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ABSTRACT 

Morphological Control of the Photoactive Layer in Bulk Heterojunction Organic Solar 
Cells 

Yisong Su 

 

For its inherent advantages, such as lightweight, low cost, flexibility, and opportunity to 

cover large surface areas, organic solar cells have attracted more and more attention in 

both academia and industry. However, the efficiency of organic solar cell is still much 

lower than silicon solar cells, but steadily rising as it now stands above 8%.  

The architecture of bulk heterojunction solar cells can improve the performance of 

organic solar cell a lot, but these improvements are highly dependent on the 

morphology of photoactive layer. Therefore, by controlling the morphology of 

photoactive layer, most commonly composed of a P3HT donor polymer and PCBM small 

molecule, the performance of organic solar cells could be optimized. The use of solvent 

additives in the solution formulation is particularly interesting, because it is a low cost 

method of controlling the phase separation of the photoactive layer and possibly 

removing the need for subsequent thermal and solvent vapor annealing. However, the 

role of the solvent additive remains not well understood and much debate remains on 

the mechanisms by which it impacts phase separation. In the first part of this thesis, we 

investigate the role of the solvent additive on the individual components (solvent, donor 

and acceptor) of the solution and the photoactive layer both in the bulk solution, during 

solution-processing and in the post-processing solid state of the film. In the second part 
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of this thesis, we investigate the role of the additive on the blended solution state and 

resulting thin film phase separation. Finally, we propose a new method of controlling 

phase separation based on the insight into the role of the solvent additive. 

In the first part, we used an additive [octandiethiol (OT)] in the solvent to help the 

aggregation  of  P3HT  in  the  solution.  From  the  UV-vis  experiments,  the  crystallinity  of  

P3HT in the solutions increased while it decreased in thin films with steady increase of 

additive concentration. This method could be used for one step, annealing-free 

fabrication of organic solar cell with high performance. The solution can potentially be 

used to prepare ink for the large scale roll-to-roll ink-jet printing of P3HT thin films. 

Secondly, from the experiments it is found that differences in the evaporation rate and 

solubility of the components of the photoactive layer may be part of the reason for 

morphological changes. With lower evaporation rate than the host solvent, the additive 

concentration in the solution keeps increasing with time during the final stages of spin-

coating. In addition, the phase separation is increased with the increase of additive 

concentration,  as  demonstrated  by  AFM  and  TEM.  By  controlling  the  additive  

concentration, it is possible to control the phase separation of photoactive layer in 

pristine device. It is also found that the additive can change the wetting ability of the 

solvent to produce films with high surface coverage.   

With this information in hand, we modified the solution process of BHJ layers. A layer of 

crystals  was  deposited from the OT-containing  solution by  postponing the start  of  the 

spin coating for several minutes (delay time) after the solution is dropped on the surface 
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of substrate. We found this to be a very effective method of increasing the phase 

separation and crystallinity of the photoactive materials. This effect was not possible 

when using oDCB solvent without any additive.  

 

 

 

Keywords: Organic solar cell, Photoactive layer, Morphology control, Solvents additives, 

Pre-spin-coating deposition. 
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Chapter I Introduction 

 

Humanity’s thirst for energy has grown drastically over the past century and continues 

to increase with population growth, widespread industrialization, consumerism and 

urbanization. This ever growing need has been met overwhelmingly by the Earth’s finite 

fossil  fuel supply (Fig.  1.1),  of which the Kingdom of Saudi Arabia is a major producer. 

Saudi Arabia also exports nearly 13% of the world’s daily oil consumption, making it the 

largest oil exporting nation in the world. This has spurred sustained economic growth in 

Saudi Arabia, but its infrastructure and industries, ranging from oil production and 

petrochemicals to fresh water production via water desalination and the widespread 

need for cooling in the warm climate consume currently a fifth of its daily oil production. 

In the face of increasing oil demand and the prospect of declining oil production in this 

century, the Kingdom has set its sights on diversifying its energy economy. The surge in 

the cost of fossil fuels Worldwide has driven governments, industry and academia alike 

to also look into alternative energy sources, making Energy the topic of the time. 
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Figure 1.1 Total carbon emissions from fossil fuels (million metric tons of C) 

 

Harvesting energy from sunlight using photovoltaic (PV) technology is being considered 

as a critical component of the Kingdom’s energy production, since it is available in 

abundance and offers a pathway to a sustainable and emission-free energy source. To 

achieve wide industrial and consumer acceptance, PV must become economically 

competitive [1]. 

Currently, commercial solar cells are mostly based on inorganic semiconductors, with 

power conversion efficiency up to 24% for monocrystalline silicon solar cells and 30% for 

GaAs  solar  cell  [2].  However,  the  cost  per  kWh  is  still  quite  high  (see  Fig.  1.2)  when  

compared with coal, natural gas and oil. 

 

Figure 1.2 Energy cost per kilowatt hour (polycrystalline silicon solar cell) 

 

The high cost of manufacturing crystalline silicon remains one of the main obstacles 

going forward, despite significant price decreases in last ten years and the development 
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of  polycrystalline  silicon  solar  cells  [3].  For  example,  at  the  current  price  of  

approximately $2.50 per watt of crystalline silicon solar panels, the cost to create a 60 

mile  by  60  mile  array  of  solar  panels  would  be  approximately  two  trillion  dollars  

($2 1012). [4] 

By comparison, organic solar cells can substantially reduce the cost of materials and 

panel  manufacture.  If  it  were only  necessary  to  cover  a  60  mile  by  60 mile  area  with  

transparent polyethylene sheet (plastic wrap) instead of crystalline silicon to produce 

our electricity,  the cost would only be about one billion dollars ($109). The comparison 

suggests that it is reasonable to expect that producing plastic PV cells on a large scale 

should be considerably less expensive than producing silicon PV cells, since plastic PV 

cells can be produced from many of the same materials and methods as those used to 

make plastic wrap. Even if plastic PV cells with 10% efficiency were to exceed the cost of 

plastic wrap by a factor of 100, this would still provide substantial cost reduction in PV 

technology to change the economics in favor of PV technology. For this reason, PV cells 

made from thin (< 1 µm thick) films of conjugated polymers or other carbon-based 

semiconductors deposited on flexible (plastic) substrates via low-cost solution-based 

processes offer an attractive potential alternative to crystalline silicon PV cells. These 

organic PV cells provide electricity at a much lower cost than crystalline silicon solar cells 

if a reasonable power efficiency ( 10-15 %) and lifetime ( 10 years) could be achieved 

on a large scale. [5] 
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Organic solar cells generally contain three basic components, which are the photoactive 

layer – typically a blend of donor and acceptor materials forming a so-called bulk 

heterojunction, an anode, and a cathode, as illustrated in Figure 1.3 [6]. The photoactive 

layer absorbs photons, leading to formation of excitons (bounded electron-hole pairs), 

which must reach the donor-acceptor interface in order to separate into an electron and 

a hole that will thus travel to the cathode and the anode, respectively, where they are 

collected and generate an electrical current. 

 

  

Figure 1.3 Schematic illustration of the standard structure of BHJ organic solar cell 
[6]. 

 

The bulk heterojunction (BHJ) is preferred over a planar heterojunction (bilayer system) 

given the need to balance the very short exciton diffusion length ( 5 – 10 nm) in low-
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mobility organic semiconductors with the need for thicker films to absorb the incident 

sunlight. 

The bulk-heterojunction (BHJ) architecture is currently the preferred structure, as it 

yields the highest values of power conversion efficiency (PCE). In the BHJ architecture, 

the small-molecule or more commonly polymer donor and typically a fullerene-based 

acceptor are blended and can phase separate into a 3D bicontinuous composite with 

substantially larger donor-acceptor interfacial area than planar devices; hence, more 

efficient exciton dissociation is achieved. In this architecture, the thickness of the 

photoactive layer can be increased substantially to ~100 nm or more without noticeably 

reducing  the  exciton  separation  efficiency,  while  achieving  much  more  photon  

absorption and harvesting. The electrons and holes move along the respective acceptor 

and donor domains to the cathode and anode, respectively, where they are collected [7, 

8].   

BHJ organic solar cells involving a blend of a polymer donor and a molecular acceptor – 

of which the most famous and common examples are P3HT and PCBM, respectively – 

are typically produced via solution processes, offering the promise of low manufacturing 

cost [9]. To get thin films with large area and uniform thickness, well-developed spin-

coating and printing methods are preferred [10], wherein the solvent evaporates very 

quickly, giving little time for crystallization of the donor and acceptor to occur, thus 

forming a metastable structure with the required phase separation [11]. For kinetic 

reasons, these processes yield phase separation with very fine domains, but which are 
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also discontinuous and reduce the PCE of the device. Post-deposition treatments via 

thermal or solvent vapor annealing are required to modify and control the morphology 

of the photoactive layer and optimize the solar cell efficiency. 

Thermal annealing and solvent annealing are the most commonly used methods to 

control the morphology and phase separation of the photoactive layer. However, both 

of them require fine control of every parameter in this process like the temperature and 

heating rate in thermal annealing, solvent and vapor pressure in solvent annealing etc. 

As plastic substrates are important for cost reduction, these processes have to be 

compatible. Thermal annealing at typical temperatures of ~150  could be ruled out 

because these substrates typically soften significantly or melt. Solvent vapor annealing 

could also modify polymer segments of the substrate, which could cause deterioration 

of the polymer substrate, if special care is not taken. Therefore, if a modification could 

be implemented in the solution (ink formulation) or in the processing step that could 

achieve the same benefits as post-deposition treatments, then this could be an 

important development for manufacturing of plastic OPV panels. 

Solvent mixtures and additives have been recently shown to modify the lateral and 

vertical phase separation and blend morphology of the BHJ layer [12, 13]. The effects of 

additives  are  attributed  to  differences  in  the  kinetics  of  the  process,  as  dictated  by  

differences  in  the  evaporation  rates  of  the  host  solvent  and  the  additive,  as  well  as  

differences in solubility of the solutes (donor and acceptor) in the host and the additive 

solvents.  However,  this  remains  speculative,  and sufficient  insight  is  not  available  into  
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the influence of the additives on the kinetics of the process or the solubility of various 

components in solution state, let alone how this influences phase separation in terms of 

morphology and structure. There is also much debate in the community about the role 

of the additives. Heeger et al. [12] believe the additive [octandiethiol (OT)] has a higher 

solubility for PCBM than the host solvent (oDCB) and hence a photoactive layer with 

PCBM-rich surface is obtained from solvent additives. But Yang Yang et al. [13] think the 

solubility of PCBM in OT is less than that of the host solvent (oDCB), which thus gives a 

P3HT-rich surface in the photoactive layer. 

