy electronic transition in the QD, shifts towards higher energy (or shorter wavelength) 

with decreasing QD size. 

 



２１ 

 

 

Figure 1.10. Absorption and emission of the different size of PbS quantum dot (Bawendi group) 

 

Quantum confinement in semiconductor QDs can change the rates of relaxation processes in solar 

cells, which in turn can potentially lead to higher solar cell efficiency than the Shockley-Queisser (SQ) 

limit.73 It has been suggested by A. J. Nozik,74 and recently verified experimentally75 that quantum 

confinement in QDs may slow the relaxation dynamics of high energy charge carriers. This slowing is 

due to discrete quantized energy states in QDs which are separated by energies greater than that 

required to excite phonons. This mismatch in energy scales slows down the electron and hole 

relaxation by phonon emission, a phenomenon known as the ‘phonon bottleneck’. Photon absorption 

in QDs leads to the generation of electrons and holes bound together as electrically-neutral pairs 

known as excitons. The slowed cooling of excited excitons allows processes such as (i) multiple 

exciton generation (MEG), or (ii) high energy electron extraction (HEE) to compete with excitonic 

relaxation to enhance photon conversion efficiency. Multiple exciton generation is a process in which 

multiple excitons are formed per absorbed photon when that photon has energy exceeding at least 

twice the effective bandgap energy; high energy electron extraction involves the transfer of an 

electron out of the semiconductor QD and into an acceptor material while still preserving the 

electron’s energy. MEG and HEE may lead to higher photocurrents and photovoltages, respectively.74 

However, while both MEG and HEE provide a fundamental means to exceed the SQ limit, these 

processes are mutually exclusive and compete with each other. Efficient MEG has recently been 

shown in colloidal dispersions of various semiconductor QDs,76though the conditions under which 

MEG is observed remains a controversial topic.77To date, neither MEG nor HEE has been 

conclusively demonstrated in QD-based solar cells although experiments claiming MEG in various 

devices have been reported.78 
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1.4.2 Synthesis and ligand exchange for QDSCs 

 

Methods for preparing nearly mono disperse colloidal QDs and methods for depositing these QDs 

as thin films on various substrates using inexpensive solution processes have been exceptionally well-

developed.79 These developments make it possible to take advantage of the tunable optical and 

electronic properties of semiconductor QDs in solar cells. The most common synthetic route entails 

separating nucleation and growth of QDs in time during the synthesis, which gives exceptional control 

over the size distribution. In this synthetic strategy, a brief burst of nucleation at the beginning of 

synthesis is followed by regulated growth of the existing nuclei, without any additional nucleation and 

with as little coarsening as possible. The synthesis is carried out in a hot surfactant solution such that 

the QD surfaces are passivated with weakly-bound long-chain surface molecules, or ligands, during 

growth. This strategy has been used to produce QDs of II–VI, III–V, and IV–VI semiconductor 

materials. As shown in Figure 1.11, colloidal semiconductor QDs synthesized in this manner consist 

of a crystalline inorganic core coordinated with long-chain ligands which (i) provide a dynamic 

barrier to QD aggregation, (ii) mediate QD growth, and (iii) provide a means to electronically 

passivate surface trap states. These surface ligands also allow QDs to be deposited from solution onto 

surfaces of various planar or nanostructured substrates as close-packed assemblies by means of simple 

spin- or dip-coating processes to create solar cells based on thin colloidal QD films.80Such coating 

processes, in which the semiconductor QD is dispersed in a solvent that evaporates during solar cell 

fabrication, offer promise with respect to reducing cost per area during the manufacturing process. 
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Figure 1.11. CdSe quantum dot synthesis scheme.(Bawendi group) 

 

However, when deposited onto a substrate, colloidal semiconductor QD films are electrically 

insulating, which is highly undesirable for solar cells. The presence of the bulky surface-capping 

ligands inhibits charge transport and leads to poor conductivity in these films because of large inter-

QD spacing and weak inter-QD coupling. As a result, recent efforts have focused on enhancing 

electronic coupling between neighboring QDs by either removing or exchanging the capping 

molecules to improve charge transport within the film because the surface chemistry of colloidal QDs 

can be easily controlled. Examples have included (1) removing the long-chain ligands chemically via 

reduction81 or oxidation,82 (2) thermally desorbing or degrading the ligands in vacuum or under inert 

conditions,83 and (3) replacing the long-chain ligands with shorter ones.84, In the latter example, 

significant enhancements in particle-to-particle charge transport and film conductivity (up to 10 

orders of magnitude) have been reported in QD films when the films were exposed to solutions 

containing short molecules, such as hydrazine,3 methylamine, or 1,2-ethanedithiol (EDT), which 

replace the long-chain ligands during the exchange reaction (Figure 12). This technique has been 

shown to reduce inter-QD spacing while still preserving the identity of the QDs. Consequently, these 

films have been incorporated in a variety of current state-of-the-art QD-based solar cell architectures. 
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Figure 1.12. Ligand exchange of the PbS quantum dot (Sargent group) 
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1.5 State-of-the-art in QDSCs  

 

1.5.1 QD sensitized solar cells (QDSSCs) 

 

Semiconductor quantum-dot-sensitized solar cells (QDSSCs) are photovoltaic devices that consist 

of a macroscopic ensemble of nanometer-sized heterojunction interfaces between two nanometer-

scale inorganic semiconductors. These novel solar cells incorporate inorganic semiconductor QDs as 

photosensitizers and/or as charge transport materials to take advantage of (1) the ability to engineer 

the electronic states of the QDs to enhance overlap between their absorption spectrum and the solar 

spectrum, (2) the potential for fast electron and hole transfer at heterojunction interfaces due to the 

large intrinsic dipole moments of the QDs, and (3) the potential to create multiple electron–hole pairs 

per absorbed photon. The assembly of QDSSCs has been inspired by the dye-sensitized solar cells 

(DSSCs) developed by Grätzel et al.,85 which have demonstrated the highest overall power conversion 

efficiencies (~11%) of all novel nanotechnology-based solar cell technologies to date and is 

commercially available worldwide. 

In the QDSSC, schematically depicted in Figure 1.13, a monolayer of photosensitive QDs (e.g. 

CdS, CdSe, PbS, InAs, InP, Ag2S, Sb2S3, or Bi2S3)
86is anchored onto the surface of a coarse, 

disordered film of mesoporous nanocrystalline metal oxide semiconductor particles, usually either 

TiO2, ZnO, or SnO2. The WBG semiconductor film is supported by a glass substrate coated with a 

thin layer of indium-tin-oxide (ITO) or fluorine-doped-tin-oxide (FTO), which functions as a 

transparent collection electrode. The attachment of QDs onto the semiconductor film can be 

accomplished by either growing the QDs directly onto the semiconductor or using a linker molecule 

between the QD and semiconductor. In the latter technique, QDs are synthesized separately and 

adsorbed onto the metal oxide semiconductor surface by dipping a substrate containing the 

mesoporous metal oxide semiconductor film into a colloidal dispersion of QDs. Regardless of the 

attachment method, the high surface roughness of the metal oxide semiconductor film permits high 

QD loadings that lead to enhanced light absorption. Light is absorbed by the QDs to generate 

electron–hole pairs confined to the QDs. If attaching the QDs to the metal oxide semiconductor forms 

a type II heterojunction such that photogenerated electrons lie above the semiconductor’s conduction 

band edge, then the QDs can inject electrons directly into the semiconductor. This process can occur 

on a sub-nanosecond time scale and depends on the distance between the QD and the semiconductor, 

in the absence of a resonant charge transfer mechanism. The electron-accepting metal oxide 

semiconductor film is infiltrated by a liquid electrolyte consisting of a redox couple dissolved in a 
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solvent, which electrochemically neutralizes the positively-charged QDs. The electrons injected from 

the QDs into the semiconductor film from particle-to-particle through the film towards a collection 

electrode.87 The electrolyte is regenerated, in turn, by reduction of the electrolyte oxidant at the 

photocathode via electron flow through the external load, thereby completing the circuit. In this 

QDSSC design, the photovoltage generated under illumination corresponds to the difference between 

the redox potential of the electrolyte mediator and the electron quasi-Fermi level in the metal oxide 

semiconductor.  

 

 

Figure 1.13. Mechanism and device structure of the QDSSCs.88 
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1.5.2 QD heterojunction solar cells (QDhSCs) 

 

Within the past five years, efforts have been focused on improving the reliability of semiconductor 

QDs in solar cells, leading to the development of all-solid QD solar cells based exclusively on bilayer 

heterojunctions between a film of p-type electron-donating semiconductor QDs and a film of n-type 

electron-accepting QDs of a different materials, as shown in Figure 1.14. In these devices, the p-type 

electron-donating QD layer is deposited onto a transparent and conducting bottom contact (typically 

ITO-patterned glass) using methods such as spin- or dip-coating. In some cases, a thin layer of 

semitransparent and hole-conducting polyethylene dioxythiophene-polystyrene sulfonate (PEDOT-

PSS) is placed between the electron-donor and bottom electrode to prevent microscopic electrical 

shorts in the device by reducing surface roughness of the bottom contact. The conductivity and 

mobility of charge carriers in the electron-donating QD film is enhanced by replacing long-chain 

surface molecules on the QDs with shorter molecules, such as MPA or EDT.89 This ligand 

replacement can take place either before film deposition, wherein the long-chain molecules are 

replaced with shorter ones while the QDs are dispersed in a solvent, or after film deposition, wherein 

the QDs are first deposited with their long-chain ligands still attached to their surfaces, but then 

subsequently exposed to a solution containing the shorter ligand to accomplish the exchange. The n-

type electron-accepting phase is deposited on top of the donor and chemically-treated in a manner 

similar to the underlying donor QDs. Finally, metal electrode is deposited on top of the QD-film stack 

to complete the device. 

In these devices, both the donor and acceptor phases absorb incident light and create excitons. 

These excitons are spatially restricted by the semiconductor QDs and are not easily split by thermal 

energy; consequently, the electrons and holes remain bound together as a pair. However, this 

separation barrier is overcome by using the heterojunction between the donor and acceptor phases, 

provided that (1) the donor and acceptor phases form a type II heterojunction and (2) the energetic 

offset between the lowest energy electron (and hole) level of the donor and acceptor is greater than the 

energy that binds the electron and hole together (known as exciton binding energy). In a properly-

designed heterojunction, this energetic offset provides the driving force for exciton dissociation and 

subsequent charge transfer. If the exciton is generated within the donor, the electron is transferred to 

the acceptor and the hole remains behind in the donor. If the exciton is generated within the acceptor, 

the hole is transferred to the donor and the electron remains behind in the acceptor. If the 

heterojunction is not properly-designed, photogenerated excitons may not separate into electrons and 

holes across the donor–acceptor (D–A) interface. Dissociation pathways may also exist at trap sites on 

the surface of QD donors and acceptors. However, this would only create a single mobile charge 
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carrier and lead to trap charging.90 Since the electronic energy levels in the QDs change with size, 

only those sizes where the electronic energy levels are favorably aligned for exciton dissociation and 

charge transfer will lead to charge separation and a photovoltaic effect. 

Dissociation of excitons takes place only if the D–A interface is reached before the bound 

electron–hole pair recombines. Generally, excitons in QDs are short-lived (~100 ns)91 and the 

maximum allowable diffusion length of the exciton depends on both its lifetime and its mobility in the 

QD film. Thus, it is desirable to use donor and acceptor QDs with superior exciton and charge 

transport properties; specifically, appropriate QD materials must have high dielectric constants, low 

effective masses for both electrons and holes, and high densities of electronic states.92 Moreover, QDs 

in films must be in close proximity and sufficiently coupled to each other. After separation and 

transfer across the D–A interface, both electrons and holes face an energy barrier to move back across 

this interface. This inherent barrier creates concentration gradients within the donor and acceptor 

phases that drive electrons and holes away from the interface in opposite directions towards their 

respective collection electrodes,93. Consequently, the transport of mobile electrons and holes may 

occur by a combination of bulk diffusion and an electric-field-induced drift, perhaps due to the work 

function difference between the two metal electrodes.46, 94 

The origin of the photovoltage in these bi-layer heterojunction QD solar cells is still debatable and 

not much detailed work exists to decide between different alternative explanations. From a metal–

insulator–metal (MIM) perspective,95 the photovoltage should be due to and limited by the difference 

in the work functions of the two opposite metal contacts, which acts to counterbalance the internal 

electric field created when placing the electrodes and insulator in contact with each other. However, in 

donor– acceptor QD solar cells, the photovoltage must overcome not only the built-in electric field 

due to work function differences, but also the chemical potential gradient established at the D–A 

interface due to the simultaneous generation and dissociation of excitons during illumination. 

Consequently, the largest possible photovoltage obtainable is perceived to be given by the energy 

difference between the quasi-Fermi levels for electrons and holes in the acceptor and donor, 

respectively. In this case, the maximum photovoltage is bound by the difference between the lowest-

unfilled-electronic-energy level in the acceptor QD and the lowest-filled-electronic-energy level in the 

donor QD, respectively. 

To achieve the highest photovoltage, the metal contacts and the donor and acceptor QDs are 

chosen such that (1) the energy difference between the work function of the metal contact to the donor 

and the lowest-filled-electronic-energy level of the donor QDs is minimized; (2) the energy difference 

between the work function of the metal contact to the acceptor and the lowest-unfilled-electronic-

energy level of the acceptor QDs is minimized; and (3) the metal contacts and QD absorbers form 
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ohmic contacts. By minimizing the band offset between the metal contacts and QD absorbers, voltage 

losses at the contact due to band-bending can be reduced.96 Recently, The field of the QDSCs has very 

actively studied then achieved over 8% of PCE from Sargent group in university of the Toronto. Then 

people think that QDSCs is possible to show over 10% PCE.97 Several interesting result reported with 

QDSCs such as ligand treatment technic, bulk heterojunction QDSCs, and using surface resonance 

reflectance from the small nanoparticle inside the quantum dot layer. Typical, QDSCs has shown in 

Figure 1.14. 

 

 

 

Figure 1.14. a) bilayer QD SCs device structures b) bulk heterojunction QD SCs device structures 

(Sargent group) 
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1.5.3 Hybrid Organic-Inorganic SCs 

 

To obtain both advantage of the OSCs and QDSCs, several researchers has working on the hybrid 

organic-inorganic solar cells because of easy to adopt the any organic or inorganic materials for 

organic materials concept p-n junction type. And also QD can be easily infiltrated in the organic 

materials film matrix. For organic materials-based solar cells, the morphology control is very 

important factor to achieve high PCE. Therefore, Many efforts have been studied to optimize the 

morphology of the active layer by using post or pre- thermal annealing, solvent annealing, and 

additive effect. For hybrid solar cells, efficient charge transporting of the hole and electron with 

combining organic and inorganic materials are in the one film matrix. The hybrid solar cell involves 

organic and inorganic materials for using their both advantages with combination of that. 

From the solution processing method, organic materials based on the solar cells have the potential 

for cheap manufacturing. Furthermore, organic materials are cheaper than inorganic materials in solar 

cells application such as Si, CIGS and also, have the high absorption coefficient which can bring the 

thin film solar cells. For quantum dot, the properties of bulk material can be changed with changing 

the size of the materials from the quantum confinement. The size of quantum dot is easily changed by 

using the colloidal synthesis of quantum dot method.  

Greenham et al. in 1996, studied the polymer/QD solar cell in first made by using CdSe or CdS 

QD dispersing into the MEH-PPV conjugated polymer,98. The highest solar cells performances were 

obtained when 90wt% (weight ratio) QD, with volume ratio about 50% of total ratio used. Despite the 

highest solar cells efficiency was only lower than 0.1% under AM 1.5G conditions and highest point 

of the EQE reached 10% at 514 nm wavelength, this result showed which substantial exciton could be 

dissociated at the junction of polymer/QD interface. Greenham et al. also mentioned that long ligands 

attached QD surfaces from synthesis of QD perhaps interrupt the carrier charge transport between 

polymer and QD.  

In 2002, one of the hot result was reported by Huynh et al, which is blending CdSe nanorods and 

P3HT conjugated polymer in one solvent to make bulk heterojunction of hybrid solar cells. As shown 

in above, around 2000s P3HT was very actively studied. The good reason for using P3HT with QD 

are high hole mobility and strong absorption of the light.22 And CdSe nanorod can provide high 

transporting electron and large areas for exciton dissociation in solar cells device. Huynh et al also 

studied the ligand problem to avoid charge quenching to change the ligand with pyridine. The 

exchanged pyridine ligand is possible to increase the film morphology and performance of the hybrid 

solar cells remarkably. Exchanged pyridine ligand has weak binding energy which could be removed 

by annealing the solar cells devices over 120 °C. At that time, the device performance was reported 
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1.7% PCE, 5.8 mA/cm2 JSC, 0.7 V of VOC, and 0.44 FF under AM 1.5G conditions, and achieved 55% 

EQE at 485 nm. Figure 1.15 shows the hybrid solar cells device architecture and J-V curve of a CdSe 

nanorods/P3HT device. 

 

 

 

Figure 1.15. a) Hybrid solar cell device structure of CdSe nanorods/P3HT. (b) J-V curve 

characteristics CdSe nanorods /P3HT hybrid solar cells under AM 1.5G conditions22  

 

Even though CdSe annorods/P3HT hybrid solar cells achieved high efficiencies, cadmium (Cd) is 

a well-known as the toxic material and selenium (Se) also has large amount of toxic. Therefore, 

several none toxic materials were studied for hybrid solar cells such as zinc oxide (ZnO)99 and TiO2 

100 Kwong et al. in 2004, reported hybrid solar cells composed with P3HT and TiO2 with various 

concentrations of TiO2 with various solvents. Kwong et al achieved 0.4% PCE under AM 1 

conditions. The best hybrid solar cells device consisting of 60 wt% TiO2 in xylene. The solar cells 

device performances were 2.76 mA/cm2 of JSC, 0.44 V of VOC, 0.36 of FF, and achieved 14% EQE at 

475 nm. Beek et al. in 2004, studied MDMO-PPV with low temperature processing ZnO bulk 

heterojunction hybrid solar cells. The hybrid solar cells device achieved a 1.6% of PCE, 2.4 mA/cm2 

of JSC, 0.81 V of VOC, and 0.59 FF with 40% of EQE at 500 nm wavelength under 0.71 sun condition. 

These non-toxic ZnO and TiO2 materials have wide band gaps which absorbs only UV region with 

violet region of visible region. This could be reason for the low performance of TiO2/polymer and 

ZnO/polymer hybrid solar cells compared to reported CdSe nanoreods/polymer hybrid solar cells. 

After few year with highly studied field of organic solar cells together with conjugated organic 
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materials, Newly introduced conjugated polymer showed high performance of OSCs field. In hybrid 

solar cells also following the trend and developing new and good materials to use the infrared region 

of the light of low band gap materials. Maria et al. in 2005 studied lead sulfide (PbS) QD with P3OT 

conjugated polymer for hybrid solar cell.101 The solar cells device showed around 10% EQE in the 

absorbed from PbS QD layer of infra-red region. Watt et al. in 2005 also reported a hybrid solar cell 

by using synthesis of PbS QD/MEH-PPV conjugated polymer for hybrid solar cells.81, 102 However, 

These devices showed low solar cells performance less than 1% of PCE. However, These devise 

showed photocurrent contribution from the PbS QD with combined conjugated polymer for hybrid 

solar cells. Cui et al. in 2006 studied blending of MEH-PPV and PbSe QD for hybrid solar cell. One 

of remarkable studied came from Sargent group Andras et al.in 2009 achieved over 5% PCE by using 

PbS QD with TiO2 layer.103 The device was built by lay-by-layer technic of the PbS QD layer to 

reduce the quenching from the long ligand attached. Seo et al in 2011, reported PDTPQx conjugated 

polymer /PbS QD (10:90w/w%) blending active layer made.104 They achieved 3.78% of PCE  

with hybrid PbS QD/conjugated polymer. In 2014, also Sargent group achieved 8% of PCE by using 

PbS QD/TiO2 structure.105 Several researchers have been to study the hybrid solar cells by using QD 

and polymer. However, still the performance of solar cells is lower than organic or inorganic only 

solar cells.  

 

 

 

Figure 1.16. a) Typical PbS QD/TiO2 structure b) device of the cross-sectional SEM image 
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Chapter 2. The Effects of Introducing a Buffer Layer to Polymer Solar 

Cells on Cell Efficiency 

 

2.1 Research background  

 

Polymer bulk-heterojunction (BHJ) solar cells, whose active layer is composed of a mixture of a 

donor and an acceptor material (active layer), offer promising commercial opportunity because of 

their many advantages, such as easy processability, low material costs, high efficiency, and 

mechanical flexibility. These potentials have stimulated intense research activity, resulting in 

progressive increases in power conversion efficiency of polymer solar cells (PSC) from less than 1% 

to current, confirmed metrics near 8% for bulk bulk-heterojunction (BHJ) cells. 37, 44-45, 106 So far, 

many approaches have been employed to improve the device performance.107 Most notably, the 

introduction of buffer layer between active layer and metallic contact provides a useful means in 

efficiency enhancement. Impedance spectroscopy measurement is used to understand the charge 

transfer mechanism of interface between active layer and buffer layer which is an electric method to 

monitor the current response when an ac voltage is applied as a function of the frequency.108 Recently, 

organic thin films fabricated from commercially available poly(3,4-ethylenedioxythiophene): poly(4-

styrenesulfonate) (PEDOT:PSS) aqueous dispersions have strongly attracted attention mainly due to 

their exceptional advantage of high transparency, great thermal stability, and aqueous solution 

processibility. PEDOT:PSS films have been used as a hole transport layer in an organic light-emitting 

diodes (OLED), a hole collecting layers in PSCs, and source/drain electrodes in thin film transistors. 

In addition, by doping process with high boiling point organic solvent such as dimethyl sulfoxide, 

N,N-dimethyl formamide, solbitol and ethylene glycol to the aqueous PEDOT:PSS dispersion could 

be induced high conductivity up to (550 S/cm). However, The mechanism for the enhancement of the 

conductivity after the additive treatment is still under debate.109 And much progress has been made in 

understanding the fundamental physics that controls the properties of these optoelectronic devices 

even though all aspects still are not fully understood.110 

In this work, we obtained different results in PSC device with using four kinds of formulation 

PEDOT:PSS PH, PH500, 5% DMSO added in to the water dissolved PH solution and, 5% DMSO 

added in to the water dissolved PH500 solution now representing PH, PH500, modified PH and, 

modified PH500 respectively. Those PEDOT:PSS are estimated thickness and conductivity by surface 

profiler and four point probe. The tendency of thickness and conductivity is modified PH500 > 
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modified PH > PH500 > PH. From These results, first we determined electron and hole mobility and 

those ratios by space-charge-limited current (SCLC) curve. second RCT, and time constant of RCT were 

obtained by IS measurement to see different charge transfers at interface. Finally, we observed the 

different contact angles (14° ~ 18°) between each PEDOT:PSS and active layer solution. These all 

experiments display the reliable tendency of Fill Factor (FF) of results in PSCs. The best achievement 

FF is 72% by using PH500. 
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2.2 Experiments 

 

Processing of device 

 

The layer structure of the solar cell devices was glass/indium tinoxide (ITO)/poly(3,4-

ethylenedioxythiophene) :poly(styrenesulfonate)(PEDOT:PSS)/P3HT:PCBM/Al. The devices were 

fabricated as follows; 1) The ITO-coated glass substrate was first cleaned with detergent, then 

ultrasonicated in acetone and isopropyl alcohol, and subsequently dried in an oven overnight; 2) spin-

coating of the PEDOT:PSS (Baytron P) layer(after passing through a 0.45 µm filter) at 5000 rpm for 

60 s followed by a bake at 140℃ for 10 min in air and then moved into a glove box. The 

PEDOT:PSS (Baytron P) was purchased from H. C. Starck (Germany). Baytron P is aqueous 

dispersion of the conductive polymer, PEDOT:PSS. The weight ratio of both PEDOT:PSS PH and 

PH500 are PEDOT to PSS 1:2.5, and the mixture was diluted with H2O. To increase conductivity, 5% 

dimethyl sulfoxide (DMSO, Aldrich, 99.9%) was added in to the aqueous PEDOT:PSS; 3) 1 mL 

chlorobenzene(CB) solution composed of P3HT(purchased from Rieke Metals, Inc and used as 

received; regioregularity = 98.5% and measured weight-averaged molecular weight, Mw ≈ 

55000g/mol) (1 wt.-%) plus PCBM (purchased from Rieke Metals, Inc and used as received) (0.8 wt.-

%) was spin-cast at 700 rpm for 60 s on top of the PEDOT layer;) 4) the device was pumped down in 

vacuum (< 10–7 torr; 1 torr ∼ 133 Pa), and a ∼ 100 nm thick Al electrode was deposited on top of 

the active layer. The deposited Al electrode area defined the active area of the devices as 13.5 mm2. 