In this thesis, P3HT is used as donor while PCBM as acceptor. The P3HT:PCBM blends 

could be considered as a model system for the organic solar cells since it is the most 

researched one. By revealing the effects of additives to this blend, the knowledge from 

this research could also be applied to other photoactive layers. On the other hand, other 

groups also investigated the interaction between additives and P3HT:PCBM blends. So 

our results could be compared with their results. 

In this thesis two approaches are used to investigate and control the phase separation 

of the photoactive layer. The first is to use small amounts of solvent additives to modify 

the formulation of the solution. The second is to utilize the lessons learned about the 

additive-solute interactions to modify the spin-casting method in such a way as to tune 

the bulk heterojunction morphology and structure. Along the way, we utilize several 

new process characterization techniques, including quartz crystal microbalance with 

dissipation and in situ time-resolved optical reflectometry, to investigate in a thus far 
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unique way the kinetics and mechanisms of deposition of the photoactive layer in the 

presence of solvent additives. 

The objectives of this thesis are as follows: 

 To investigate  the solution state  of  the solute,  thin  film deposition kinetics  and 

resulting structure and morphology of P3HT (donor) and PCBM (acceptor) thin 

films separately in pure solvent and in solvent with different amounts of OT 

additive. 

 To investigate and control the phase separation of the P3HT:PCBM blend layer 

and provide a reasonable explanation for the role of OT additive in the phase 

separation of the BHJ layer. 

 To investigate the effect of pre-spinning delay time on the deposition of both 

P3HT and P3HT:PCBM blends in pure solvent and in the presence of a solvent 

additive. 

To meet these objectives, we use a combination of in situ and post-processing 

characterization methods to investigate P3HT ordered structure in both solution and 

film, the morphology of P3HT, PCBM, and blends film, nanostructure of P3HT crystallites, 

and lateral phase separation. 

The thesis  is  split  into  8  chapters.  In  Chapter  2,  we present  a  literature  review on the 

basic operation of OPV devices and recent literature pertaining to control of phase 

separation in the BHJ layer. In Chapter 3 we describe the methods used in this thesis. In 
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Chapters 4, we investigate the influence of solvent additives on the two components of 

the BHJ layer, the PCBM acceptor, and P3HT donor, respectively. In Chapter 5, we 

combine the donor and acceptor in a blend and investigate BHJ layer formation as a 

function of solvent additive in the solution. In Chapter 6, we use the lessons learned in 

previous chapters to control phase separation by modifying the spin-coating process. 

We conclude and provide perspectives in Chapter 7. 
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Chapter  Literature Review 

 

2.1 Theory of organic photovoltaic cell 

 

2.1.1 The mechanism of organic photoelectric phenomenon 

 

The main difference between organic photovoltaic devices and inorganic solar cells 

(with silicon p-n junction) lies in the interface where photons are absorbed, which is 

caused by the different mechanism of charges generation. In silicon p-n junction, the 

pair of electron and hole is created immediately after photon absorption. But in 

photoactive layer of OPV, an exciton instead of pair of electron and hole is generated 

after photon absorption [14-16]. Then the exciton will be separated into free charges at 

the  interface  of  the  donor  and  acceptor.  This  happens  for  two  reasons:  (1)  the  low  

dielectric constant of organic donor material causes the electron-hole pair to be bound 

by the Coulomb forces; (2) the covalent bonds in the organic molecules spatially restrict 

and localize the electronic wave function. [17]  

The photovoltaic effect can only happen when the excitons are separated into free 

carriers and have been absorbed by electrodes, while non-separated excitons 

recombine,  given  the  finite  exciton  lifetimes.  The  separation  of  excitons  into  free  
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carriers without applying an external electronic field is therefore a critical prerequisite 

that requires the donor and acceptor band energies to be tailored, as discussed in the 

next section.  

 

2.1.2 The separation and transport of excitons 

 

The lowest unoccupied molecular orbital (LUMO) of the donor must be higher than that 

of the acceptor, and under the driving force of this energy gap the electron can be 

successfully transferred from the LUMO of the donor to that of the acceptor. Generally 

an  energy  supplement  of  0.3  eV  is  preferred  for  efficiently  electron  transfer  [18,  19].  

With this energy difference, the electron transfer from donor to acceptor is hundreds of 

times faster than the opposite and so the separation efficiency at the donor/acceptor 

interface is almost 100%, leading to significant current increase [20]. For example, by 

adding only 1% C60 acceptor into poly(p-phenylene vinylene) (PPV) donor film, the 

photocurrent and the lifetime of carriers can be improved heavily [21]. 

After the formation of free electrons and holes, both donor and acceptor are in a 

metastable excited state. The extra electrons in the acceptor are collected by the 

cathode and the donor needs to be refilled with electrons from the anode to guarantee 

charge neutrality. The energy difference between the LUMO of the acceptor and the 
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highest occupied molecular orbits (HOMO) of donor is the theoretical open circuit 

voltage (Voc) (see Fig. 2.1). 

 

 

Figure 2.1 Schematic illustration of the process of photon-induced electron transfer 

and the fundamental physics in organic photovoltaic devices. 

 

2.2 Characteristics of organic solar cells 
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The  current  density-voltage  curve  (J-V  curve)  of  an  organic  solar  cell  (e.g.,  Fig.  2.2)  

provides the most direct way to determine the behavior and power conversion 

efficiency. Positive bias can increase the current density exponentially while negative 

bias has less effect on the reverse current density. The ratio of current densities under 

the same positive and negative bias is defined as rectification ratio, which is another 

important factor of semiconductor devices [22]. Short-circuit current density (Jsc) is 

defined as the current density when the voltage is 0 V. It is strongly correlated with the 

polymer’s absorption spectrum [23, 24], mobility of carriers in the photoactive layer [25, 

26], BHJ morphology [27-29] and thickness [30, 31], and characteristics of the electrodes 

[32]. The open-circuit voltage is defined as the voltage when J=0 A/m2, which is mainly 

determined by the HOMO level of the donor and the LUMO of the acceptor but also 

subject to the effects of internal resistance of the device [33-35], ratio of donor to 

acceptor [36, 37], and the device architecture [38-40]. Both the Jsc and Voc can be 

directly found from J-V curves (Fig. 2.2). The Fill Factor (FF) needs to be calculated from 

the J-V curves. In addition to the mobility of carriers in the photoactive layer, 

morphology, and thickness of photoactive layer [41, 42], the contacting resistance and 

defects inside the device can also affect the fill factor [43]. 

FF = ( × )
×

    (2.1) 

Power Convension Efficiency (PCE) is defined as the ratio of maximum output power to 

light intensity as shown in following formula. 

PCE = = ( × × ) × 100%    (2.2) 
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Figure 2.2 Typical J-V curves of organic solar cell obtained under dark and light 

illumination [35]. 

 

Because the solar cell test results are strongly related to the testing conditions, in 

particular the wavelength and intensity of light, solar testing is performed using a solar 

simulator in accordance with the Standard Test Conditions (STC), which are at 25 , 

light intensity of 100mW/cm2 and using a AM 1.5 G source [22]. 

For a useful evaluation of the conversion of solar energy, we can also calculate the ratio 

of free carriers to the incident monochromatic light source, which yields the Incident 

Photon to Current Efficiency (IPCE), defined as 

 

EQE = × ( / )
( )× ( / )

× 100%   (2.3) 
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where ISC is the short circuit current under monochromatic irradiation and Pin is the 

power  density  of  the  incident  light  source.  So  IPCE  can  not  only  represent  the  

absorption spectrum of solar cell, but also the efficient use of absorbed photons, which 

reflects the true performance of the device. It can also build a connection between the 

performance of the solar cell and the properties of the photoactive layer. 

 

2.3 Photoactive layer and its architectures 

 

Organic solar cells were described briefly in Chapter 1. Here, we explain their operation 

and the role of the photoactive materials in further detail. Since three of the four 

essential  steps  in  a  photovoltaic  device  happen in  the photoactive  layer,  this  makes  it  

the most researched and investigated part of organic solar cells. Thus, optimization of 

the photoactive layer substantially affects the performance of photovoltaic cells. 

The photoactive layer can be found in single layer architecture [44-46], bilayer 

heterojunction architecture [47] and bulk heterojunction architecture [48]. Since the 

power conversion efficiency of a solar cell with single layer architecture is extremely low, 

this architecture is used moreso as light detector and is ignored in this section. The 

heterojunction-based devices are described herein. 
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2.3.1 D/A bilayer heterojunction 

 

In 1986 Tang et al. invented the donor/acceptor (D/A) bilayer organic solar cell, which 

realized the separation of excitons at the heterojunction (see Fig. 2.3) [49]. However, 

the lifetime of excitons being short and the carrier mobility in organic semiconductors 

being quite low, this allows excitons to diffuse only about 10 nm from their point of 

origin. Excitons further than 10 nm from the D/A interface therefore recombine before 

reaching the interface and have no contribution to the photocurrent [50, 51].  

For this reason, solar cells with bilayer architecture are generally less than 20 nm thick. 

This requirement goes against a fundamental need for photon absorption, which 

requires films to be significantly thicker. The area of the interface is critical to the 

separation of excitons and generally large interfacial area means high separation 

efficiency. For these reasons, the power conversion efficiency is limited to a low level. 

Bilayer films thinner than 20 nm are usually produced by vacuum evaporation or 

sublimation. This is a complex, time consuming and generally a costly procedure. 
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Figure 2.3 D/A double layer device structure [49] 

 

2.3.2 Bulk heterojunction architecture 

 

Yu et al. [47] invented the first solar cell with bulk heterojunction by dissolving the 

donor and acceptor in one solvent and using this solution to produce the photoactive 

layer (see Fig. 2.4). Since the donor and acceptor are mixed together with phase 

separation on the nanometer scale in this architecture, the D/A interface increases 

substantially which greatly enhanced the exciton separation and efficiency of solar cells 

[52]. The conjugated polymer can be easily produced into films by well-established 

methods, such as spin coating, ink jet printing, which can simplify the preparation and 

reduce production cost with respect to vacuum processing. 
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Figure 2.4 Schematic illustration of ideal and real Bulk-Heterojunction concept. 