The sample was then heated at 180 °C for 10 min inside glove box filled with nitrogen gas. 

 

Measurement 

 

The J–V Measurements were carried out with the solar cells devices inside the glove box by using 

a high quality optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A 

source measurement unit. The solar cell devices were illuminated at an intensity 100mW cm-2. Four 

kinds contact angles of PEDOT:PSS PH, PH500, modified PH and, modified PH500 films on the ITO 

coated glass substrate were measured by contact angle measurement (DSA100). Impedance 

spectroscopy measurement (IS measurement) for fabricated solar cells devices were carried out by 
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impedance analyzer ( SI 1287 solartron). The oscillation amplitude of the AC voltage was maintained 

at 10 mV for all IS measurements. To calculate holes and electrons mobility, thickness of active layer 

is measured by surface profiler(P-16+ KLA-Tencor). 
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2.3 Result and discussion 

 

Each PEDOT:PSS PH (0.06 S/cm), PH500 (0.78 S/cm), modified PH (8.93 S/cm) and, modified 

PH500 (117.65 S/cm) film information was obtained at the same condition of spin coating procedure. 

The conductivity of PEDOT:PSS was measured on the fused silica substrate using the four-point 

probe technique at 10 different locations on each film and an average of the measured values were 

used and the thickness of each films were measured by surface profiler.  

PH500 device exhibits a higher power conversion efficiency (%) and fill factor (FF) and generally 

better current–voltage (J–V) curve shape than the other devices used PH, modified PH and, modified 

PH500 (see Figure. 2.1 and Table. 2.1). The increased fill factor and efficiency are indicated that the 

speed of electron and hole mobility is almost the same which induces the high fill factor.24 The 

mobility of electrons and holes in the polymer blend is an important parameter that must be well 

controlled because a balanced charge-carrier transport is a prerequisite for increasing fill factor and 

efficiency. The electron and hole mobilities can be calculated from the space-charge-limited current 

(SCLC) by equation (2.1).111 

 

     =
 

 
      

  

  
 		                            (2.1) 

 

where   	is the dielectric constant of the material,   	is the permittivity of free space, L is the 

distance between the cathode and anode, which is equivalent to the film thickness, and V is the 

applied voltage. The results of mobility were obtained by fitting the SCLC curves (Figure. 2.2f). 

Device with PH500 as an anode side buffer layer, the ratio of the electron and hole mobility is closer 

to unity than the others, which corresponds to device performance.  
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Figure 2.1. Current-voltage characteristics of PSCs with four different PEDOT:PSS as a buffer layer. 

 

Figure 2.2e shows the Cole–Cole plot, Im(Z) vs Re(Z), of all devices at 0.6 V bias voltage in light 

irradiation (100mW/cm2) without UV light cut filter by halogen lamp. The equivalent circuit of the 

Cole–Cole plot of PSC device was simply modeled as a combination of resistance and capacitance in 

series with a series resistance in inset of Figure 2.2e.112 Im[Z] and Re[Z] are calculated by equation 

(2.2),(2.3) each other.113 
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                          (2.3) 

 

In this study, we focus on transfer resistance (RCT) and time constant between each PEDOT:PSS 

and active layer from the results of Impedance Spectroscopy measurement (IS measurement). The 

charge is determined (RCT) by Re(Z). According to the Re(Z) part, the component of first semicircle 
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involves RCT between ITO and PEDOT:PSS at the high frequency (Figure 2.3). and at the low 

frequency, second semicircle involves RCT between PEDOT:PSS and active layer. In terms of RCT, 

PH500 shows the lowest RCT value compared to the others in the device. low RCT value indicates 

efficiently charges moving between PEDOT:PSS and P3HT:PCBM layer and time constant term also 

implies the similar meaning of RCT. The trend of RCT and time constant is similar to fill factor 

tendency in PSC. Consequently, RCT and time constant is reliance parameters to understand charge 

transfer mechanism of the inside of the device. As discussed above, we consider that this may be due 

to the fact that PH500 is a suitable material for anode side buffer layer in case of charge transfers term 

between P3HT:PCBM blend layer and PEDOT:PSS layer. 

 

Table. 2.1. The parameters related to PSCs with four different PEDOT:PSS as a buffer layer. 

PEDOT:PSS 

Jsc 

(mA  

cm-2) 

Voc 

(V) 

FF 

 

η 

(%) 

Rs 

(Ω) 

κ 

(S cm-1) 

θ 

(°) 

RCT 

(Ω) 

 

τ 

(s) 

 

μh 

(m2 V-1 s-1) x10-8

PH 9.69 0.60 0.66 3.80 4.83 0.06 18.0 ± 0.6 7.65 4.26-5 3.85 

PH+DMSO 9.67 0.60 0.68 3.95 2.33 8.93 16.7 ± 0.6 7.36 3.89-5 4.66 

PH500+DMSO 9.81 0.61 0.70 4.23 1.46 117.65 14.2 ± 0.6 6.66 2.84-5 6.32 

PH500 9.72 0.61 0.72 4.25 1.25 0.48 13.0 ± 0.5 6.26 2.81-5 11.8 
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Figure 2.2b shows contact angles between PEDOT:PSS and droplets of P3HT:PCBM solutions 

which are the same condition as the used active layers in PSCs to see the tendency of angle difference. 

The different contact angle indicates a wettability between PEDOT:PSS film and active layer. the 

wettability is the ability of liquid to spread over a surface. A drop of liquid placed on a solid surface 

configures itself in a way that depends on the interaction between solid and liquid. The Young’ 

equation (2.4) describes this system at equilibrium. 

 

γ cosθ = 	γ − γ                            (2.4) 

 

Where γ , γ   and γ  are the surface tension of the solid, the interfacial tension between the 

liquid and the solid, and the surface tension of the liquid, respectively, and θ is the contact angle at 

the interface solid-liquid-vapour.114 The low contact angle can be derived to the high surface 

energy.115 Therefore low contact angle points to well spread over the PEDOT:PSS film by 

P3HT:PCBM solution which induces good adsorption thus well working as the buffer layer in PSCs 
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Figure 2.2. Typical characteristics as a function of fill factor with PEDOT:PSS PH, PH+DMSO, 

PH500+DMSO, and PH500. (a) The conductivities of various PEDOT:PSS, (b) contact angle of 

P3HT:PCBM solution droplets on different PEDOT:PSS films and the images of contact angle in the 

inset, (c) charge transfer resistance and time constant, and (d) hole mobilities with various 

PEDOT:PSS vs fill factor in PSCs. (e) Typical Cole-Cole plot for ITO/PEDOT:PSS/P3HT:PCBM/Al 

device with different PEDOT:PSS under illumination (100mW cm-2) without UV cut filter by halogen 

lamp. The solid lines indicate the fitting curve calculated by the equivalent circuit in the inset. (f) 

Measured J-V characteristics under dark condition for hole-only and electron-only devices with 

different PEDOT:PSS. 
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Figure 2.3. Typical Cole-Cole plot for ITO/PEDOT:PSS/Al device with different PEDOT:PSS under 

illumination (100mW cm-2) without UV cut filter by halogen lamp. 

 

 

 

 

Figure 2.4. The AFM images and roughness values of PEDOT:PSS PH, PH +DMSO, PH500 and, 

PH500 + DMSO. 
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Figure 2.5. The transmittance of each PEDOT:PSS PH, PH500, PH + DMSO, and PH500 +DMSO is 

coated on ITO deposited glass substrate. The baseline of transmittance is air 
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2.4 Conclusion 

 

To summarize, we have fabricated efficient Polymer solar cells by using different functional 

interfacial layers which are pristine PEDOT:PSS and treated PEDOT:PSS with high boiling point 

solvent. To determine the details, various experiments were carried out hole and electron mobility 

ratio, charge transfer resistance by impedance spectroscopy measurement, and contact angle. Those 

measurements identified good or poor charge transfer with different PEDOT:PSS layer in the PSC 

device. The results of experiment indicate that during making PSC device with PEDOT:PSS, 

treatment of PEDOT:PSS do not increase charge transfer between active layer and PEDOT:PSS. 

Therefore the efficiency up to 4.25% has been achieved by using untreated PEDOT:PSS PH500 with 

FF as high as 72%. 
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Chapter 3. Effects of Ionic Liquid Molecules in Hybrid PbS 

Quantum Dot - Organic Solar Cells  

 

3.1 Research background 

 

Over the past several decades, significant research efforts have been undertaken to develop large-

area, flexible, low-cost, and high power conversion efficiency (PCE) photovoltaic devices, through 

the use of nanostructured materials, including small molecules, conjugated polymers, and colloidal 

nanocrystal quantum dots (QDs).45, 61, 89a, 116 QDs have attracted interest in the development of solar 

cells due to their unique features. These include size-dependent optical absorption spectra, large 

extinction coefficients, and extended photostability, which make them attractive absorbing materials 

in photovoltaic applications. QDs also offer the intriguing possibility of overcoming the ordinary 

thermodynamic limits of solar energy conversion, if multiple or hot charge carriers can be extracted.81, 

89b, 117  

Recently, extensive research has focused on the use of lead chalcogenides nanocrystals (PbS and 

PbSe) to harvest infrared (IR) light with wavelengths beyond 1000 nm. In addition, nanocrystals of 

these low band-gap materials have demonstrated multiple exciton generation, which can potentially 

provide efficient use of the ultra-violet (UV) region of the solar spectrum.118 However, the band-gap 

of a PbS QD‘s must be near 1.3 eV in order to achieve proper band alignment with PCBM in this type 

of hybrid heterojunction solar cell. 103, 119 In organic solar cells, open circuit voltage (VOC) is limited by 

the difference in the energy between the highest occupied molecular orbital (HOMO) level of the 

donor and lowest unoccupied molecular orbital (LUMO) level of the acceptor. Therefore, the 

relatively  high HOMO level of the donor (PbS and PbSe QDs) and low LUMO level of the acceptor 

(TiO2, ZnO, and Phenyl-C61-butyric acid methyl ester (PCBM)) limit the VOC and PCE’s of PbS QD 

solar cells compared to other compound inorganic solar cells. To overcome this issue in QD solar 

cells (QD-SCs), the study of interface engineering between the donor and the acceptor provides 

valuable insight toward improving the VOC and PCE of hybrid quantum dot-organic solar cells 

(HyQD-OSCs). 
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3.2 Experiments 

 

Nanoparticle synthesis  

 

The PbS nanoparticles were synthesized by adding lead oxide (PbO, 99.99%, Sigma-Aldrich) 

(0.47 g), oleic acid (OA, tech. grade 90%, Sigma-Aldrich) (2 g), and 1-octadecene (ODE, tech. grade 

90%, Sigma-Aldrich) (10 g) to a three-neck round bottom flask. These mixtures were heated to 

120 °C under vacuum for 1 hr and then kept under argon. In a glove box, hexamethyldisilathiane 

(synthesis grade, Sigma-Aldrich) (180 μL) was mixed with octane (grade 99%, Sigma-Aldrich) (5 mL) 

and loaded into a syringe. The contents of the syringe were quickly injected into the flask, the heating 

mantle was removed after 1 min, and then the PbS nanoparticles were cooled to room temperature. 

The reacted solution was mixed with hexane (10 mL), ethanol (10 mL), and acetone (10 mL) and 

centrifuged to precipitate the PbS nanoparticles. This washing step was repeated several times. 