 

2.3.3 Bilayer diffusion heterojunction architecture 

 

This architecture is an intermediate between the bilayer heterojunction and the bulk 

heterojunction which can be processed by solution, vacuum or a combination of the two. 

The donor and acceptor are deposited separately, with interdiffusion of at the D/A 

interface forming a larger heterojunction area (Fig. 2.5). This architecture has both 

advantages of bilayer heterojunction architecture and bulk heterojunction architecture, 

which  are  the  large  interfacial  area  and  the  connected  pathways  for  carriers  to  be  

collected at the interface.  
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Figure 2.5 Device structure of diffusion bilayer heterojunction solar cell [22]. 

 

Several methods can be used to produce this architecture [22]. The electrodes can be 

coated coated with donor and acceptor firstly, and then two electrodes are pressed 

together at certain pressure and temperature [54]. Donor and acceptor diffuse into each 

other under these circumstances and form a bilayer diffusion heterojunction. 

Alternatively, one material (donor or acceptor) is firstly coated on the electrode, and 

then another material (acceptor or donor) is coated on this coated electrode again. The 

second coated material should be soluble in the first material in order to to produce a 

broad interface [55, 56]. Finally, by using thermal annealing the donor and acceptor can 

interdiffuse at the D/A interface and form the diffusion layer [57]. So far, the solar cells 

based on this architecture have achieved an efficiency of 5.0%. However, the complexity 

of preparation recipes and tools used makes challenging to scale up for commercial 

applications [54]. 
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2.4 Previous studies on controlling phase separation 

 

We now focus our attention on the classic solution-processed bulk heterojunction layer 

composed by blending P3HT donor polymer with PCBM fullerene acceptor molecule. 

We describe post-processing methods, such as thermal and solvent vapor annealing, as 

well as use of solvent mixtures and additives to achieve control of the phase separation 

of the BHJ layer. 

 

2.4.1 Thermal annealing 

 

In organic solar cells, the polymer used are typically semi-crystalline with the degree of 

crystallinity strongly influenced by the processing conditions and environment, such as 

the evaporation rate of the solvent, the substrate and solution temperatures, the 

cooling rate, etc. It is found that devices with good performance usually have higher 

degree of crystallinity in the photoactive layer. Since the conjugated polymer backbone 

is rather rigid and stiff, the glass transition temperature is higher than room 

temperature, requiring thin films to be heated to a temperature higher than the glass 

transition temperature, also known as isothermal annealing. Under high temperature, 

the frozen segments of polymer are activated and crystallize.  
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Figure 2.6 The morphology and crystallinity comparison of P3HT/PCBM composite 

films. (a) Pristine, (b) after thermal annealing at 120 C for 60min [59]. 

 

Padinger  et  al  [58]  improved  the  PCE  of  organic  solar  cells  by  up  to  6  times  by  using  

isothermal annealing at 75 C. This revealed a new way to improve the performance of 

solar cells and gathered many groups’ attention on thermal annealing. Yang et al [59] 

found that the length of P3HT crystal fibers was obviously increased after thermal 

annealing. The formation of large P3HT fibers countered the diffusion and aggregation 

of  PCBM  and  obstructed  the  formation  of  PCBM  crystals  (Fig.  2.6).  Hence,  PCBM  was  

distributed finely around the network of P3HT and form an interpenetrating network. 

This corresponded to a doubling of JSC after thermal annealing. 

 

2.4.2 Solvent vapor annealing 
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Solvent annealing is widely used to control the morphology of polymer films. Because of 

the uptake and diffusion of solvent molecules, the mobility of the frozen segments of 

the polymer is improved and the molecules can move into a more stable phase. So by 

controlling parameters of this process, the aggregation and morphology can be tuned to 

a certain extent. 

Kim et al. [60] first investigated the relationship of vapor pressure and growth of P3HT 

crystal fibers in the spin coating process (Fig. 2.8). They proved that by increasing the 

vapor pressure of chloroform, P3HT is more likely to crystallize into fibers. Then, Miller 

et al. [61] found that increased P3HT crystillinity can be achieved under higher solvent 

vapor pressure by using Raman spectrometer to observe the solvent annealing process 

of P3HT:PCBM blends. 
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Figure 2.7 AFM topography images (2 m×2 m) of P3HT nanowires grown on a 

substrate (SiOx) under different solvent vapor pressures: atmospheric conditions (a) 6.2 

kPa; (b) 36.5 kPa; (c) 48.9 kPa; (d) 53.8 kPa; (e) 56.5 kPa (f) 58.3 kPa [60]. 

 

Thermal annealing and solvent vapor annealing are the most used methods to control 

the morphology and phase separation of the photoactive layer. However, both of them 

require finely controlling of every parameter in this process, like the temperature and 

heating rate in thermal annealing, solvent and vapor pressure in solvent annealing, etc. 

The post treatment environment has strict requirements and is not easy to fulfill at the 

same time, which makes it not easily applicable for commercial producing. For samples 

made by different recipes, new experiments are necessary to find the parameter for 

optimizing its performance. 

 

2.4.3 Solvent additives and additives 

 

Zhang  et  al.  [62]  found  a  significant  enhancement  in  photocurrent  density  in  

polyfluorene copolymer/fullerene blends when introducing a small amount of 

chlorobenzene into chloroform solvent. They correlate these results with atomic force 

microscopy (AFM) images of the morphologies of the polymer-blend films (see Fig. 2.8). 

The results showed that JSC is very sensitive to the addition of small amounts (1.2 %) of 
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low-vapor-pressure solvent to chloroform: on adding chlorobenzene, Jsc increased. 

Time-resolved spectroscopy on the picosecond time scale shows that charge mobility 

was also influenced by the mixing solvents. 

 

 

Figure 2.8 Height images (5 m×5 m) obtained by tapping-mode AFM on the surfaces 

of APFO-3:PCBM thin films spin-coated from solutions with the following solvent 

additives: a) CF, b) CFCB, c) CFTO, and d) CFXY. The height scale is 15 nm for all images 

[56]. 

 

Peet et al. [63] found that by mixing an additive into the solution, the PCE can improve 

drastically if the additive has selective solubility for the PCBM. Lee et al. [58] explained 
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the phenomenon as an increase of PCE by including additive with high boiling point and 

selective  solubility  of  PCBM  into  the  solvent.  In  further  research  of  the  effects  of  

additives on the photoactive layer, Yao et al. [13] found that the solvent additive OT into 

oDCB increases the phase separation of P3HT:PCBM blends. The additive is believed to 

induce the polymer into forming large aggregates in the solution state, which then 

increases the phase separationin the solid state (Fig. 2.10). So the usage of solvent 

additives has a significant influence on the performance of organic solar cell via control 

of the BHJ phase separation, morphology and crystallinity. 

 

 

Figure 2.9 AFM images of PCPCTBT/C71-PCBM composite films cast from CB without 

and with 1,8-octanedithiol additive (a, b) and exposed PCPDTBT networks after removal 

of  C71-PCBM  in  BHJ  film  (c,  d);  AFM  image  of  BHJ  film  (a)without  and  (b)  with  1,8-
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octanedithiol; AFM image of exposed polymer networks (c) without and (d) with 1,8-

octanedithiol [38]. 

 

2.5 Conflicted  explanation  of  the  role  of  OT  additive  on  phase  separation  of  

P3HT:PCBM blends 

 

Heeger et al. had investigated polymer/PCBM in solvent additives, and they think the 

reason why OT can improve solar cell’s performance is that OT has a selective solubility 

to  PCBM.  PCBM  is  more  likely  to  dissolve  in  OT  than  in  oDCB,  which  helps  first  

deposition sequence of P3HT during spin coating, which can be used to control phase 

separation in P3HT/PCBM blends as shown in the left image of Figure 2.10. [12] 

However, Yang Yang et al. have an opposite explanation with respect to the same blends. 

They  believe  that  OT  has  a  smaller  solubility  to  PCBM  rather  than  a  higher  solubility  

which is addressed in Heeger’s explanation. For this reason PCBM molecules will deposit 

on the surface of substrate firstly and faster than P3HT molecules, which causes a 

PCBM-rich  bottom  layer  and  a  P3HT-rich  top  layer,  as  shown  in  right  image  of  Figure  

2.10. [13] 
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Figure 2.10 Hegger’s model (left) and Yang Yang’s model (right) for the OT’s effects on 

OT. In the left image PCBM molecules aggregate in OT and finally the phase separation 

increases, while in the right image PCBM molecules don’t dissolve much in OT but 

deposit firstly. 
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Chapter  Materials and Methods 

 

3.1 Materials 

 

Regioregular Poly(3-hexylthiophene-2,5-diyl) (P3HT) (445703-1G) (weight-averaged 

molecular  weight,  Mw  =  87  kDa  and  regioregularity,  RR  =  98.5%  and  95.0%;  Sigma-

Aldrich Co.), 1,8-Octanedithiol (OT) (O3605-5G) (97+% anhydrous; Sigma-Aldrich Co.) 

and orthodichlorobenzene (oDCB) (24,066-4) (99% anhydrous; Sigma-Aldrich Co.) and 

[6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) (684449-100G) (see Fig. 3.1) (99.5%; 

Sigma-Aldrich Co.) were used without further purification.  

 

   

 

 

Figure 3.1 Schematic illustration of the molecular structures of P3HT, PCBM, OT, and 

oDCB. 

 

3.2 Sample preparation 

P3HT oDCB PCBM OT 
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P3HT (P3HT:PCBM) solutions in oDCB were prepared with a concentration of 10 mg/ml 

(20mg/ml) first by dissolving in warm oDCB (60 C) for 10 min, followed by stirring in the 

dark and at room temperature over a two day period. 

PCBM solutions in oDCB were prepared with a concentration of 10 mg/ml by stirring in 

the dark and at room temperature over a two day period. 

OT was added into any given solution with concentration 5 l/ml, 10 l/ml, 20 l/ml, 40 

l/ml, and 60 l/ml by stirring for 2 hours in the dark. 

The glass cover slides and silicon wafers were cleaned in a piranha solution (70/30 v/v of 

concentrated  NH3H2O  and  30%  H2O2)  at  80 C for 20 min, thoroughly rinsed with 

deionized water, and finally blown dry in nitrogen. 