 

Device fabrication  

 

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) and PCBM were 

purchased from H. C. Starck (Germany) and EM. index respectively. PEDOT:PSS was spin-coated on 

ITO coated glass substrate at 5000 rpm for 60 s and then baked at 140 °C for 10 min. The PbS 

nanoparticle layer was sequentially spin-coated with a 10 mg ml-1 solution in chlorobenzene (CB) at 

1000 rpm for 60 s. Then the ligands of QD layer were exchanged by immersing the device into the 

solution of 0.01 M ethanedithiol (EDT) in acetonitrile for 1 min, then directly washed at 1000 rpm for 

60 s. After the ligand exchange to EDT on the PbS nanoparticle, the sulfur atoms appear on the outer 

shell of QD because of the exceeding (0.01 M) EDT. Subsequent rinsing processes were continually 

progressed with pure CB and acetonitrile at 1000 rpm for 60 s. The process was repeated until the 

desired thickness of the donor layer was achieved. The highest performance of HyQD-OSCs was 

obtained from the device with a thickness of 150 nm, prepared by repeating the coating procedure 8 

times. An ionic liquid solution dissolved in methanol (0.1 wt%) was spin-coated at 5000 rpm for 60 s 

on the PbS layer and then annealed at 100 °C for 10 min to remove residual methanol. The PCBM 

solution dissolved in CB (1 wt%) was spin-coated at 1000 rpm for 60 s to obtain an acceptor layer 

with a thickness of 40 nm. Finally, the device was pumped down in vacuum (< 10–7 torr; 1 torr ∼ 

133 Pa), and a 100 nm thick Al electrode was deposited on top of the PCBM layer. The deposited Al 

electrode area defined the active area of the devices as 13.5 mm2.   
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3.3 Result and discussion 

 

In this study, we observe a remarkable improvement in HyQD-OSCs performance, including 

increases in VOC from 0.41 V to 0.49 V, fill factor (FF) from 0.48 to 0.59, and PCE from 1.58% to 

2.13%, via incorporation of ionic liquid molecules (ILMs). We find that 1-benzyl-3-

methylimidazolium chloride (benmim-Cl), forms a spontaneously oriented dipole at the donor-

acceptor interface, acting as a vacuum level tuning layer.120  

In order to study the effect of ionic liquids on PbS QD solar cells, PbS nanoparticles were first 

synthesized using slight modifications to a previously reported procedure, as described in the 

experimental section. The nanoparticles were then characterized by UV-vis absorption spectroscopy 

as well as high-resolution transmission electron microscopy (HR TEM). The absorption spectrum 

with exhibits a first excitonic transition at λ = 950 nm (1.3 eV) is shown in Figure 3.1a. Figure 3.1b 

shows the size of the PbS nanoparticles to be around 3.6~3.9 nm. From both the absorption peak and 

distributed sizes, the band-gap of PbS nanoparticles was determined to be 1.2 eV~1.3 eV: results 

which are suitable for use as the absorbing material in QD-SCs. 
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Figure 3.1. (a) UV-vis-NIR absorption spectra. Inset: magnified absorbance spectrum in the range of 

600−1200 nm. (b) HRTEM image (scale bar = 5 nm in both micrographs) of PbS nanoparticles 

deposited from a dilute hexane solution. 

 

Figure 3.3b. schematically illustrates the energy band diagram (flat band condition) of HyQD-

OSCs with and without ILMs modification. Insertion of ILMs between the donor and the acceptor 

causes a shift in the vacuum level (Figure 3.2) implying the formation of an interfacial dipole within 

the layer as illustrated in Figure 3.3a. It may be expected that the 1-benzyl-3-methylimidazolium 

cations are attracted to the sulphide / sulphur atoms in the PbS layer, while chloride anions move 

toward the PCBM surface. This spontaneously oriented interfacial layer leads to the formation of a 

permanent dipole oriented from the PCBM towards the PbS phase. Figure 3.3b illustrates that when 

the spontaneously oriented dipoles are pointing away from the PCBM, the band edge of the PCBM 

shifts closer to the vacuum level of the PbS layer. We observe that treatment with ILMs causes a 

significant increase in work function of the PbS layer from 3.58 eV to 3.93 eV (Figure 3.2). These 

changes in band structure have a positive impact on device properties, allowing the VOC to increase 
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markedly from 0.41 V to 0.49 V.  

 

 

 

Figure 3.2. Ultraviolet photoemission spectroscopy (UPS) spectra of PbS and PbS/ILMs films: (a) 

secondary edge region and (b) HOMO region. The calculated work functions of PbS and PbS/ILMs 

are 3.58 and 3.93 eV, respectively. 

 

Figure 3.4a shows the current density versus voltage (J-V) characteristics of the PbS/PCBM 

HyQD-OSCs with and without ILMs. The photovoltaic characteristics are summarized in Table 1. The 

J-V curves for devices were measured under AM 1.5G illumination at 100 mW cm-2. The device 

without ILMs shows a short circuit current density (JSC) of 7.93 mA cm-2, VOC of 0.41 V, FF of 0.48, 

and PCE of 1.58% and with ILMs displays JSC of 7.35 mA cm-2, VOC of 0.49 V, FF of 0.59, and PCE 

of 2.13%. The noticeable enhancement of HyQD-OSCs performance derives from an enhanced VOC 

and FF compared to those of the reference device parameters. VOC enhancement is attributed to the 

shift of the band edge of the PCBM, closer to the vacuum level of PbS, due to the spontaneous dipole 

polarization within the ILMs layer. The ILMs layer minimizes the contact resistance between PbS and 

PCBM due to the improved compatibility between the two layers, as confirmed by electrical 

impedance spectroscopy121, (Figure 3.5) where a decrease in RS and increas in RSh are observed.[21-23] 

The inserted ILMs layer decreases series resistance (RS) from 12.42 Ω cm2 to 9.29 Ω cm2 and 

increases shunt resistance (RSh) from 205.23 Ω cm2 to 723.56 Ω cm2. The JSC of the device with ILMs 

is slightly lower than that of the reference device. It is possible that the ILM layer acts as a thin 

dielectric layer separating the PbS and PCBM phases, inhibiting charge transfer relative to the 

reference device. Therefore, a lower JSC might be expected from the device with ILMs compared to 

the reference device. The observed JSC values are in agreement with the external quantum efficiencies 
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(EQE) values in Figure 3.4b.  

 

 

 

Figure 3.3. (a) Device architecture of PbS/PCBM HyQD-OSCs with ILMs layer. (b) Schematic 

energy diagrams for flat band condition without and with an ILM layer. 

 

 

Figure 3.4. (a) J−V characteristics and (b) EQE of PbS/PCBM hybrid quantum dot solar cells with 

and without an ILM layer. 
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Figure 3.5. Electrical impedance spectra for PbS:PCBM hybrid quantum dot−organic solar cells 

(HyQD-OSCs) with and without the ILM layer under illumination (100 mW cm−2). Inset shows the 

equivalent circuit of the device. 

 

Table 3.1. Device characteristics of PbS/PCBM solar cells without or with ILMs layer 

Device 
configuration 

JSC 
(mA cm-2) 

VOC 
(V) 

FF 
PCE 
(%) 

Series 
resistance 

(Ω cm2) 

Shunt 
resistance 

(Ω cm2) 

PbS/PCBM 7.93 0.41 0.48 1.58 12.42 205.23 

PbS/ILMs/PCBM 7.35 0.49 0.59 2.13 9.29 723.46 
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Figure 3.6. XPS survey spectrum of PbS/ILMs films. 
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Figure 3.7. J-V characteristics of PbS/PCBM with different thickness of PbS layer without ILMs (a) 

with ILMs (b). 
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Table 3.2. J-V characteristics of PbS/PCBM with different thickness of PbS and PCBM layer. 

Thickness of PbS 

layer 

Thickness of 

PCBM layer 

JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

120 80 5.30 0.41 0.50 1.09 

140 80 5.88 0.40 0.51 1.20 

160 80 8.24 0.41 0.48 1.62 

180 80 8.16 0.39 0.39 1.24 

160 60 6.32 0.41 0.50 1.30 

160 100 7.08 0.37 0.42 1.10 

160 120 6.87 0.37 0.43 1.09 

 

Table 3.3. J-V characteristics of PbS/ILMs/PCBM with different thickness of PbS and PCBM layer. 

Thickness of PbS 

layer 

Thickness of 

PCBM layer 

JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

120 80 5.75 0.48 0.60 1.66 
140 80 7.57 0.46 0.53 1.85 
160 80 7.63 0.49 0.59 2.21 
180 80 6.81 0.48 0.40 1.31 
160 60 6.72 0.47 0.42 1.33 
160 100 7.12 0.46 0.41 1.34 
160 120 7.37 0.47 0.37 1.28 
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3.4 Conclusion 

 

In summary, we have demonstrated a significant increase in performance in HyQD-OSCs through 

the judicious incorporation of an ILM layer. The incorporation of an ILM layer consisting of 1-

benzyl-3-methylimidazolium cations and chloride anions between PbS nanoparticles and PCBM 

layers is found to shift the band edge of PCBM closer to the vacuum level of the PbS due to 

spontaneous dipole formation. This change in band structure has a positive effect on device 

performances, leading to an increase in VOC from 0.41 V to 0.49 V, an increase in FF from 0.48 to 

0.59, and an increase in PCE from 1.58% to 2.13%. This outstanding enhancement of HyQD-SCs 

demonstrates that interface engineering and the incorporation of ILM layers can offer a way to 

overcome the low VOC typically observed in the HyQD-SCs. 
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Chapter 4. Inverted Colloidal Quantum Dot Solar Cells  

 

4.1 Research background 

 

Colloidal quantum dot (CQD) solar cells have emerged as a promising class of solar cell with the 

potential to be manufactured at low cost.122 PbS CQDs in particular are readily synthesized from 

earth-abundant elements,117a, 123 and their bandgap is conveniently and widely tuned via control over 

nanoparticle size.103 Efficient, air-stable solar cells can be fabricated under ambient conditions using 

solution processing techniques. PbS CQDs can behave either as a p-type or n-type semiconductor,89a 

allowing their use in a wide variety of architectures including hybrid organic/inorganic devices.124 The 

materials absorb light at wavelengths of 1100 nm and beyond, offering the potential for large 

photocurrents compared to many widely-employed organic and inorganic materials.74, 125 Additionally, 

QDSCs offer routes to efficiencies exceeding the Shockley-Queisser limits for solar cells via their 

ability to exploit multiple exciton generation,126 their promise in hot carrier extraction,127 and their 

enablement of size-tuned tandem and multijunction cells. Recent advances in the understanding of 

nanoparticle solar cells and device fabrication have led to the demonstration of quantum efficiencies 

over 100% and increases in power conversion efficiency (PCE) up to 7%.128  

We depict in Figure 1a the device structure (here referred to as “standard”) widely employed in 

prior CQD solar cell reports. The heterojunction between the CQD film and a metal oxide such as 

mildly n-type ZnO and TiO2 is sandwiched between a bottom transparent conducting oxide (TCO) 

and a top ohmic contact electrode.129 PbS CQDs are deposited layer-by-layer using a solid-state ligand 

exchange; and devices are completed by deposition of a high work function metal anode on top.  

Because of charge transport and recombination limitations, the optimal PbS CQD layer thickness 

is typically 300 nm or lower. This is considerably less than the absorption length of PbS CQD films in 

the near infrared. What is more, it is highly desirable to thin down further the CQD absorber with the 

goal of decreasing series resistance and increasing fill factor. 

For these reasons, CQD solar cells present a considerable opportunity for enhancements using 

photonic and plasmonic effects. Unfortunately, in the standard architecture, the PbS layer is located 

immediately adjacent the reflective metal electrode. As a result, the intensity of the optical field 

responsible for charge carrier generation in the CQD layer drops to near-zero proximate to the metal 

interface.49a, 106a This reduces the amount of light that can be absorbed by the PbS QD layer, and limits 
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degrees of freedom in engineering maximal absorption within a given thickness of CQD material. 

We therefore pursue herein a strategy to enable inclusion of a substantially transparent optical 

spacer between the photoactive CQD layer and the reflective electrode. Specifically, we develop the 

means to integrate a low-temperature-processed n-type ZnO electrode atop the CQD absorber. This 

offers significant prospects for enhancing light absorption in the CQD layer since careful choice of 

ZnO thickness enables judicious placement of the optical field maxima within the absorber. This 

architecture offers ancillary advantages including its low-temperature processing, the use of an Al 

electron-collecting top electrode (avoiding the use of expensive, high-work function, hole-collecting 

metals such as Au), and avenues to increased optical transparency on the front-side of the solar cell. 

Key to the success of our approach is the in-situ formation of a ZnO layer over the PbS QDs using 

a diethyl zinc precursor. Remarkably, treating the PbS QD layer with a diethyl zinc solution leads to 

no degradation in electronic materials properties of the active layer and a considerable advantage from 

a photonic perspective.  

  



５８ 

 

4.2 Experiments 

 

Synthesis  

 

PbS nanoparticles were synthesized following a previous report with small modification by adding 

lead oxide (PbO, 99.99%, Sigma-Aldrich) (0.47 g), oleic acid (OA, tech. grade 90%, Sigma-Aldrich) 

(2 g), and 1-octadecene (ODE, tech. grade 90%, Sigma-Aldrich) (10 g) to a three-neck round bottom 

flask. The mixture was heated to 125 °C under vacuum for 1 hr and then kept under argon. In a glove 

box, hexamethyldisilathiane (synthetic grade, Sigma-Aldrich, 180 μL) was mixed with ODE and 

loaded into a syringe. The contents of the syringe were quickly injected into the flask, the heating 

mantle was removed after 1 minute and the PbS nanoparticles were cooled to room temperature. The 

reacted solution was mixed with toluene (10 mL), ethanol (10 mL), and acetone (10 mL) and 

centrifuged to isolate the PbS nanoparticles. This washing step was repeated several times. The 

nanoparticles synthesized in this way have a diameter of about 3.7 nm, consistent with optical energy 

gap at 950 nm observed for the first absorption band (Figure 4.2). 

 

Device Fabrication  

 

Devices were fabricated using the following procedure: Clevios PH PEDOT:PSS purchased from 

H. C. Starck (Germany) was spin-coated on ITO coated glass substrates at 5000 rpm for 60 s and then 

baked at 140 °C for 10 min.  PbS layers were then deposited by spin-coating a 10 mg ml-1 solution of 

QDs in octane at 1500 rpm for 15s. The oleate ligands of the QDs were exchanged by immersing the 

films into a solution of 10% (v/v) 3-mercaptopropionic acid (MPA) in methanol for 1 minute, then 

sequentially rinsing with methanol and octane at 1500 rpm for 15 s in an adaptation of a previously 

reported procedure. PbS QDs were spin-coated multiple times in this way to achieve PbS QD films of 

variable thickness. The highest performance devices were obtained from PbS films with a thickness of 

160 nm, prepared by repeating the coating procedure 8 times. The ZnO layer was next deposited by 

diluting a diethylzinc solution (Aldrich, 15 wt. % in toluene) with two parts tetrahydrofuran (note: the 

un-diluted diethyl zinc solution is highly reactive towards air and should be handled inside a glovebox; 

after dilution with THF, the solution becomes less reactive, however, appropriate safety precautions 

should be taken in case of an accidental spill or fire), filtering through a 0.45 µm PTFE syringe filter 

and spin coating at 3000 rpm for 30 s in air. The ZnO precursor solution was kept closed in a 4 mL 

vial while not in use and spin-coated by rapidly dispensing 25 μL onto an already spinning substrate 
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using a micropipette with a plastic tip. The precursor solution forms solid ZnO on the pipette tip over 

time when exposed to air, therefore, a new plastic tip was used for each substrate to avoid the 

formation of large ZnO particulates. The ZnO layer was then annealed in air on a hot plate at 110 °C 

for 10 minutes, yielding a ZnO layer with a thickness of 60 nm. Thicker ZnO films were prepared by 

repeating the spincoating and annealing steps. Finally, samples were transferred to a vacuum chamber 

(< 10–6 torr), and a 100 nm thick Al electrode was thermally evaporated on top of the ZnO layer 

through a shadow mask. The deposited Al electrode area defined the active area of the devices as 13 

mm2. Reported J-V characteristics reflect the average of between 10 and 20 devices. 

 

Film Characterization  

 

UV-Vis-NIR absorption and reflectance spectra were measured on a Varian Cary 5000 

spectrophotometer. The cross-sectional image of device was measured using a JEM-2100F (Cs 

corrector) HR-TEM. External quantum efficiency (EQE) measurements were obtained by using a PV 

measurements OE system equipped with a Xenon arc lamp where monochromated light was chopped 

at a frequency of 100 Hz and photocurrent response detected with a lock-in amplifier and compared to 

a reference silicon photodiode. Photovoltaic device characteristics were measured inside a glove box 

using a high quality optical fiber to guide light from a xenon arc lamp. Current density-voltage (J-V) 

characteristics of the devices were measured using a Keithley 2635A Source Measure unit. Light 

intensity was calibrated using an NREL certified standard silicon solar cell with a protective window 

containing KG5 filter glass. UPS measurements were carried out using a KRATOS AXIS Nova 

instrument following previously reported procedures.130 He I hv = 21.22 eV was used as a light source 

and thermally evaporated Au substrates were used as a reference. Workfunctions (Φ) were calculated 

from the onset of the secondary edge (ESE) using the equation Φ = 21.22 - ESE. 

 

Optical Modeling  

 

Optical constants of ITO, PEDOT and ZnO layers were calculated from ellipsometric data in the 

range of wavelengths from 370 to 1200 nm. Reflectance data for Al and Au were taken from the 

literature.131 Ellipsometric data for PbS QD films could not be accurately fit, therefore, real parts of 

refractive indices (n) for the PbS layer were taken from known values for bulk PbS132 and adjusted to 

reflect a composite structure consisting of close-packed PbS nanoparticles (74.048 volume %) 

following a linear relationship previously observed between volume fraction and n previously 
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observed in PbS nano-composite films. The imaginary part (k) was derived from the absorption 

coefficient (α) of PbS QD films as described by Burkhard, et al.133  
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4.3 Result and discussion 

 

Devices were fabricated on indium tin oxide (ITO)-coated substrates and all processing steps 

except final metal electrode deposition were performed by spin-coating in air. Standard solar cells 

were fabricated in a heterojunction device structure composed of ZnO and PbS layers. We also 

fabricated devices with an inverted configuration using Poly(3,4-ethylenedioxythiophene):poly(4-

styrenesulfonate) (PEDOT:PSS) as a hole-transporting layer. Figure 4.1a and b schematically depict 

the standard and inverted structure devices. From the energy band structure of PbS and ZnO layers 

measured by ultraviolet photoelectron spectra (see Figure 4.4), the separation of photogenerated 

charge carriers is favored at the interface. Electrons drift through the CQD layer to the ZnO and holes 

travel upwards to be extracted by the top ohmic contact. 

Figure 4.1c shows cross-sectional transmission electron microscope (TEM) images of the inverted 

device architecture. A magnified image of the PbS CQD layer reveals regularly ordered atomic 

structures with crystalline domains of about 3.7 nm, consistent with absorption onset (~950 nm, see 

Figure 4.2). Crystalline domains of about 5.1 nm are observed in the ZnO layer. The surface 

morphologies of the ZnO and PbS layers were characterized by atomic force microscopy. Uniform 

and conformal ZnO films were formed by spin-coating diethyl zinc. The surface roughness depends 

strongly on the smoothness of underlying layer: the ZnO films showed an RMS roughness of 1.9 nm 

and 3.8 nm when deposited on ITO substrates and PbS CQD films, respectively. Spin-cast PbS CQD 

films, which were treated using a solid-state ligand exchange process using 3-mercaptopropionic acid 

as a cross-linking agent, showed somewhat rougher surface morphologies, with an RMS roughness of 

4.7 and 4.2 nm for films prepared on ZnO and PEDOT:PSS substrates, respectively (see Figure 4.3).  
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Figure 4.1. Schematic diagram comparing depleted heterojunction architectures using (a) n-type 

substrate and (b) p-type substrate. (c) Transmission electron microscopy (TEM) cross-sectional image 

of p-type substrate cells (magnified PbS and ZnO regions). 

 

In this work, we constructed optical models based on a transfer matrix formalism introduced by 

Burkhard et al.133 to calculate photocurrent generation from light absorption in the active layer of the 

device. The fraction of light absorbed by each layer in both the standard and the inverted device 

structures were calculated based on n and κ values for each layer measured by ellipsometry (Figure 

4.4). In the case of PbS QD films, κ values were derived from the absorption coefficient (α) of PbS 

CQD films via the equation κ = 4παλ-1, while n values were approximated based on the known 

refractive index of bulk PbS assuming a nancomposite consisting of close-packed PbS spheres (a 

volume fraction of π/(3√2) or 74 volume %) in a manner similar to that previously used to model 

Bi2S3 nanocrystal films.134 It is likely that this approximation slightly over-estimates the refractive 

index of PbS film as the nanoparticles does not form a perfect close-packed structure and part of the 

volume includes the organic cross-linker 3-mercaptopriponic acid. We evaluate sensitivity of the 

model to these perturbations in Figure 4.5. Additional details regarding the optical simulations can be 

found in the methods section.  
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Figure 4.2. UV-Vis-NIR absorbance of PbS CQD solution and ZnO film. Data are normalized with 

respect to the absorption maxima. Inset: magnified absorption spectrum ranging from 600 nm to 1200 

nm.   

 

 

 

Figure 4.3. Atomic force microscope images of films prepared on ITO substrates: (a) ITO/ZnO (b) 

ITO/ZnO/PbS (c) ITO/PEDOT:PSS/PbS (d) ITO/PEDOT:PSS/PbS/ZnO. 
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Figure 4.4. Optical constants (n and κ) used for each material in the transfer matrix calculations. 

 

 

Figure 4.5. Current density observed experimentally and obtained via transfer matrix calculations 

using the architecture ITO/PEDOT:PSS/PbS/ZnO/Al with (a) variable PbS thickness, (b) variable 

ZnO thickness.  For the simulated data, variable refractive indices for the PbS layer are assumed 

based on packing efficiency of PbS nanopartices, where a volume fraction of 0.74 assumes a perfect 

close-packed structure of spherical PbS nanoparticles, while 0.65 and 0.60 assume more disordered 

structures with lower volume fractions of PbS and lower refractive indices. 
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We assumed that each photon absorbed by the PbS QD layer results in the generation of an 

electron-hole pair which can in principle be extracted with high internal quantum efficiency as long as 

the CQD is thinner than about 300 nm. From this we were able to estimate the photocurrent 

generation capability of standard and inverted architectures with different layer thicknesses. A plot of 

simulated JSC for the architecture (ITO/PEDOT:PSS/PbS/ZnO/Al) with various ZnO and PbS layer 

thicknesses is reported in Figure 4.6. Additional plots comparing values of JSC produced using 

standard and inverted architectures, as well as differences in photocurrent when PbS and ZnO layers 

are reversed, can be found in Figure 4.7. To investigate the effect that switching the order of PbS and 

ZnO has on photocurrent generation, we compare the architectures ITO/PbS/ZnO/Al to 

ITO/ZnO/PbS/Au. It is apparent that for relatively thin PbS layers, incorporating a ZnO layer between 

the PbS absorber and reflective electrode can dramatically increase the JSC. For example, using a very 

thin PbS layers of 10 nm, a JSC of 11.6 mA/cm2 is possible when a 45 nm layer of ZnO is incorporated 

between the PbS layer and the reflective electrode, compared to only 5.9 mA/cm2 possible for a 

device comprising a 45 nm ZnO layer with a 10 nm PbS layer adjacent to the electrode. For a PbS 

thickness of 95 nm, a JSC of 19.7 mA/cm2 is possible when a 70 nm layer of ZnO is used in the 

PbS/ZnO architecture compared to a JSC of 15.3 mA/cm2 for the corresponding ZnO/PbS device. On 

the other hand, it is also possible to make poor choices of spacer thickness that militate against 

efficiency: when a 30 nm layer of PbS is used in combination with a 125 nm ZnO layer, destructive 

interference occurs in the inverted architecture and the resulting JSC is about 8.0 mA/cm2 lower than 

the standard device. These considerations highlight the importance of carefully selecting PbS and 

ZnO thicknesses in order to extract benefit from the optical cavity effect. In general, the constructive 

interference effect caused by ZnO becomes smaller for thicker PbS layers as the PbS films absorb a 

greater fraction of light in the first pass, while reflected light plays a less significant role. The 

threshold into this regime occurs when all above-bandgap solar light is substantially absorbed in a 

single pass, i.e. when d > 1/alpha. 

Although this simulation indicates that increasing the PbS thickness up to ~500 nm continues to 

result in increasing photocurrent (Figure 4.8), in practice, increasing the thickness of the PbS layer to 

more than 200 nm is not found to increase in the JSC. Carrier extraction becomes increasingly 

inefficient in CQD films of this thickness, losses which are not explicitly treated in the optical model. 

Although these transfer matrix calculations can only approximate upper limits to the photocurrent 

possible in a device and real photocurrents are perturbed by other losses, it is evident that when the 

thickness of the PbS QD layer is limited to less than 1/α it is possible to achieve enhanced absorption 

in the PbS QD layer via constructive optical interference.  
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Figure 4.6. Simulated short circuit current density as a function of ZnO and PbS layer thicknesses 

obtained via transfer matrix modeling of the inverted (ITO/PEDOT/PbS/ZnO/Al) structure, plotted (a) 

in 3-dimensions and (b) as a contour map. 