Thin films of all materials were prepared by spin-coating (SPIN150-NPP Spin Coater) the 

solutions with the volume of 200 l on precleaned glass cover slides starting with 500 

revolutions  per  minute  (rpm)  for  5  s  and  ramping  up  to  1000  rpm  for  200  s.  An  

acceleration of 2000 rpm/s was used in all cases. Additional drying was carried out in air 

at room temperature for half an hour. 

 

3.3 Characterization 
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3.3.1 Atomic Force Microscope 

 

A commercial atomic force microscope (AFM; the Agilent Technologies 5400 Scanning 

Probe Microscope as shown in Figure 3.2) was used in tapping mode with a silicon 

cantilever (nominal spring constant 1.2-29 N/m and resonant frequency 76-263 kHz, 

Nanosensors Company) to image the surface topography of thin films. The root mean 

squared (RMS) surface roughness is calculated from these micrographs. 

 

3.3.2 Stereomicroscope 

 

A commercial stereomicroscope (Stemi 2000 with AxioCam MRc5 digital microscope 

camera, Zeiss) shown in figure 2.3 was used to observe the large-scale surface coverage 

and uniformity and formation of droplets on the surface, especially in the case of PCBM 

samples. 

 

3.3.3 Ultraviolet-visible Spectrometer 
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Ultraviolet-visible (UV-vis) absorption spectra were acquired using a Cary 100 (Varian) 

with 2.0 nm slit width. Solutions were filled in a 1 mm-thick and 0.5 mm-thick quartz 

cuvettes. The spectra were acquired from 200 nm to 800 nm, where the absorption 

peaks of both P3HT and PCBM can be observed. The PCBM solution was diluted in oDCB 

to 1 mg/ml, because the absorption of PCBM aggregation was saturated at real 

concentration. 

 

3.3.4 Transmission Electron Microscope 

 

Transmission electron micrographs (TEM) were obtained from a FEI Tecnai 12 operated 

at 120 kV accelerating voltage. Samples for TEM were prepared by floating thin-films in 

water and collecting them on a 300 mesh copper grid. Energy-filtered transmission 

electron  microscopy  (EFTEM)  was  used  in  charactering  P3HT:PCBM  films  to  prevent  

deterioration of films under electron beam, which  can be used to aid chemical analysis 

of the sample. 

Since the electron densities of P3HT and PCBM are different – this is reflected in their 

mass density (1.1 g/cm3 and 1.5 g/cm3, respectively), PCBM aggregates should appear 

darker in bright field TEM images, while brighter regions should correspond to P3HT. 
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For transmission electron microscopy, films were floated off the substrates onto 

deionized water, dissolving remaining solvent and contaminants layer, and films were 

collected onto 400 M Cu grids. 

EFTEM images were collected on a GIF Tridiem on an FEI Titan at 300 kV. Zero loss peak 

was aligned on the CCD in spectroscopy mode and then in imaging mode. The full width 

at half maximum intensity of the zero loss peak after alignment was 1.0 eV. The 

spectrum was shifted to the desired energy for EFTEM imaging. Collection aperture was 

2 mm, and the slit width was 8 eV for EFTEM imaging. 

 

3.3.5 Quartz Crystal Microbalance 

 

Quartz crystal microbalance with dissipation capability (QCM-D, Q-sense, Biolin) is used 

to monitor the deposition of P3HT, PCBM and P3HT:PCBM blends from their respective 

solutions prepared with varying concentrations of OT. QCM-D measures the change of 

mass per unit area of the crystal chip by detecting the change of resonance frequency of 

the piezoelectric crystal. By measuring the energy dissipated per oscillation cycle, QCM-

D is also sensitive to the viscoelastic properties of soft deposits and solutions. In this 

thesis, the solutions were flown into a chamber enclosing the QCM crystal (see Figure 

3.2)  to  detect  the  deposition  and  separation  of  PCBM  and/or  P3HT  species  from  

different solutions without the effect of solvent evaporation. In this mode, the solutions 
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were flown into the chamber at a rate of 0.1 ml per minute by using a peristaltic pump 

(ISMATEC Company). 

There are different theories for calculation of the sensed mass, which take into account 

the change in frequency registered by the sensor. In this work, we make use of the 

Johannsmann et al. model (eq 3.1), which has been derived for viscoelastic layers. [64] 

m = m 1 + J(f) ( )
 (3.1) 

In eq 3.1, m* is the sensed or equivalent mass obtained by using the Sauerbrey relation 

(eq 3.2) 

m (3.2)

where C is a constant that is equal to 0.177 mg/m2 for our crystals, f is the change in 

frequency during the adsorption/desorption process, and n is the overtone (n = 5 in this 

study)The  variable  m0  denotes  the  true  sensed  mass  as  it  corrects  the  frequency  

response for the viscoelastic properties of the layer. This quantity contains contributions 

from the adsorbing species and from the solvent that oscillates with the crystal, J(f) is 

the complex shear compliance, q is the specific density of quartz (2648 kg/m3), f is the 

resonance frequency of the crystal in contact with solution, and d is the film thickness. ,. 

[65] 

Quartz crystal sensors can be reused multiple times, requiring a thorough cleaning 

procedure. Substrates are be washed in chloroform, acetone, isopropanol sequentially 
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and then dried using nitrogen gas. Cleaned substrates are exposed to UV/Ozone 

(ProCleanerTM  Company)  for  10  minutes  to  remove  contaminants  from  the  surface  

prior to using. 

 

Figure 3.2 Schematic illustration of the QCM-D operating in a flow cell. 

 

3.3.6 In situ time-resolved spectroscopic reflectometry 

 

Spin coating was monitored in situ and in real time using a fast optical reflectometer 

(F40 series, Filmetrics) at normal incidence to obtain real-time thickness information 

during spin coating of the solution (see Fig. 3.3). The measurement spectrum ranges 

from 380 nm to 1700 nm and spectra were acquired with an integration time of 120 ms.  
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Figure 3.3 Schematic illustration of spin coater connected with Filmetrics 

 

As light strikes the surface of a film it is either transmitted or reflected by the upper 

surface (see Fig. 3.4). Light that is transmitted reaches the bottom interface and may 

once again be transmitted or reflected. The phase difference between the two reflected 

waves determines whether there is constructive or destructive interference. At normal 

incidence, the phase difference is dependent upon the optical thickness of the film, 

which is the product of geometric or physical thickness and refractive index. [66] 

Both oDCB (solvent) and OT (additive) are colorless and transparent. Their refractive 

indices in the visible part of the spectrum are n = 1.55 and 1.50, respectively, and are 

substantially different from that of SiO2, which is n = 1.45. Time-resolved reflectometry 

would therefore be able to detect constructive and destructive interference fringes in 
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case of thin films of solvent on SiO2, thus making it possible to detect solvent film 

thickness. 

 

 

Figure 3.4 Schematic illustration of Filmetrics working theory 

 

A new model is applied to this process to establish a quantitative relationship between 

thickness and time and evaporation rate,. For this analysis, Meyerhofer model is used 

here [67], which is a derived model of Emslie, Bonner, and Peck (EBP) [68]. This model is 

designed for the flow of a Newtonian fluid with viscosity  and density  and an angular 

velocity   on a  plate  spinning.   A  constant,  evaporation rate  e  per  unit  area,  is  simply  

adding in this equation. This gives an equation for the evolution of the lm thickness h(t) 

with time as  

2kh e (3.3), 
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where k is a constant given by 2/(3 ).  

Clearly the two stages are separated during the formation of film by spin coating: 

hydrodynamic thinning stage in early stage and an evaporation thinning stage in late 

stage. To extract the evaporation rate for each of these curves, we rewrite eq. (3.3) in 

reduced variables 

2x (3.4),

where x = Ah and s = Bt. The solution of this differential equation is, 

s = ln arctan + C (3.5),

where C is a constant related with thickness. 

 

3.3.7 Grazing incident wide angle X-ray scattering 

 

The grazing incidence wide angle X-ray scattering (GIWAXS) measurements were 

performed  at  D-line  at  the  Cornell  High-Energy  Synchrotron  Source.  The  X-ray  

wavelength was set to 1.22 Å and the incidence angle was fixed at 0.15°. 

GIWAXS  is  a  very  powerful  tool  to  analyze  the  crystal  structure  and  to  determine  the  

surface structure and electron density fluctuations of thin films. The bulk scattering is 

substantially reduced for the limited penetration depth of the incoming beam at 
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glancing angle which is smaller than the critical angle. [69] Here, GIWAXS was used to 

analyze P3HT crystallization in films as shown in Figure 3.5, which could prevent the 

interference of the substrate. Much information can be found about the samples from 

GIWAXS spectra including crystallinity, mosaicity, texture, unit cells, and inter-planar 

spacing. 

  

 

Figure 3.5 Schematic  illustration  of  the  theory  for  GIWAXS  (left)  and  the  crystal  

structure of P3HT (right). 
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Figure 3.6 Two different integrations of 2D GIWAXS images. 

 

Quantitative analysis of GIWAXS images requires integration around the azimuthal angle 

as shown in Figure 3.6 (a) in order to determine the mosaicity of crystallites and 

integration along out-of-plane direction as shown in Figure 3.6 (b). The latter reveals the 

interplanar spacing between (100) planes in the crystals. Further analysis, such as crystal 

size, could also be found from GIWAXS spectra. 

In the figure of first integration, the width is the ratio between the area of curve and the 

height of the curve, which indicates the orientation distribution of P3HT crystals inside 

the film as shown in Figure 3.7. If crystals positioned on the top of substrate with small 

regularity, the interfered X-rays would be distributed less condensed along the ring as 

shown in Figure 3.7 (a) and (b). However, if those crystals had high regularity, the 

interfered X-rays were focused on a small area as shown in Figure 3.7 (c). So the width 

of the integration along azimuth represented the orientation regularity of crystals on 

substrate [70]. 
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Figure 3.7 Illustrations of example diffraction patterns for different microstructures. 

a)  Randomly  oriented  films  produce  a  sharp  ring,  b)  oriented  films  with  broad  

orientation distribution produce an arc, and c) highly oriented films produce an ellipse. 

 

The size of the P3HT crystallites at <100> direction can be obtained by using Scherrer’s 

relation: 

S = .  (3.6) 

where Shkl is the apparent crystallite size along the [hkl] direction and hkl is the full 

width at half maximum of an (hkl) diffraction (in radians). [71] 
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Chapter  Nanoscale Control of Components Morphology via Additives in Solution 

 

In this chapter we investigate the influence of OT additive on the kinetics of spin-coating, 

as well as on the structure and morphology of PCBM thin films with the goal of 

elucidating the mechanisms by which it mediates thin film formation. 

 

4.1 Kinetics of deposition in pure solvent and solvent additive 

 

Using time-resolved optical reflectometry, we have monitored the thickness of the 

solution during spin-coating. 

Figure  3.1  (a),  we  shows  the  evolution  of  solution  thickness  as  a  function  of  spinning  

time with increase OT concentration. In the case of pure oDCB, the process lasted just 

under 20 s, with fastest evaporation rate. In solutions with higher OT concentration, we 

observe prolonged duration of the solvent thinning and evaporation period. The 

minimum solution thickness detected by the FFT method is plotted in Figure 3.1(b) with 

respect to OT concentration. The thickness decreases with OT concentration from about 

6.5 m at 0 l/ml OT to 2.6 m at 60 l/ml OT. 
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Figure 4.1 (a) Real-time monitoring of oDCB and solvent additives thickness during 

spin casting with increasing OT concentration by using optical reflectometry. (b) The 

minimum thickness detected by optical reflectometry with different amount of OT. (c) 

The thinning rate versus spinning time and (d) calculated evaporation rate of solvent 

additives with increasing OT concentration. 

 

The model [67] was used to analyze the evaporation rate of solvent additives. In Figure 

3.1(c), we show the thinning rate of the solutions during spin coating. In the first few 

seconds, the rapid thinning rate is caused by centrifugating excessive liquid out of 

substrate, and then both evaporation and hydrodynamic thinning cause the decreasing 

of solution thickness. By plotting the dh/dt to h3 in a Cartesian coordinates, the 
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intersection on dh/dt axis is the constant evaporation rate of the solvent. In Figure 

4.1(d), we plot the evaporation rate of the solutions with increasing OT concentration. 

Since OT has a smaller evaporation rate than that of oDCB because of its higher boiling 

point and low vapor pressure (see Table 4.1), it is reasonable to expect more OT 

remaining at the end of the process, such that the ratio of OT to oDCB may be increasing 

with time. At the end of spin coating, the evaporation rate dominates the process; 

hence the OT dominates the process by slowing down the thinning process. 

 

Table 4.1 Physical properties of oDCB and OT 

 oDCB OT 

Boiling Point  179 °C 270°C 

Vapor Pressure  1.2 mm Hg ( 20 °C) 0.012 mm Hg ( 20 °C) 

 

Loss of thickness information from optical reflectometry in the final stages of spin 

coating suggests that the liquid film ceases to be continuous. Solvent additives appear 

to better sustain a continuous liquid layer during the final thinning process (see Fig. 

4.1(b)). For pure oDCB solvent, the thickness is not detected below 6.5 m, whereas 

when OT concentration increases to 60 l/ml the minimum detected liquid thickness is 

2.6 m. Optical microscopy confirms that solvent additives wet the substrate better 

than pure oDCB, indicating that OT improves the wetting ability of the solvent additives. 
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The loss of the ability to detect interference fringes upon reflection from the surface 

therefore indicate breaking up of the liquid layer into droplets, as schematically 

illustrated in Figure 4.2. The use of additives modifies the solvent additives evaporation 

kinetics, making it more favorable to slow film formation and probably favorable to 

phase separation; in addition, it appears that the use of additives improves the wetting 

ability of oDCB on the substrate, which may be beneficial to film formation and solute 

organization during deposition process. 

 

 

Figure 4.2 Schemetic illustration of homogeneous film and heterogeneous film 

 

To better understand the deposition and phase separation behaviors of P3HT:PCBM 

blends, it is useful to first investigate the behaviors of the P3HT and PCBM components 

independently. 

 

4.2 Deposition kinetics and organization of PCBM 

 

In Figures 4.3(a) and 4.3(b), we show the UV-Vis absorption spectra of a PCBM solution 

in pure oDCB and in the presence of 20 l/ml of OT. The solution was diluted in (b) in 
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order to capture the absorption spectrum in the 300-400 nm range. No obvious 

difference  can  be  seen  in  (a)  in  the  spectra  region  from  480  nm  to  800  nm.  The  

absorption peak of PCBM appearing at 331 nm can only be observed in diluted solutions. 

However, even at this concentration the absorption spectrum shows that the solution 

with  OT has  results  in  a  stronger  PCBM absorption peak than in  pure  oDCB.  This  may 

indicate aggregation of PCBM molecules in the solution, but it requires further 

verification. 

 

 

Figure 4.3 (a)  UV-vis  spectra  of  PCBM  in  oDCB  and  solvent  additives  with  real  

concentration and (b) diluted solution with 1 mg/ml concentration. 

 

Time-resolved optical reflectometry was used to monitor the solution thinning and 

solvent evaporation during spin coating in the case of PCBM in pure oDCB and in oDCB 

mixed with OT, as shown in Fig. 4.4. In contrast to the solvent-only experiments, it 

appears that the presence of PCBM in the solution has the effect of dramatically 
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improving the wetting ability of the solution, even in the absence of OT. Nevertheless, 

the sample with higher OT concentration achieved very good wetting as its thickness 

could be measured to 200 nm. This suggests that the PCBM solution with OT can sustain 

a continuous liquid film on the surface up to the moment the thin film forms. The 

minimum thickness detected decreased from 1.3 m (0 l/ml OT) to less than 200 nm 

(60 l/ml OT), which represent nearly 20% of the thicknesses achieved in solvent-only 

experiments.  

Although it is hard to find any difference in thinning rates between these four samples 

in figure 4.4 (c), the evaporation rate kept decreasing with increasing OT concentration 

as shown in figure 4.4 (d). Obviously, OT can reduce the evaporation rate of solvent, 

which is already explained in the first section of this chapter. However, compared with 

solvent-only experiments reported in Figure 4.1, we observe a much lower evaporation 

rate  when  PCBM  is  added  to  the  solution.  This  may  be  explained  by  noting  the  

difference in vapor pressure of the two solvents. With increasing spinning time more 

oDCB is expected to evaporate than OT, leaving the final liquid layer to become OT rich. 
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Figure 4.4 (a) Real-time thickness monitoring of PCBM solution in oDCB solution 

(10 mg/ml) with increasing OT content during spin coating by optical reflectometry. (b) 

Minimum thickness of samples detected by optical reflectometry with different OT 

concentrations. (c) Thinning rate and (d) calculated evaporation rate of film during spin 

coating. 

 

In Figure 4.5, we show optical micrographs of the PCBM samples. The sample with lower 

OT concentration has a smaller surface coverage and bigger droplets. But in the 

presence of OT in the solution, the film achieves larger surface coverage and smaller 

drops can be observed. This confirms the hypothesis that the OT changes the wetting 

ability  of  the  solution.  This  indicates  that  OT  works  partially  as  a  surfactant  in  the  

solution process. 
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Figure 4.5 PCBM spin coating samples with different OT concentrations, (a) 0 l/ml, 

(b) 20 l/ml, (c) 40 l/ml, and (d) 60 l/ml, respectively. 

 

QCM-D experiments were performed to investigate the deposition and precipitation 

behavior of PCBM in the presence of OT additives in the absence of solvent evaporation. 

We investigated two solutions, namely PCBM in oDCB [Figure 4.6 (a) and (c)] and PCBM 

in oDCB with 20 l/ml OT [Figures 4.6 (b) and (d)]. We monitored the change in F and 

D during flow of the solutions, and performed quantitative analysis using the 

Sauerbrey model.  

The results in Figures 4.6 (a) and (b) reveal that PCBM deposits more readily from mixed 

solution than from pure solution, forming a film with twice the thickness in the former 
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case  than  in  the  latter  at  steady  state.  Deposition  occurs  in  two-stages,  starting  with  

rapid deposition, followed by much slower deposition. From the D vs. F plots, PCBM 

grows into a more rigid film from mixed solution than from pure solution, indicating that 

PCBM in solvent additive is less viscoelastic and therefore structural properties in both 

cases are different. The two stages of growth may be associated to PCBM deposition on 

the QCM surface, followed by PCBM deposition on PCBM.  

Preferred separation of PCBM from solution in the presence of OT suggests that PCBM 

does not dissolve as well  in OT as in oDCB, suggesting that Yang Yang’s model may be 

true. 

 

 

Figure 4.6 QCM-D results of PCBM solution in pure oDCB (a), (c) and in oDCB mixed 

with OT (20 l/ml) (b), (d) during flow casting. (a) and (b) represent the Sauerbrey 

thickness, while (c) and (d) represent D vs. F plots. 
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The  surface  topography  and  morphology  of  PCBM  films  was  investigated  by  AFM,  as  

shown in Figure 4.7. Thin films obtained from pure oDCB reveal small dispersed 

aggregates on a flat surface. The root mean squared (RMS) surface roughness was found 

to be 0.53 nm. Thin films obtained from solvent additives show many small aggregates 

on the surface, as well as some large aggregates. The RMS roughness increased to 1.66 

nm. These results further support the UV-Vis absorption and QCM-D findings that OT 

causes PCBM aggregation in solution and during the deposition process. 

 

 

 

Figure 4.7 AFM  topographic  images  of  PCBM  films  prepared  from  (a)  pure  oDCB  

and (b) oDCB with OT, respectively. (c) and (d) are the corresponding phase images. 
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4.3 Deposition kinetics and organization of P3HT 

 

UV-Vis spectra of P3HT solutions in oDCB with increasing OT content are shown in Fig. 

4.8. Given the fact that we measured solutions with high concentration, we could only 

focus on the intermolecular  stacking aggregation peak, ca. 602 nm, to disclose the 

P3HT solution state. By increasing the OT concentration, the peak intensity at 602 nm 

increases continuously, which hints at increasing aggregation via intermolecular 

interactions. These results suggest that P3HT is well-dissolved into oDCB solvent, but 

aggregates gradually with increasing OT addition to the solution. Hence, the solvent 

additive promotes P3HT organization in the solution. 