 

 

Figure 4.7. Comparison of modeled JSC produced by (a) inverted and (b) standard architecutes as a 

function of thickness of PbS layer and thickness of ZnO layers. (c) The difference in JSC produced by 

both architectures plotted as a contour map. 
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Figure 4.8. Schematic representation of the distribution of the squared optical electric field strength 

E 2 inside the devices with a structure of ITO/ZnO/PbS/Au (a) and ITO/PEDOT:PSS/PbS/ZnO/Al 

(b) with 450, 700, and 950 nm incident light wavelengths. 
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To offer an independent means of quantifying cavity-induced light absorption in the PbS layer, we 

measured reflected film absorbance for both device configurations. Spectrophotometric measurements 

of the reflectance of CQD devices allows us to deduce changes in absorption (Δα(ω)) of the PbS CQD 

layer for the two configurations using equation (4.1), 

 

Δα(ω) ≈ –(1/2d)ln[I
out

′(ω)/I
out

(ω)]                      (4.1) 

Where Iout′(ω) and Iout(ω) represent the reflectance for the multilayer structure fabricated with and 

without PbS CQD layer, respectively, and d represents the thickness of PbS layer.135 

  

 

Figure 4.9. Change in the absorption spectrum (Δα(ω)) due to the PbS layer in inverted and standard 

architectures according to equation 4.1, as well as the difference in Δα(ω) (inverted Δα(ω) – standard 

Δα(ω)) between the two architectures. The inset is a schematic of the optical beam path in the samples. 
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Plots of Δα(ω) upon introduction of PbS layer within the standard and inverted architectures are 

shown in Figure 4.9. Also shown is the difference in Δα(ω) between the standard and inverted 

architectures. Δα(ω) due to the PbS layer is greater for the inverted architecture across the solar 

spectrum. The inverted architecture provides an optical cavity that enhances the absorption in the PbS 

layer when placed between the PbS layer and the reflective electrode. The experimentally-observed 

undulation in the enhancement spectrum is characteristic of the interference effects reported in the 

modeling studies. 

To probe further the detailed nature of light absorption enhancement in the PbS CQD layer using 

the inverted structure, we report the optical field (|E|2) distribution throughout the devices (Figure 4.8) 

for a number of wavelengths of interest: 450, 700, and 950 nm, corresponding to the highest external 

quantum efficiency (EQE) value, the center of absorption, and the first excitonic transition peak of 

PbS QD, respectively. In the standard device architecture, |E|2 drops to zero near the interface 

between the PbS QD layer and the reflective Au electrode. This has the effect of pushing more 

integrated |E|2 outside of the absorber, towards the front. In our inverted architecture, two peaks in 

|E|2 occur in the PbS active layer and the intensity is reduced in the ZnO layer whereas only one peak 

in |E|2 appears within the PbS QD layer (at 950 nm) in the standard architecture. This enhanced |E|2 

distribution within the PbS QD layer causes an increased generation of charge carriers in the 

optimized cavity device. 
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Figure 4.10. J-V characteristics of ITO/PEDOT/PbS/ZnO/Al devices with (a) variable PbS thickness, 

(b) variable ZnO thickness and (c) compared to ITO/ZnO/PbS/Au devices under 100 mW/cm2 

simulated solar irradiation. The external quantum efficiency of the optimized inverted and standard 

devices are reported in (d). J-V characteristics for the optimized standard and inverted devices are 

compared in the light and dark (e). 
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To challenge the relationship of modeling results to experimental device characteristics, we 

constructed a suite of standard and inverted photovoltaic devices with different thicknesses of PbS 

QD and ZnO layers. The thickness of the active layer was optimized based on the results of the best 

performing devices derived from optical modeling study. The J-V characteristics of the inverted 

devices are shown in Figure 4.10a and b and their performances are reported in Table 4.1. The device 

characteristics using the standard architecture (ITO/ZnO/PbS/Au) are shown in Figure 4.11a, and b 

while device parameters are reported in Table 4.2. 

 

 

 

Figure 4.11. J-V characteristices of ITO/ZnO/PbS/Au devices with (a) variable PbS thickness, (b) 

variable ZnO thickness. 
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The results generally support the photocurrent modeling with the exception that the observed JSC 

drops for PbS thicknesses greater than 200 nm. As the thickness of the PbS layer increases, more 

photons are absorbed in the p-type PbS layer, however, the photons absorbed too far from the 

PbS/ZnO interface do not contribute to photocurrent generation,136 and we observe that the JSC begins 

to decrease for PbS thicknesses greater than about 200 nm. Small discrepancies may also arise from 

imperfect knowledge of the refractive index of PbS QD films; a comparison of observed JSC vs 

predicted JSC using different refractive index values can be found supporting information (Figure S4). 

Increasing the ZnO layer thickness to 120, 180 and 240 nm results in a decrease in JSC, from 12.7 to 

12.2 to 11.7 to 11.6 mA/cm2, generally following the trend modeled via the transfer matrix in which 

JSCs are predicted to decrease from 17.9 to 17.5 to 17.4 to 16.8 mA/cm2. These results show that the 

thickness of p-type and n-type layers is critical to achieving high performance. Optimized devices 

(with a PbS QD layer about 160 nm and ZnO 60 nm thickness) exhibited a JSC of up to 13.50 mA/cm2, 

VOC of 0.58 V, FF of 0.55, series resistance (RS) of 2.67 Ωcm2, shunt resistance (RSh) of 626 kΩ cm2, 

and PCE of 4.31% in Figure 4c. The reference ZnO/PbS device with a 60 nm ZnO layer and 160 nm 

PbS layer produced a JSC of 9.91 mA/cm2. As shown in Figure 4d, the optimized device shows a high 

EQE in the spectral range of 300 nm to 1100 nm. The EQE reaches a maximum of 68% at 460 nm 

and exhibits a peak at λ = 950 nm with a quantum efficiency of 16% corresponding to the first 

excitonic absorption band. The observed enhancement in EQE for the inverted structure occurs in the 

same region (350 nm to 1023 nm) where enhanced light absorption (Δα(ω)) is observed in reflectance 

measurements (see Figure 4.9 and Figure 4.10d). The EQE features closely match the absorption 

spectrum as shown in Figure 4.2. The calculated JSC value of 13.8 mA/cm2 obtained by integrating the 

EQE data is similar to the measured value of 13.6 mA/cm2.  

While optical interference effects are predicted to increase the absorption and photocurrent 

generation in the inverted device considerably, interference effects alone may not account for the 

large observed increase in JSC in the inverted architecture. Although we currently lack a complete 

knowledge of the effect that diethyl zinc has on the electronic properties and structure of the PbS/ZnO 

junction, there are additional aspects which may contribute to improved device performance. Due to 

the small size of the diethyl zinc molecule (approximately 7 Å), it is conceivable that the diethyl zinc 

precursor is able to diffuse into the interstices in the PbS QD film, resulting in the formation of ZnO 

within the colloidal PbS QD layer; thereby increasing the surface area where PbS QD and ZnO phases 

contact each other, producing a form of bulk heterojunction. The device with the inverted structure 

shows a low RS of 2.67 Ωcm2 and a high RSh of 626 kΩ cm2 compared to an RS of 6.37 Ωcm2 and RSh 

of 387 kΩ cm2 with the standard structure. These improved diode characteristics may also contribute 

to an improved FF and PCE.  
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Table 4.1. Average photovoltaic characteristics of devices using the inverted structure 

(ITO/PEDOT:PSS/PbS/ZnO/Al) with different PbS and ZnO thickness.  Characteristics of the best 

devices are given in parentheses. 

PbS 
thickness 
(nm) 

ZnO 
thickness 
(nm) 

JSC 
(mA/Cm2) 

VOC (V) FF PCE (%) 

60 60 4.85 (5.41) 0.55 (0.55) 0.52 (0.54) 1.42 (1.61) 

110 60 11.4 (12.7) 0.57 (0.57) 0.55 (0.56) 3.95 (4.05) 

160 60 12.9 (13.5) 0.58 (0.58) 0.55 (0.55) 4.21 (4.31) 

210 60 12.3 (13.1) 0.58 (0.58) 0.54 (0.56) 4.13 (4.25) 

260 60 11.2 (12.5) 0.57 (0.58) 0.52 (0.53) 3.69(3.84) 

160 120 11.2 (12.2) 0.57 (0.58) 0.52 (0.54) 3.74 (3.82) 

160 180 11.2 (11.7) 0.57 (0.57) 0.48 (0.50) 3.05 (3.33) 

160 240 10.5 (11.6) 0.54 (0.55) 0.46 (0.48) 2.85 (3.06) 

 

Table 4.2. Average photovoltaic characteristics of devices using the standard structure 

(ITO/ZnO/PbS/Au) with different PbS and ZnO thickness. Characteristics of the best devices are 

given in parentheses. 

PbS 
thickness 
(nm) 

ZnO 
thickness 
(nm) 

JSC 
(mA/Cm2) 

VOC (V) FF PCE (%) 

110 60 7.89 (8.55) 0.50 (0.50) 0.48 (0.50) 2.02 (2.14) 

160 60 8.85 (9.91) 0.52 (0.52) 0.49 (0.48) 2.25 (2.47) 

210 60 9.15 (9.68) 0.50 (0.50) 0.47 (0.49) 2.15 (2.37) 

260 60 7.68 (8.03) 0.50 (0.52) 0.46 (0.47) 1.75 (1.96) 

160 120 8.85 (9.13) 0.50 (0.50) 0.47 (0.49) 2.06 (2.24) 

160 180 7.42 (7.73) 0.50 (0.52) 0.45 (0.47) 1.67 (1.89) 

160 240 7.15 (7.70) 0.50 (0.50) 0.44 (0.46) 1.55 (1.77) 
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4.4 Conclusion 

In summary, the effect of a ZnO optical cavity layer on inverted CQD solar cell devices has been 

investigated. The effect of device geometry on light absorption and overall photovoltaic performance 

was investigated using otherwise identical PbS CQD films. Optical modeling using a transfer matrix 

formalism has been utilized to explain performance variation in different device architectures. Optical 

interference after insertion of an optical cavity layer is shown to be responsible for significant 

differences observed in optical field distribution throughout the devices. Efficient inverted 

photovoltaic device structures were fabricated where constructive interference occurs due to the 

optical cavity, resulting in improved photovoltaic device performance compared to optimal standard 

device geometry. By utilizing an optical cavity, inverted structure PbS CQD solar cells with a strongly 

enhanced PCE of 4.3% have been demonstrated. 
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Chapter 5. Thin PbS QD Layers for Infrared Sensitization in High-

Efficiency Hybrid PbS QD-Organic Solar Cells 

 

5.1 Research background  

 

In recent years, the field of solar cells has witnessed rapid growth with the development of a range 

of new materials and device architectures. Over 10% power conversion efficiency has been reported 

using organic materials137 while 8% power conversion efficiency (PCE) has been reported with 

quantum dot (QD) materials.128a, 138 The best organic and QD materials however, still deliver much 

lower PCEs than inorganic solar cells such as Si, GaAs, CdTe or Cu(In,Ga)Se2.
139 Nonetheless, these 

new technologies garner much commercial and academic interest due to their strengths such as 

flexibility, low cost, and easy fabrication which make them appealing for next generation solar cells. 

Extensive research has concentrated on the use of lead chalcogenide nanocrystals (PbS and PbSe) 

because of their desirable properties including facile synthesis from earth-abundant elements, easily 

and widely tunable bandgaps light absorption throughout the visible regions to the near-infrared (NIR) 

affording the potential for large photocurrents compared to other organic and inorganic materials.140 

Moreover, the possibility of exploiting multiple exciton generation (MEG), provides raises the 

theoretical limit to PCE to as high as 64% of PCE,126 much higher than other classes of solar cell.  