 

Figure 4.8 UV-Vis spectra of solutions of P3HT in oDCB (10 mg/ml) with increasing 

OT concentration. 
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We used QCM-D to investigate the influence of solvent additives on the deposition 

behavior of P3HT. In Figure 4.9, we show the Sauerbrey thickness versus time for pure 

oDCB and oDCB with 20 l/ml of OT. In both cases, we observe a two-stage regime, but 

P3HT deposits more readily in the presence of OT, forming nearly double the thickness 

of pure oDCB. In the first stage, deposition rate is 0.99 nm/min (1.43 nm/min) for pure 

(mixed) solvent. In the second stage, the deposition rate is nearly 5 times higher in the 

presence of OT. The first stage is likely mediated by the substrate, thus both solutions 

yield very similar deposition rates; the second stage is more likely mediated by the 

solution state and is attributed to different deposition-dissolution equilibrium in the two 

solutions. The additives appear to change the balance of deposition-dissolution towards 

more deposition due to the aggregation reported in the UV-Vis spectra (see Figure 3.9). 

The plots  of  D  versus  F  shown in  Figure  4.9  (c)  and (d)  reveal  that  P3HT deposition 

undergoes significant transformation. A larger slope indicates a softer or solvated and 

therefore porous film, whereas a smaller slope indicates a more rigid and therefore less 

solvated and denser material. It appears the P3HT forms a soft and solvated layer on the 

surface of the substrate due to polymer-substrate interactions, followed by formation of 

a more rigid and dense P3HT layer formation. Comparing growth on the two surfaces, 

we find that the second deposition regime is much more important in the presence of 

OT, and is most likely due to the enhancement of aggregation in the presence of OT.  
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Figure 4.9 Sauerbrey thickness calculated from QCM-D during flow-casting of P3HT 

solution using (a) pure oDCB solvent and (b) solvent additives. The corresponding D vs. 

F are plotted in (c) and (d), respectively. 

 

Thin films of P3HT were prepared from oDCB solutions with increasing OT concentration. 

The crystallinity of thin film was first investigated by UV-Vis absorption measurements. 

All the peaks have been normalized at fixed peak ca. 518 nm to compare the peak 

intensity of molecular interaction at ca. 610 nm. All samples containing OT exhibit three 

peaks indicating intramolecular (520nm and 555 nm) and intermolecular (602 nm)  

stacking peaks (see Fig. 4.10). Interestingly, the peak associated to intermolecular 

interactions becomes weaker with increasing OT concentration as shown in Figure 4.10. 

For example, for the sample with 5 ul/ml OT concentration, the strongest peak, ca. 550 
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nm, becomes weaker and ca. 518 nm becomes the strongest peak. The peak at 602 nm 

also decreases with increasing OT concentration, indicating that the intermolecular 

interactions become weaker. This result appears to contradict the solution study 

reported before, which indicated increased P3HT aggregation in the presence of OT. 

Further structural measurements performed by GIWAXS will be used to elucidate this 

concentration. 

 

Figure 4.10 UV-Vis spectra of films spin-cast from P3HT solution in oDCB (10 mg/ml) 

with increasing OT concentration. 

 

In Figure 4.11, we show GIWAXS data of P3HT films prepared with increasing OT content 

in the solution. The full width at half maximum (FWHM) of the azimuthal intensity 

distribution of the (100) peaks shifts from 21° to 29° indicating an increase in mosaicity 

with increasing OT concentration from 0 to 60 l/ml, respectively. This indicates that the 
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polymer crystallites in P3HT thin films organize slightly more randomly as the OT 

content increases. 

 

 

Figure 4.11 GIWAXS  data  of  P3HT  films  prepared  from  solvent  additives  with  

different OT concentration. (a) P3HT 10 mg/ml without OT and (b) with OT 20 l/ml(c) 

Azimuthal intensity profile and (d) Intensity profile along qz. (e) Azimuthal FWHM values 

of the (100) peak and (f) Lamellar d-spacing and out-of-plane correlation length of P3HT 

crystallites. 
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The out-of-plane intensity profiles in Figure 4.11 (b) reveal a shift in diffraction peak 

positions. For the prominent maxima at the (100) Bragg peaks, the positions were 

shifted to smaller qz-values. The corresponding increase in the lamellar d-spacing of 

P3HT crystallites is shown in Fig.  4.11 (d).  As shown in Table 3.1, OT has an extremely 

low evaporation rate, which makes it possible for some OT molecules to remain in the 

P3HT crystals, as shown in Figure 4.12. 

 

Figure 4.12 Schematic illustration of the increase of D100. 

 

Finally the average correlation length of crystallites was calculated from the out-of-

plane line-shape analysis  of  the  (100)  peaks.  The correlation length decreased from 8 

nm to 6.3 nm indicating a general trend towards decreasing P3HT crystallite size with 

increasing OT concentration. The decrease of crystallite size could also be attributed to 

less crystallization of P3HT due to trapping of OT in the thin film. 
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In  Figure  4.13,  we  show  the  AFM  micrographs  of  P3HT  films.  Increase  the  OT  

concentration causes the surface to become rougher. In Figure 4.14, we plot the RMS 

surface roughness versus OT concentration, revealing a steady increase with OT 

concentration. This may be due to enhanced aggregation of P3HT in the solution state in 

the presence of OT. 

 

 

Figure 4.13 AFM topography (upper) and corresponding phase (lower) images of 

P3HT thin films prepared from solvent additives with controlled OT concentration of (a) 

l /ml, (b) 10 l /ml, (c) 20 l /ml, (d) 40 l /ml, and (e) 60 l /ml 
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Figure 4.14 RMS surface roughness of P3HT films prepared with increasing OT 

concentration. 

 

To  summarize  these  results,  we  have  found  that  increasing  OT  additive  in  oDCB  

influences the wetting behavior of the solution and the resulting film at the macroscale, 

reduces the kinetics of deposition in favor of slower film growth, and causes aggregation 

of both the PCBM and P3HT in the solution state. With respect to the solute, PCBM in 

particular  improves  the  wetting  behavior  of  thin  films.  In  the  case  of  P3HT,  UV-Vis  

absorption spectra and GIWAXS reveal that both mesoscopic and molecular scale 

organization in thin films are controlled by adding OT to the pure oDCB. The surface 

topography also evolves, indicating significant roughening, while increasing d-spacing 

and decreasing correlation length hint at OT incorporation into the P3HT film. 
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4.4 Conclusion 

 

In this chapter, we investigated the role of the additive OT on the pure solvent, as well 

as  on  the  solution  and  solid  states  of  P3HT  and  PCBM  individually  using  a  variety  of  

techniques, including UV-Vis absorption, time-resolved optical reflectometry, optical 

microscopy, AFM, TEM, and GIWAXS. 

We find that OT additive in pure oDCB decreases the solvent’s evaporation rate and aids 

the macroscopic wetting of the liquid on the substrate. The OT additive also influences 

the PCBM solution in oDCB. The additive causes PCBM to aggregate in the solution and 

on the surface. It also helps improve the surface coverage of the film on the substrate. 

When used with P3HT solutions, the additive causes P3HT aggregation in the solution 

state. Both mesoscopic and molecular scale organization in thin films were investigated 

without and with additive in the solvent. Significant roughening is observed from AFM, 

combined with increased crystallite size, which may help promote exciton diffusion as 

well as hole transport to the anode in the case of OPV devices. 
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Chapter  Deposition Kinetics and Morphological Control in Photoactive Layer 

 

For a better understanding of deposition kinetics of P3HT:PCBM blends solution without 

and with additive, the status of solute should be investigated. For the different 

properties of two solvents, the morphology of film and structure of P3HT crystallites are 

changed drastically, which deserve more research in this area. 

 

5.1 Deposition kinetics of blends solution 

 

We used QCM-D to investigate the influence of solvent additives on the deposition 

behavior of P3HT:PCBM. In Figure 5.1, we show the Sauerbrey thickness versus time for 

pure oDCB and oDCB with 20 l/ml of OT. In both cases, we observe a two-stage regime, 

but P3HT deposits more readily in solvent additives, forming nearly double the thickness 

of pure solvent additive. In the first stage, deposition rate is 1.36 nm/min (3.17 nm/min) 

for pure (mixed) solvent. In the second stage, the deposition rate is a little higher in the 

presence of OT. The first stage is likely mediated by the substrate, in which the 

aggregated P3HT:PCBM deposited much fast than dissolved P3HT:PCBM; the second 

stage is more likely mediated by the solution state and is attributed to different 

deposition-dissolution equilibrium in the two solutions. The additives appear to change 

the balance of deposition-dissolution towards more deposition due to the aggregation. 
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The plots  of  D  versus  F  shown in  Figure  5.1  (c)  and (d)  reveal  that  P3HT deposition 

undergoes significant transformation. A larger slope indicates a softer or solvated and 

therefore porous film, whereas a smaller slope indicates a more rigid and therefore less 

solvated and denser material. It appears the P3HT:PCBM forms a soft and solvated layer 

on the surface of the substrate due to polymer-substrate interactions, followed by 

formation of a more rigid and dense P3HT layer formation. Comparing growth on the 

two surfaces, we find that the second deposition regime is much more important in the 

presence of OT, and is most likely due to the enhancement of aggregation in the 

presence of OT. 

 

Figure 5.1 Sauerbrey thickness calculated from QCM-D during flow-casting of 

P3HT:PCBM  solution  using  (a)  pure  oDCB  solvent  and  (b)  solvent  additives.  The  

corresponding D vs. F is plotted in (c) and (d), respectively. 
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5.2 Crystallinity of P3HT in blends film from different solvent additives 

 

Insight into the organization of P3HT/PCBM BHJ blends photoactive layer was sought by 

using UV-vis, AFM, TEM, and GIWAXS. These experiments focused on the effect of 

additive effect on mesoscopic and molecular scale feature because both electronic 

transports between crystallites and inside crystallites determine the substantial BHJ 

device performance. 

P3HT:PCBM blends (1:1 weight ratio) were prepared by spin coating a 20 mg/ml solution 

with increasing OT content. Due to the high concentration of these solutions, UV-Vis 

absorption measurements could not be performed. In Figure 5.2, we show the UV-Vis 

absorption  spectra  of  the  associated  thin  films.  The  peak  at  602  nm  associated  to  

intermolecular  interactions is maximum when OT concentration is 20 l/ml. The 

peak at 334 nm associated to PCBM molecules increases with OT concentration, similar 

to the behavior of PCBM solutions in the presence of OT.  
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Figure 5.2 UV-Vis  absorption  spectra  of  films  made  from  P3HT:PCBM  in  oDCB  (20  

mg/ml) with increasing OT concentration. 

 

5.3 Mesoscopic features of blends film from different solvent additives 

 

The mesoscopic scale features are revealed by AFM in the figure 3.18. In pure oDCB, the 

surface appears smooth and uniform (Fig 5.3 (a)). Increasing the concentration of OT 

additive in the solution causes the surface features to become rougher and coarser. The 

RMS surface  roughness  of  the  thin  films  is  shown in  Figure  5.4;  it  increases  drastically  

from ~1 nm to ~12 nm with increasing OT concentration from 0 l/ml to 60 l/ml.  

 

 

Figure 5.3 AFM topography (upper) and corresponding phase (lower) images of BHJ 

thin  films  prepared  from  solvent  additives  with  controlled  OT  concentration  of  (a)  0  

l/ml, (b) 5 l /ml, (c) 10 l /ml, (d) 20 l /ml, (e) 40 l /ml, and (f) 60 l /ml. 
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Figure 5.4 The RMS of BHJ blends films changed with OT concentration. 

 

5.4 Nanoscale phase separation and crystal structure in blends film from different 

solvent additives 

 

The phase separation can be further investigated by TEM, as shown in Figure 5.5. The 

dark areas correspond to PCBM aggregates, whereas bright areas correspond to P3HT. 

The contrast is primarily due to local density differences, due to significantly different 

mass densities of P3HT (1.1 g/cm3) and PCBM (1.5 g/cm3). The samples with lower OT 

concentration reveal finely-dispersed PCBM domains into the P3HT matrix. P3HT 

domains are also finer. Clearly, increase of OT concentration leads both PCBM and P3HT 

domains to coarsen with higher OT concentration. From TEM analysis, it is clear that the 
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phase  separation  increases  drastically  with  increasing  OT  concentration,  which  is  

consistent with the AFM results. 

 

 

Figure 5.5 Bright field TEM images with 1 m legend of BHJ thin films prepared from 

solvent additives with controlled OT concentration of (a) 5 l/ml, (b) 10 l/ml (c) 20 

l/ml, (d) 40 l/ml and (f) 60 l/ml. 

 

The molecular scale organization in blend thin films was investigated by GIWAXS. The 

values of FWHM were extracted from Figure 5.6 (c) and are shown in Figure 5.6 (e). The 

increase of mosaicity from ~10  to  ~21  with  the  increasing  OT  concentration  is  

consistent with previous findings. It indicates that the crystallites can be distributed 

more randomly with respect to the out-of-plane lamellar stacking. 

The (100) peaks along qz-axis (Fig. 5.6 (d)) undergo a shift indicating increased lamellar 

d-spacing in the out-of-plane a-axis from ~1.55 nm to ~ 1.61 nm. The out-of-plane 

correlation length also decreased gradually from ~7.7 nm with OT concentration of 0 

l/ml down to ~6.4 nm with OT concentration of 60 l/ml. These results are consistent 

with observations made when adding OT to P3HT solution in oDCB. 
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Figure 5.6 GIWAXS data of P3HT:PCBM films prepared from solvent additives with 

different OT concentration. P3HT:PCBM 20mg/ml (a)without and (b) with OT 20ul/ml. (a) 

Azimuthal intensity profile and (b) Intensity profile along qz. (c) Azimuthal FWHM values 
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of the (100) peak and (d) Lamellar d-spacing and out-of-plane correlation length of P3HT 

crystallites. 

 

5.5 Comparison between pure P3HT and P3HT in blends 

 

In  Figure  5.7,  the  crystal  structure  of  pure  P3HT  and  P3HT  in  blends  is  compared.  No  

matter the OT concentration, P3HT in blended films exhibits a smaller azimuthal FWHM 

(less mosaicity) and a smaller d-spacing than pure P3HT. This indicates that P3HT could 

form a better lamellar structure in the presence of PCBM (see Fig. 5.7 (a) and (b)).  By 

comparison, the out-of-plane correlation length of P3HT crystallites is not affected 

significantly by the presence of PCBM in the blend, as shown in Figure 5.7 (c).  
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Figure 5.7 Comparison between pure P3HT and P3HT in blends in different OT 

concentration. (a) Azimuthal FWHM values. (b) Lamellar d-spacing. (c) out-of-plane 

correlation length of P3HT crystallites. 

 

5.6 Conclusion 

 

In this chapter, we investigated the role of the additive OT on the solution and solid 

states of P3HT:PCBM blends in oDCB using a variety of techniques, including UV-Vis 

absorption, time-resolved optical reflectometry, AFM, TEM, and GIWAXS. 
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For the mesoscopic scale organization in BHJ thin film, phase separation was controlled 

as larger PCBM clusters and more P3HT fibers formed with increasing OT concentration. 

While the molecular scale investigation showed an increase in the out-of-plane d-

spacing  and  less  mosaicity  of  the  lamellar  structure  with  increasing  additive  

concentration, the out-of plane crystallite size decreased with OT concentration. 
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Chapter  Control of Blend Morphology via Pre-spin-coating Deposition at Solid-Liquid 

Interface 

 

We have utilized the observation made in Chapters 4 and 5 that the solute deposits on 

the substrate in the presence of OT to control the blend morphology of spin-cast thin 

films. A delay time was introduced prior to spin coating, whereby the solution was 

dropped on the substrate and the start of spin-coating was delayed to achieve film 

deposition, as illustrated in Figure 6.1. During this time, the solute interacts with the 

surface  of  the  substrate,  as  seen  by  QCM-D  studies  shown  earlier,  while  the  solvent  

evaporates slightly. 

 

 

Figure 6.1 Schematic illustration of delay time 

 

6.1 Delay-induced crystallization in P3HT 
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6.1.1 Crystallinity of P3HT films with different delay times 

 

Two different solutions were used to spin-cast thin films: P3HT in oDCB and P3HT in 

oDCB with OT 20 ul/ml, respectively; both solutions have a concentration of 10 mg/ml. 

Four  films  were  prepared  with  delay  time  of  0  min,  2  min,  5  min,  and  10  min,  

respectively. For the films prepared without OT, the absorption peaks at ca. 555 nm and 

ca. 602 nm decreases with delay time, as shown in Figure 6.2 (a). These results indicate 

that both intramolecular and intermolecular  stacking become weaker with 

increasing delay time, so much so that crystallization appears to decrease. The same 

trend was observed for films prepared with OT, as shown in figure 6.2 (b). These results 

indicate that delay time reduces the crystallization of P3HT both with and without 

adding OT. 

 

Figure 6.2 UV-Vis spectra of films made from (a) P3HT 10 mg/ml in oDCB and (b) 

P3HT 10 mg/ml with OT 20 l/ml in oDCB. 
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6.1.2 Effects of pre-spinning deposition to the morphology of P3HT  

 

Atomic force micrographs (AFM) for the films prepared without OT are shown in Figure 

6.3. The topographic and phase images do not show any significant differences and the 

RMS roughness remains constant, as shown in Figure 6.4. 

 

 

Figure 6.3 AFM topography (upper) and corresponding phase (lower) images of 

P3HT thin films prepared from pure oDCB solvents with controlled delay time of (a) 0 

min, (b) 2 min, (c) 5 min, and (d) 10 min. 
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Figure 6.4 RMS roughness of P3HT films prepared from pure oDCB solvent with 

increasing delay time before spin coating. 

 

When OT is added to the solution, delay time prior to spin coating has a much more 

dramatic  effect  of  the  morphology  of  P3HT,  as  revealed  by  AFM  images  and  RMS  

roughness in Figures 6.5 and 6.6, respectively. This is consistent with the observed 

aggregation of P3HT with increasing OT content in the solution and may suggest that 

preferential evaporation of oDCB may be playing an important role. However, this may 

not offer a complete explanation, as a delay time of a few minutes is not sufficient to 

change the OT concentration by a substantial amount. 
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Figure 6.5 AFM topography (upper) and corresponding phase (lower) images of 

P3HT thin films prepared from solvent additives with controlled delay time of (a) 0 min, 

(b) 2 min, (c) 5 min, and (d) 10 min. 

 

 

Figure 6.6 RMS roughness of P3HT films prepared from solvent additives with 

increasing delay time before spin coating. 

 

6.1.3 Molecular scale organization of P3HT with different delay times 
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The molecular scale organization of the P3HT thin films prepared with OT additive was 

investigated by GIWAXS and presented in Figure 6.7. In Figure 6.7 (c), we see a decrease 

of the scattered X-ray intensity with increasing delay time, along with an increase of the 

azimuthal FWHM from  25.6  with 0 min delay time to 29.1  after 5 min delay time 

[see Fig. 6.7(e)], indicating increased mosaicity and loss of crystallinity with increasing 

delay time. 

In Figure 6.7 (d), we observe a shift in the (100) peak position, which corresponds to an 

increase of the lamellar d-spacing from 1.575 nm for 0 min delay time to 1.601 nm after 

10 min delay time (see Figure 6.7 (f)).  Interestingly, the delay time does not cause any 

change in the correlation length of P3HT crystallites. 
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Figure 6.7 GIWAXS data of P3HT films prepared from solvent additives with different 

delay time. P3HT in solvent additives with delay time of (a) 0 min and (b) 5 min. (a) 

Azimuthal intensity profile and (b) intensity profile along qz. (c) Azimuthal FWHM values 

of the (100) peak and (d) Lamellar d-spacing and out-of-plane correlation length of P3HT 

crystallites. 

 

6.2 Control of blend morphology via pre-spin-coating delay time 

 

6.2.1 Crystallinity of P3HT:PCBM films with different delay times 
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We turn to the P3HT:PCBM blends prepared from oDCB solutions (20 mg/ml) without 

and with OT 20 l/ml. Films are prepared with four different delay times (0, 2, 5, 10 min) 

for both solutions. For the films prepared without OT, an increase of crystallinity of 

P3HT  is  observed  in  Figure  6.8  (a).  Both  peaks  at  ca.  555  nm  and  ca.  602  nm  grow  

gradually with increasing delay time. By contrast, when OT is used, the opposite trend is 

observed, as shown in Figure 6.8 (b). The intensity of peaks at ca 555 nm and ca. 602 nm 

decreases with increasing delay time, indicating that the crystallinity of the P3HT 

decreases with increasing delay time. 

 

Figure 6.8 UV-vis spectra of films made from (a) P3HT:PCBM 20 mg/ml in oDCB and 

(b) P3HT/PCBM 20 mg/ml with OT 20 l/ml in oDCB. 