Here, we demonstrate a new type of architecture for hybrid QD-organic solar cells (QD-

OSCs),introducing a PbS QD layer as a photosensitizing layer (PSL) to achieve high short circuit 

current (Jsc) and PCE by exploiting solar flux in the NIR region up to 1100 nm.  
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5.2 Experiments 

 

Device Fabrication  

 

QD-OSCs devices were fabricated using the following procedure: Clevios PH PEDOT:PSS 

purchased from H. C. Starck (Germany) was spin-coated on ITO coated glass substrates at 5000 rpm 

for 60 s and then baked at 140 °C for 10 min. PbS QD layers were then deposited by spin-coating a 10, 

30, and 50 mg ml-1 solution of QDs in octane at 2500 rpm for 10s. The oleate ligands of the QDs were 

exchanged by spin-coating a 1% (v/v) 3-mercaptopropionic acid (MPA) in methanol solution at 2500 

rpm for 10s, then sequentially rinsing with methanol and octane at 2500 rpm for 10 s in an adaptation 

of a previously reported procedure. PbS QDs were spin-coated only one time in this way to achieve 

PbS QD films of variable thickness (6, 13, and 30 nm). Next, a chlorobenzene solution consisting of 

PTB7 (1 wt. %), PC71BM (1.5 wt. %), and 1,8-diiodooctane (3 vol. %) was spin-cast at 1000 rpm on 

top of the PbS QD layer. Finally, samples were transferred to a vacuum chamber (< 10–6 torr), and a 

100 nm thick Al electrode was thermally evaporated on top of the ZnO layer through a shadow mask. 

The deposited Al electrode area defined the active area of the devices as 13 mm2. 

For the device ITO/PEDOT:PSS/PbS QD/ZnO/Al, the ZnO layer was deposited by diluting a 

diethylzinc solution (Aldrich, 15 wt. % in toluene) with two parts tetrahydrofuran (note: the un-

diluted diethyl zinc solution is highly reactive towards air and should be handled inside a glovebox; 

after dilution with THF, the solution becomes less reactive, however, appropriate safety precautions 

should be taken in case of an accidental spill or fire), filtering through a 0.45 µm PTFE syringe filter 

and spin coating at 3000 rpm for 30 s in air. The ZnO precursor solution was kept closed in a 4 mL 

vial while not in use and spin-coated by rapidly dispensing 25 μL onto an already spinning substrate 

using a micropipette with a plastic tip. The precursor solution forms solid ZnO on the pipette tip over 

time when exposed to air, therefore, a new plastic tip was used for each substrate to avoid the 

formation of large ZnO particulates. The ZnO layer was then annealed in air on a hot plate at 110 °C 

for 10 minutes, yielding a ZnO layer with a thickness of 60 nm. 
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Film Characterization  

 

UV-Vis-NIR absorption spectra were measured on a Varian Cary 5000 spectrophotometer. The 

cross-sectional image of the device was measured using a JEM-2100F (Cs corrector) HR-TEM. 

External quantum efficiency (EQE) measurements were obtained by using a PV measurements OE 

system equipped with a Xenon arc lamp where monochromated light was chopped at a frequency of 

100 Hz and photocurrent response detected with a lock-in amplifier and compared to a reference 

silicon photodiode. Photovoltaic device characteristics were measured inside a glove box using a high 

quality optical fiber to guide light from a xenon arc lamp. Current density-voltage (J-V) characteristics 

of the devices were measured using a Keithley 2635A Source Measure unit. Light intensity was 

calibrated using an NREL certified standard silicon solar cell with a protective window containing 

KG5 filter glass.  

 

Optical Modeling 

 

Optical constants of ITO, PEDOT:PSS and PbS QD layers were obtained as previously reported. 

Reflectance data for Al and Au were taken from the literature. κ values were calculated from the 

absorption coefficient (α) using the relationship κ =λα/4π. n values were taken from k values using 

the Kramers-Kronig relationships assuming an average value of 2 for the range of wavelengths from 

400 to 1100 nm. The (α) values of PTB7:PC71BM films were taken as the average value calculated 

from absorption measurements of films with four different thicknesses in which the thickness was 

measured nine times for each sample using an atomic force microscope.  

  



７８ 

 

5.3 Result and discussion 

 

QD-OSCs were fabricated in the following device structure: ITO/PEDOT:PSS/PbS 

QD/PTB7:PC71BM/Al. Figure 5.1a shows UV-vis absorption spectra of spin-cast films including the 

PTB7:PC71BM BHJ, PbS, and PbS QD/BHJ bilayer. The BHJ films absorb throughout the visible 

region up to 770 nm wavelength, while the PbS QD layer absorbs photons in the NIR region up to 

1100 nm, with a clear first excitonic transition peak at ~1000 nm. When the BHJ layer is deposited on 

top of the PbS QD layer, the absorption spectrum exhibits features consistent with the sum of the 

absorbance of the BHJ layer and PbS QD layer with additional features arising from optical 

interference caused by the high refractive index of the PbS QD layer.141 The enhanced absorbance of 

the hybrid PbS QD/BHJ structure results in additional photocurrent generation, with improved device 

performance. Absorption spectra of PbS QD films with various thickness (6 nm, 13 nm, and 30 nm) 

as well as PbS QD/BHJ bilayers on glass substrates are shown in Figure 5.2. Although the PbS QD 

layers are fairly thin, the optical absorbance changes dramatically, resulting in interference maxima 

and minima that depend on the thickness of the PbS QD layer. A detailed energy band diagram of the 

QD-OSCs, ITO/PEDOT:PSS/PbS and QD/PTB7:PC71BM/Al, is shown in Figure 5.1b.  

Figure 5.3a depicts the device architecture. Figure 5.3b shows cross-sectional high resolution 

transmission electron microscope (HR-TEM) images of an optimized QD-OSCs device. Individual 

layers corresponding to PEDOT:PSS, PbS QD, and BHJ layers with thicknesses of 40 nm, 13 nm and 

150 nm, respectively, can be clearly distinguished. Additional HR-TEM images of the QD-OSCs 

architecture at various thickness of PbS QD can be found in Figure 5.4. A magnification of the PbS 

QD layer reveals lattice fringes within individual PbS nanoparticles having diameters of 3-4 nm. The 

HR TEM image shows that the BHJ layer and PbS QD layer are well intermixed at the interface 

which facilitates rapid charge transfer between the PbS QD and organic layers. Atomic force 

microscopy images of thin PbS QD films show a layered structure where discreet monolayers of PbS 

QD can clearly be distinguished in thin (6 nm) films as shown in Figure 5.5. Individual layers become 

less obvious in the 13 nm film while the 30 nm film exhibits a uniform structure. 
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Figure 5.1. (a) absorbance of films for BHJ, PbS QD, and PbS-BHJ (b) energy band diagram of QD-

OSCs ITO/PEDOT:PSS/PbS QD/ PTB7:PC71BM/Al. 
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Figure 5.2. Absorption of films for (a) various thickness of PbS QD and (b) various thickness of PbS 

QD/BHJ on the ITO/PEDOT:PSS substrate. 

 

The J-V characteristics for photovoltaic devices prepared with the architecture 

ITO/PEDOT:PSS/PbS/BHJ/Al under 100 mW/cm2 AM1.5G irradiation are shown in Figure 5.6a and 

Figure 5.7 with comparison to a control device (ITO/PEDOT:PSS/BHJ/Al) without the PbS QD layer. 

Device parameters are summarized in Table 5.1 and Table 5.2. Optimized devices (with a PbS QD 

layer of 13 nm and BHJ layer of 150 nm thickness) exhibited a JSC of 17.0 mA/cm2, an open circuit 
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voltage (VOC) of 0.74 V, fill factor (FF) of 0.66, RS of 6.8 Ωcm2, Rsh of 128 kΩ cm2, and PCE of 

8.30%. The reference BHJ device without the PbS QD layer produced a JSC of 15.4 mA/cm2, VOC of 

0.74, FF of 66%, RS of 8.2 Ωcm2, Rsh of 68 kΩ cm2, and PCE of 7.56%. The reference device 

characteristics are comparable to other reports of PTB7:PC71BM devices.142 The increase in current 

density is well represented by changes observed in the external quantum efficiency (EQE) of devices 

with and without the PbS QD layer, as shown in Figure 5.6b. The QD-OSCs incorporating the PbS 

QD layer shows a significant increase in EQE in the spectral range of 400 nm to 600 nm, in addition 

to a new band of photocurrent generation near 1000 nm corresponding to the first exciton transition of 

the PbS quantum dots. These changes are consistent with the absorption spectrum of the PbS QD film. 

The highest EQE reached is 81.1% at 470 nm and a first excitonic transition peak shows a quantum 

efficiency of 4.9% at λ = 1040 nm. The EQE features closely match the absorption of PbS QD/BHJ as 

shown in Figure 5.1a. 

  

 

 

Figure 5.3. (a) schematically depict a device architecture of QD-OSCs (b) high resolution 

transmission electron microscope (HR-TEM) images of the QD-OSCs architecture (magnified PbS 

QD region between PEDOT:PSS and BHJ layers). 
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Figure 5.4. High resolution transmission electron microscope (HR-TEM) images of the QD-OSCs 

architecture at various thickness of PbS QD (a) 6, 13, and 30 nm (magnified PbS QD region between 

PEDOT:PSS and BHJ layers (d), (e), and (f) respectively). 
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Figure 5.5. Atomic force microscope images of films prepared on ITO substrates: (a) PbS 6 nm (b) 

PbS 13 nm (c) PbS 30 nm (d) PbS 13 nm/BHJ on the glass substrate. 

 

For comparison, PbS QD/ZnO devices without the BHJ layer were also prepared. Interestingly, 

even a 13 nm layer of PbS QDs is able to generate a JSC of 3.35 mA/cm2, along with a VOC of 0.53, FF 

of 41%, and PCE of 0.71% as shown in Figure 5.7 and Table 5.2. The QD-OSCs device shows a JSC 

increase of 1.6 mA/cm2 upon incorporating the PbS QD layer. Although this increase in JSC is less 

than the PbS QD layer alone is able to generate (3.35 mA/cm2), this is not unexpected for several 

reasons. The light absorbed by the PbS QD layer is unavailable to be absorbed by the PTB7 layer and 

the photocurrent produced by the PTB7:PC71BM layer decreases upon incorporation of the PbS QD 

layer. Additionally, the high refractive index of PbS QD may cause additional light to be reflected 

from the PEDOT/PbS QD layer interface compared to the PEDOT/PTB7:PC71BM.  

  



８４ 

 

 

 

Figure 5.6. (a) J-V characteristics (b) external quantum efficiency of the optimized HyQDOSCs with 

and without PbS QD layer (c) simulated short circuit current density in HyQDOSCs as a function of 

PbS layer thicknesses at with optimized PbS thickness 13 nm obtained via transfer matrix modeling (d) 

simulated external quantum efficiency with optimized thickness 150 nm for the BHJ layer, and 13 nm 

for the PbS QD layer. 
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Figure 5.7. (a) J-V characteristics (b) external quantum efficiency of the optimized PbS QD device. 
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understand the optical phenomena occurring in the ITO/PEDOT:PSS/PbS QD/BHJ/Al structure, 

transfer matrix optical simulations were carried out. The amount of light absorbed in the active layer 

(active layer absorption, ALA) was calculated using known or measured n and κ values for each 

material, taking into account the amount of light absorbed and reflected at each layer in the 

glass/ITO/PEDOT:PSS/PbS QD/BHJ/Al optical stack using a transfer matrix based on Fresnel’s 

equations. The calculated ALA spectrum of the BHJ layer in the glass/ITO/PEDOT:PSS/BHJ/Al 

architecture is compared to the spectrum of light absorbed by the BHJ and PbS QD layers in the 

glass/ITO/PEDOT:PSS/PbS QD/BHJ/Al architecture in Figure 5.6c, using the following (optimized) 

layer thicknesses: ITO - 150 nm, PEDOT:PSS - 40 nm, PbS QD - 13 nm, BHJ - 150 nm and Al - 100 

nm. If the charge carrier extraction efficiency (or internal quantum efficiency (IQE)) is relatively 

constant for charge carriers generated by photons with different wavelengths of light, then the ALA 

spectrum should resemble the observed EQE (Figure 5.6b). The modeled ALA shows the same 

changes upon incorporation of the PbS QD layer that are observed in the EQE, including a broad 

increase in the range of 400 to 600 nm and a peak in the NIR at 1000 nm, corresponding to the first 

exciton transition of the PbS QD layer. These changes are consistent with light absorption by the PbS 

QD layer. From the amount of light absorbed in the active layer, the JSC can be estimated assuming 

each absorbed photon leads to the generation and extraction of an electron-hole pair. Figure 5.6d 

shows a plot of the JSC calculated in this manner for each device with and without PbS QD layer 

structures as a function of BHJ layer thickness. It should be noted that the first constructive 
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interference maximum near 100 nm active layer thickness changes to a local minimum upon 

incorporation of the PbS QD layer, while the first destructive interference minimum changes to a 

constructive shoulder. This behavior is consistent with the observation that the optimal BHJ thickness 

is 150 nm when using the PbS QD layer. Calculated JSCs of 15.8 mA cm-2 without PbS QD layer and 

17.6 mA cm-2 with PbS QD layer are obtained in this manner. The optical simulation indicates that the 

PbS QD layer may contribute a photocurrent increase of 1.8 mA cm-2 in the QD-OSCs device, similar 

to the experimentally observed increase of 1.6 mA/cm2.  

  

Table 5.1. Device characteristics of QD-OSCs with and without PbS QD layer. 

Device configuration 

PbS 

thickness 

(nm) 

J
SC

 

[mA cm
-2

] 

V
OC

 

[V] 
FF 

η 

[%] 

ITO / PEDOT:PSS / BHJ / Al  0 15.40 0.74 0.66 7.56 

ITO / PEDOT:PSS / PbS/ BHJ / Al  13 16.97 0.74 0.66 8.30 

 

Table 5.2. Device characteristics of PbS QD device with different PbS QD thickness. 

Device configuration 

PbS 

thickness 

(nm) 

J
SC

 

[mA cm
-2

] 

V
OC

 

[V] 
FF 

η 

[%] 

ITO / PEDOT:PSS / PbS/ ZnO / Al 6 1.55 0.48 0.39 0.29 

ITO / PEDOT:PSS / PbS/ ZnO / Al 13 3.35 0.53 0.41 0.71 

ITO / PEDOT:PSS / PbS/ ZnO / Al 30 6.34 0.52 0.50 1.66 
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To further investigate the effect of PbS QD on light absorption in the QD-OSCs, we carried out 

reflectance measurements in order to quantify the increase in absorption (Δα, equation 5.1) caused by 

the PbS QD layer 

	∆α( ) = − 
 

 
     

     ( )

    ( )
                        (5.1) 

 

Here, d is the thickness of active layer, Iout is the intensity of the reflected light from the device 

without PbS QD layer, and I′out is the intensity of the reflected light from the identical device with PbS 

QD layer. Figure 5.8a demonstrates that Δα(ω) > 0, that is, a clear increase in absorption is observed 

upon inserting the PbS QD layer. The calculated Δα(ω) for the wavelength range 400 nm to 1100 nm 

is similar to the change in EQE (ΔEQE) upon incorporation of the PbS QD layer, as reported in Figure 

5.8b. This result indicates that the thin PbS QD layer (13 nm) causes a substantial increase in 

absorption in the device which is consistent with an increase in photocurrent generation as observed in 

the EQE.  

  

 

 

Figure 5.8. (a) change in the absorption spectrum (Δα(ω)) due to the PbS layer architectures 

according to equation 1 (b) comparison of the EQE enhancement (∆ EQE) with and without PbS QD 

layer on the structure ITO/PEDOT:PSS/PbS QD/PTB7:PC71BM/Al 
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Although it is clear that light absorbed in the thin PbS QD layer is able to contribute to the 

photocurrent and JSC produced by the device, it is interesting that other device parameters, especially 

VOC, do not change substantially and a rationalization of the physics which underlie photocurrent 

generation in the PbS QD layer is necessary. Upon absorption of a photon, the PbS QD layer 

generates an electron hole pairs which splits as the holes migrate towards the anode through the 

PEDOT:PSS layer while the electrons are transferred to the electron transporting PC71BM in the BHJ 

layer before finally reaching the cathode. Since PEDOT:PSS likely does not contribute significantly 

to the depletion of the PbS QD layer, and neither does the electron transporting BHJ layer, any 

carriers passing through the PbS QD layer need to do so through diffusion. Holes, being the majority 

carriers, are able to do so with a low rate of recombination. However, because the PbS QD layer is 

less doped than the PEDOT:PSS, it will essentially contribute to increased series resistance, 

eventually limiting the current flow and the fill factor if the PbS QD layer is too thick. The electrons 

must escape the PbS QD layer into the electron transporting PC71BM before recombining with the 

majority carriers. They also must rely on diffusion to do so, which is known to be around 30 nm for 

PbS QD layer, hence the thickness of the PbS QD layer is limited close to this value.  

 

 

 

Figure 5.9. schematically depict of energy band diagram of PbS-BHJ junction and transport and 

recombination pathways a electron and hole depending on the thickness of PbS QD layer. 
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The VOC occurs when the light (photocurrent) and dark (recombination / leakage) currents are 

equal, such that the net current is zero. Since the primary junction forms within the PTB7:PC71BM 

blend, the Voc should be largely unaffected as long as the PbS QD layer is thin enough to cause 

negligible increases in recombination or resistance. Alternatively, if the PbS QD layer contributes to 

majority carrier recombination (preventing charge buildup required for Voc), this could also result in a 

reduced Voc. A schematic diagram is shown in Figure 5.9. 

It is observed that when the thickness of PbS QD layer is larger than 30 nm, all parameters are 

dramatically reduced (see Figure 5.10 and Table 5.3), presumably by recombination in the PbS QD 

layer.143 Thus, we conclude that the PbS QD layer is able to contribute to photocurrent generation 

without significantly reducing the potential across the junction as long as the PbS QD layer is thin 

compared to the diffusion length of charge carriers.  

 

 

 

 

Figure 5.10. (a) J-V characteristics (b) external quantum efficiency of the optimized QD-OSCs with 

various PbS QD thickness 
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Table 5.3. Device characteristics of optimized QD-OSCs with various PbS QD thickness. 

Device configuration 

PbS 

thickness 

(nm) 

J
SC

 

[mA cm
-2

] 

V
OC

 

[V] 
FF 

η 

[%] 

ITO / PEDOT:PSS / PbS/ BHJ / Al  6 16.0 0.74 0.66 7.73 

ITO / PEDOT:PSS / PbS/ BHJ / Al  13 17.0 0.74 0.66 8.30 

ITO / PEDOT:PSS / PbS/ BHJ / Al  30 14.9 0.60 0.51 4.58 

ITO / PEDOT:PSS / PbS/ BHJ / Al  60 14.5 0.59 0.48 4.06 

ITO / PEDOT:PSS / PbS/ BHJ / Al  120 13.4 0.56 0.45 3.36 

ITO / PEDOT:PSS / PbS/ BHJ / Al  180 13.0 0.57 0.44 3.22 

ITO / PEDOT:PSS / PbS/ BHJ / Al  240 10.7 0.57 0.42 2.51 
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5.4 Conclusion 

 

In summary, we fabricated new types hybrid solar cells structure using PbS QD and organic 

materials with increase the advantages of the two materials in harmony. PbS QD layer as 

photosensitized layer (PSL) for organic solar cells increases overall current density of 1.58 mA/cm2 

achieved Jsc of 16.97 mA/cm2 compared to reference device Jsc of 15.40 mA/cm2. The enhanced Jsc 

is able to contribute to the PCE 7.56% without PbS QD layer and 8.30% with PbS QD layer. The QD-

OSCs incorporating the PbS QD layer shows a significant increase in EQE in the spectral range of 

400 nm to 600 nm, in addition to a new band of photocurrent generation near 1000 nm corresponding 

to the first exciton transition of the PbS QD. The integration of organic and PbS QD materials for QD-

OSCs in this work demonstrates the applicability of PbS QDs as PSL, which may lead to further 

performance improvement. 
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Chapter 7. Summary 

 

This thesis has introduced the combination of organic and quantum dot materials for solar cells 

application. The field of the organic solar cells has developed to become commercial and theoretical 

performance up to 10%. Therefore, theoretically 64% of high enough PCE for quantum dot could be 

next generation requirement for solar cells application. For making the good hybrid solar cells, to 

understand the properties of organic and quantum dot materials is quiet important. In addition, when 

combined organic-quantum dot materials in the device how charge carriers can move through the 

junction and collected electrode is key issues for understanding hybrid system with organic-quantum 

dot solar cells. 

In chapter 1, the concept of the organic semiconductor and their electronic properties introduced 

briefly. And application of the organic materials such as OSCs, and OLEDs also briefly introduced 

with principle and mechanism. Intensively, the history and trend of the OSCs was introduced with 

reviewing the several papers related synthesis and device structure construction. Furthermore, the 

property of quantum dot semiconductor also studied with size dependent of quantum dot materials 

using quantum confinement effect. The electronic and application also studied very deeply from the 

beginning of quantum dot solar cells and recent result of high efficiency used by PbS quantum dot-

TiO2 junction. In last part of this chapter, hybrid solar cells by using organic-inorganic specially 

polymer-quantum dot is introduced with history.  

In chapter 2, I have studied electrical property of the buffer layer on organic solar cells. Poly(3,4-

ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT:PSS) is well-known material as hole 

transport layer due to the high transmittance, high conductivity, and good wettability with organic 

materials. By doping process with high boiling point organic solvent such as dimethyl sulfoxide, N,N-

dimethyl formamide, solbitol and ethylene glycol to the aqueous PEDOT:PSS dispersion could be 

induced high conductivity up to (550 S/cm). The results of experiment indicate that during making 

OSC device with PEDOT:PSS, treatment of PEDOT:PSS do not increase charge transfer between 

active layer and PEDOT:PSS. Therefore the efficiency up to 4.25% has been achieved with the device 

structure ITO/PEDOT:PSS/P3HT:PCBM/Al by using untreated PEDOT:PSS PH500 with FF as high 

as 72%. 

In chapter 3, I have studied ionic liquid molecules (ILMs) effect on the hybrid PbS quantum dot-

organic solar cell. By inserting the ILMs between PbS QD and PCBM layer, It may be expected that 

the 1-benzyl-3-methylimidazolium cations are attracted to the sulphide / sulphur atoms in the PbS QD 

layer, while chloride anions move toward the PCBM surface. This spontaneously oriented interfacial 
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layer leads to the formation of a permanent dipole oriented from the PCBM towards the PbS phase to 

increase the VOC and total PCE of hybrid quantumdot-organic solar cells performance. I bservedthat 

treatment with ILMs causes a significant increase in work function of the PbS layer from 3.58 eV to 

3.93 eV which is direct evidence of the shifted energy level of the PbS QD/PCBM interface with 

ILMs layer inserted. These changes in band structure have a positive impact on device properties, 

allowing the VOC to increase markedly from 0.41 V to 0.49 V and PCE of 1.58% to 2.13%. 

 In chapter 4, I have studied structure of quantum dot solar cells. The effect of device geometry on 

light absorption and overall photovoltaic performance was investigated using otherwise identical PbS 

CQD films. Optical modeling using a transfer matrix formalism has been utilized to explain 

performance variation in different device architectures. Optical interference after insertion of an 

optical cavity layer is shown to be responsible for significant differences observed in optical field 

distribution throughout the devices. Efficient inverted photovoltaic device structures were fabricated 

where constructive interference occurs due to the optical cavity, resulting in improved photovoltaic 

device performance compared to optimal standard device geometry. By utilizing an optical cavity, 

inverted structure PbS CQD solar cells with a strongly enhanced PCE of 4.3% have been 

demonstrated. 

In chapter 5, I have studied hybrid all solution processing organic-quantum dot solar cells with 

remarkably increased performance form both organic and quantum. Hybrid QD-OSCs were fabricate

d in the following device structure: ITO/PEDOT:PSS/PbS QD/PTB7:PC71BM/Al. The PTB7/ P

C71BM BHJ films absorb throughout the visible region up to 770 nm wavelength, while the 

PbS QD layer absorbs photons in the NIR region up to 1100 nm, with a clear first excitonic 

transition peak at ~1000 nm. When the BHJ layer is deposited on top of the PbS QD layer, 

the absorption spectrum exhibits features consistent with the sum of the absorbance of the B

HJ layer and PbS QD layer with additional features arising from optical interference caused b

y the high refractive index of the PbS QD layer. PbS QD layer as photosensitized layer (PSL) 

for organic solar cells increases overall current density of 1.58 mA/cm2 achieved Jsc of 16.97 mA/cm2 

compared to reference device Jsc of 15.40 mA/cm2. The enhanced Jsc is able to contribute to the PCE 

7.56% without PbS QD layer and 8.30% with PbS QD layer. The QD-OSCs incorporating the PbS 

QD layer shows a significant increase in EQE in the spectral range of 400 nm to 600 nm, in addition 

to a new band of photocurrent generation near 1000 nm corresponding to the first exciton transition of 

the PbS QD. 
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