 

6.2.2 Effects of pre-spinning deposition to the morphology of P3HT:PCBM films 
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AFM micrographs on films prepared without OT (Fig.  6.9) reveal the blend morphology 

of the film prepared with increasing delay time to remain similar, also confirmed by RMS 

surface roughness evolution (Fig. 6.10). 

 

Figure 6.9 AFM topography (upper) and corresponding phase (lower) images of 

P3HT/PCBM thin films prepared from pure oDCB solvent with controlled delay time of (a) 

0 min, (b) 2 min, (c) 5 min, and (d) 10 min. 
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Figure 6.10 RMS  roughness  of  P3HT:PCBM  films  prepared  from  pure  oDCB  solvent  

with increasing delay time before spin coating. 

 

The surface roughness of the blend increases dramatically with increasing delay time 

when OT is used, as shown in Figures 6.11 and 6.12. The film is also much rougher than 

in the absence of OT. There is also evidence of coarsening, indicating significant 

influence of delay time on the phase separation. Hence, while the surface roughness 

remains nearly constant below 1 nm in the absence of OT for all delay times, it increases 

to 5.8 nm when OT is added and further increases to 11 nm with a delay time of 10 

minutes, indicating a strong influence on phase separation.  

 

 

Figure 6.11 AFM topography (upper) and corresponding phase (lower) images of 

P3HT/PCBM  films  prepared  from  solvent  additives  with  controlled  delay  time  of  (a)  0  

min, (b) 2 min, (c) 5 min, and (d) 10 min. 
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Figure 6.12 RMS roughness of P3HT:PCBM films prepared from mixed solvents with 

increasing delay time. 

 

To evaluate the separation of the two phases, we have employed energy filtered TEM 

(EF-TEM) to obtain the nanoscale distribution of sulfur-rich P3HT in the blends. 

From  EF-TEM  images  (Figure  6.13  top)  and  S  maps  (Figure  6.13  bottom),  we  see  a  

marginal effect of delay time, in agreement with AFM images. There appears to be more 

P3HT fiber formation at prolonged delay times. This agrees with UV-Vis observations of 

thin films, which show evidence of increased aggregation of P3HT with increase of delay 

time. These fibers are likely to be in the bulk of the film, thus explaining why the AFM 

did not observe them on the surface.  
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Figure 6.13 EFTEM images (top) and S maps (bottom) of P3HT/PCBM films made from 

solution P3HT/PCBM 20 mg/ml with different delay time. 

 

TEM images of P3HT:PCBM blends were also obtained for solutions including OT (20 

l/ml)  and  with  increasing  delay  time,  as  shown  in  Figure  6.14.  However,  EF-TEM  

measurements were not performed due to lack of time. Bright field TEM images reveal 

an increase of phase separation in agreement with AFM observations. The phase 

separation appears to increase as the film initially appears well-dispersed blend of 

PCBM (dark) and P3HT (light) regions and increasing delay time leads to formation of 

larger aggregates that are either darker or lighter.  
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Figure 6.14 Bright  field  TEM  images  of  P3HT/PCBM  films  made  from  solution  

P3HT/PCBM 20 mg/ml with OT 20 l/ml with different delay time. 

 

6.2.3 Molecular scale organization of P3HT in blends film with different delay times 

 

The molecular scale organization of P3HT domains in the presence of OT is investigated 

by  GIWAXS.  The  samples  were  the  same  ones  subjected  to  AFM  and  TEM  

characterization. In Figure 6.15 (c), we see that in the presenceof OT the intensity of 

scattered X-rays decreases with delay time, while the azimuthal FWHM (Figure 6.15 (e)) 

increases from ~16.2  for  no delay  time to  ~21.1  after  a  10  min delay.  This  indicates  

increased P3HT mosaicity with delay time.  

The lamellar d-spacing of P3HT is seen to increase from 1.566 nm to 1.582 nm when a 

10 min delay is applied, as shown in Figure 6.15 (f). The out-of-plane correlation length 

of P3HT domains did not decrease, in contrast to the behavior of pure P3HT in the 

presence of OT in the solution.  
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Figure 6.15 GIWAXS data of P3HT:PCBM films prepared from solvent additives with 

different delay time. (a) P3HT:PCBM in solvent (a) without OT and (b) with OT 20 l/ml. 

(c) Azimuthal intensity profile and  (d) Intensity profile along qz. (e) Azimuthal FWHM 
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values of the (100) peak and (f) Lamellar d-spacing and out-of-plane correlation length 

of P3HT crystallites. 

 

6.2.4 Comparison between pure P3HT and P3HT in blends with delay time 

 

In Figure 6.16, the microstructures of pure P3HT and P3HT in blends with increasing 

delay time in the presence of OT are compared. No matter which delay time is used, 

P3HT in blended films always exhibits a smaller azimuthal FWHM and d-spacing and out-

of-plane correlation length than pure P3HT, which indicates that P3HT forms a better 

lamellar structure with the presence of PCBM (see Fig. 6.16). This result is consistent 

with the comparison of P3HT structure in pure P3HT film and blends film with different 

OT concentration. We find that prolonging the delay time increases the mosaicity of 

P3HT in the blend, as well as the d-spacing. 
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Figure 6.16 Comparison between pure P3HT and P3HT in blends with different delay 

time. (a) Azimuthal FWHM values. (b) Lamellar d-spacing. (c) out-of-plane correlation 

length of P3HT crystallites. 

 

6.3 Conclusion 

 

By delaying the start of spin-coating by a few minutes in the presence of OT in the 

solution, we have shown that the microstructure, morphology and phase separation of 

P3HT:PCBM blends can be varied significantly. By contrast, in solutions based on pure 

oDCB solvent, we observed a very marginal increase of the crystallinity of both P3HT 

and PCBM from UV-Vis absorption and EF-TEM measurements, but no changes from 

AFM.  Big  changes  were  observed  by  the  presence  of  OT  in  the  solution  and  in  



86 
 

cooperation with a delay time. These results reveal delay time to be an effective process 

parameter and should be explored further by fabricating and testing OPV solar cells. 
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Chapter  Conclusions and Perspectives 

 

7.1 Conclusions 

 

In this thesis, we have investigated the effects of additive to the solvent, P3HT, PCBM 

and blends. By controlling the concentration of additive, the morphology and phase 

separation could be changed drastically. Hence, controlling the concentration of 

additive is a convenient and useful method to create annealing free organic solar cells. 

From both the QCM-D results of PCBM and P3HT, the samples with OT have a faster 

deposition rate and thicker deposition layer, which indicates that OT has less solubility 

to both P3HT and PCBM molecules. It can also be proven the QCM-D result of blends 

solution, in which solution with OT also has a faster growth rate and thicker layer. 

However, P3HT has a much faster growth rate compared with that of PCBM. So during 

the forming of blends film, it is possible that P3HT will deposit first or more quickly than 

PCBM. A vertical phase separation probably exists in the photoactive layer if additive is 

added into the solution. This result is quite different from the explanations of both Yang 

Yang’s and Hegger’s groups. However, a net solubility differential favoring PCBM over 

P3HT can nevertheless be seen, which would explain Heeger’s observation that P3HT 

deposits first and PCBM deposits second. 
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On the other hand, their explanation about the evaporation rate is true, which is proven 

by the experiment of in situ time-resolved optical reflectometry. OT has a smaller 

evaporation rate compared with oDCB as can be found from the comparison of their 

physical properties. With the increase of OT concentration, the evaporation rate 

decrease gradually. Even for the same solution, the evaporation rate also decrease with 

the time goes. These results are consistent with the hypothesis of Yang Yang and Hegger 

that more OT will remain in solution during the spin coating. 

OT can not only change the evaporation rate, but also the wetting ability of the solution. 

The solution with more OT could keep a continuous film for much longer time and the 

film with OT could have a higher surface coverage and smaller droplets. Probably OT 

could functionalize as a surfactant in the solution and changes the surface properties 

quite dramatically by migrating to the interfaces of the liquid after dropping to the 

surface of the substrate.  

From both TEM and AFM images, an increasing phase separation could be detected, 

while from the GIWAXS results a decreasing of crystallites size is observed. So a single 

phase area must be composed by lots of crystallites. Given the fact that more OT 

remains on the solution at the end of spin coating, both P3HT molecules must have 

smaller crystallization in OT and a more random structure could be formed in this stage.  

With the knowledge we already got from the previous part, a pre-spin-coating 

deposition could be combined with OT to tune the phase separation. During the delay 

time, the ratio of OT to oDCB increases. A seed layer has forms on the interface of solid-
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liquid interface. Both of them could cause a drastic change in the structure of crystals 

and the mesoscopic properties. An increase of phase separation has been observed in 

solution with OT while no obvious phase change happens in films made from solution 

without  OT,  even  same  delay  times  are  applied  to  both  samples.  Obviously,  the  

combining of additive and pre-spin-coating is an effective and new method to control 

the morphology of photoactive layer without post-treatments. 

 

7.2 Perspectives 

 

For the time limitation of this thesis, some other useful characterizing methods were 

not used to investigate OT’s effects on the photoactive layer. In the future, the following 

experiments should be done to reveal the role of OT deeply. 

To further characterize the active layer in the vertical direction, XPS measurement 

should be conducted on the top and bottom surfaces of the active layer to determine 

P3HT:PCBM composition. The film could be peeled off by “floating off” method in water. 

In P3HT molecules, sulfur is included in the pentagon structure, while in PCBM there is 

no sulfur atom existed in its molecule. So the S(2p) peak originates from P3HT and is 

interpreted as a signature of polymer. Since both P3HT and PCBM have oxygen atoms in 

their molecule structure, C(1s) peak can represent the total content of P3HT and PCBM. 

So the ratio between S(2p) and C(1s) hence can be proportionally correlated to the P3HT 
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concentration in the blend. The different of P3HT proportion on top and bottom surface 

of film could reveal the deposition sequence of polymer and fullerene. 

P3HT  and  PCBM  can  also  be  fabricated  into  solar  cell  and  then  the  J-V  curves  of  the  

samples prepared from solution with different OT concentration could be measured. 

Because OT can improve the crystallinity of P3HT and PCBM and increase the phase 

separation of the blend, a connected network of P3HT crystals is supposed to form, 

which can serve as connected pathway of excitons and separated electrons and holes to 

improve charge separation and collection. So theoretically Jsc should be increased a lot. 

By measuring a sequence of sample with different OT concentration, a desired OT 

concentration should be found at that level the performance of solar cell could be 

optimized. 
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