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ABSTRACT


The role of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) solubility on the evolution of structure and function in solvent annealed organic photovoltaics is quantitatively investigated. ODCB solvent vapor distribution during the solvent uptake process is simulated on a 3-D profile. Determination of solvent uptake in the P3HT/PCBM mixture shows that the evolution of the morphology during solvent annealing (SVA) takes much longer than the diffusion of the solvent vapor into the sample. The evolution of P3HT crystallinity, as well as the growth of PCBM aggregates, in the solvent annealed thin films is observed by Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) and Atomic Force Microscopy (AFM) respectively. For the solvents that have a finite P3HT solubility, P3HT crystallinity initially increases then decreases with longer SVA time, where P3HT solubility of the annealing solvent plays a significant role in the variation of crystallinity. However, 2-Chlorophonel (2-CP) vapor, which has negligible P3HT solubility but high PCBM solubility, also exhibits an increase in P3HT crystallinity upon solvent annealing a P3HT/PCBM thin film. PCBM aggregates grow continuously with SVA, a process that is modulated by the PCBM solubility in the annealing solvent. Moderate PCBM aggregation correlates to improved power conversion efficiency (PCE) of the solvent annealed thin film. For the samples annealed using solvents that prefer P3HT, PCE benefits from further SVA after P3HT crystallinity peak time, which is ascribed to the additional PCBM aggregation; whereas the PCBM preferred solvents induce excess PCBM phase separation at further SVA times, which limits exciton dissociation hence PCE performance. Also, a flow SVA chamber is designed to realize in-situ light scattering experiments, where preliminary experiments using this apparatus are reported. 
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Introduction

[bookmark: _Toc357109539]Solar cells
In nature, 1.2 × 1017 W of solar power shines on the earth’s surface, which is sufficient to satisfy the global power demands if only 0.01 percent of this received solar energy can be converted to electricity1. Therefore, solar cells have great potential in the energy field by directly converting sunlight to electricity for many applications. The first solar cell was built at Bell labs in 19542. In the following 60 years, electricity has been generated from solar energy from inorganic solar cells, mostly crystalline silicon and inorganic thin film solar cells such as CdTe and CuInGaSe2 (CIGS). It has been demonstrated that high power conversion efficiencies (PCE), up to 25% and 19.4%, can be obtained with these types of solar cells3. However, their high cost due to the limited abundance of the material in earth as well as the photo-corrosion effect of the unique semiconductor energy band gap can dramatically restrict their practical applications4. Therefore, organic photovoltaic (OPV) solar cells appears a promising technology to provide clean and renewable energy because they are lightweight, low cost, flexible, and allow for large-area fabrication5-6.  These properties mean that it can be widely used in daily use applications such as watches, portable calculators, charges, toys, as well as other devices. Another important merit is that their optical properties and cell performances could be controllably modified by tailoring the chemical composition and molecule structure of the constituent OPV materials. Consequently, the study of OPV materials and devices draw increasing attention in the research field. Nevertheless, organic thin film solar cell is still an immature field, with the maximum efficiency of 9.2% ever reported7.

[bookmark: _Toc357109540]Mechanism of Organic photovoltaics
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[bookmark: _Toc357108530]Figure 1 Mechanism of photo-induced charge transport process

[bookmark: _Toc357109541]Organic photovoltaic charge transfer process
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]For single junction solar cell, the main principle of photo-induced charge transfer process follows the four steps as shown in figure 1: 1) Incident photos with energy larger than the electron donor’s band gap is absorbed by the OPV thin film, which promotes a molecule from highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), forming a so called exciton, which consisted of an electron-hole pair. The ratio of generated excitons to incident photons is defined as the absorption efficiency (ηA). 2) Organic excitons have a much higher binding energy than thermal energy at room temperature due to the relatively low dielectric permittivity of the polymer. Therefore, an electron acceptor with great electron affinity is needed in order to provide a built-in electrical field, which will provide a path for exciton dissociation and prevent exciton recombination to the ground state. The exciton must diffuse to the donor-acceptor interface within its diffusion length (LD). Based on these processes, the ideal active layer morphology is often described as having a domain size of 20 nm, since the typical exciton LD is around 10 nm. During the process the percentage of the total excitons that finally reach the interface out of the excitons generated in step 1 is defined as the exciton diffusion efficiency (ηED). 3) Due to the built-in electrical field, the electrons in the exciton at a D/A interface transfers from electron donor molecules to the adjacent electron acceptor molecules at a tremendously fast speed (~100 fs), forming a electron polaron in the LUMO of the acceptor molecule; while the holes stay in the HOMO of the donor molecules, result in a hole polaron, the process of which is termed exciton dissociation. 4) The electrons and holes then transport in the acceptor and donor phases the respective electrodes within a short period of time in the scale of nanosecond or microsecond. Meanwhile, an electric field favoring or preventing geminate electron-hole pair dissociation may be present in this step in the BHJ due to a strong Coulomb force8-9. During the above two steps, the percentage of the excitons that go through the charge transfer process defines the charge separation efficiency (ηCS) while the percentage of the excitons collected by the electrodes is the charge collection efficiency (ηCC).

The external quantum efficiency, , is defined as the ratio of the number of electron collected by the electrodes to the total number of incident photons, which can be calculated by multiplying the above four quantum efficiencies in the photovoltaic charge transfer steps:

⑴
The EQE of a device strongly depends on the wavelength of the incident light, since each photovoltaic material has its unique absorption spectrum, while different absorption location in a solar cell will affect the resulting charge transfer process, i.e., either been collected by the electrodes or undergo exciton recombination. 

[bookmark: _Toc357109542]Power conversion efficiency (PCE)
An important parameter representing solar cell performance is the power conversion efficiency η, indicating the percentage of incident light power that is converted to output electrical power, which can be expressed as:

⑵

Where JSC, VOC, FF and  is short-circuit current density, open-circuit voltage, fill factor, and incidence light power, respectively.
The short-circuit current density JSC is determined by the current density when no voltage is applied to the cell system, and can be expressed by integrating the product of the EQE and photon flux density, as shown by the following equation10,11:

⑶
where S(λ) is the photon flux density of the AM 1.5 solar spectrum with units of number of photons per unit area per unit time per unit wavelength. JSC is also considered as the onset of the power conversion process. In ideal devices, the JSC value should be the same as the photocurrent density Jph.
The open-circuit voltage VOC, however, is the maximum potential at zero current density, which is also regarded as the compensation point for both the photocurrent generation and dark current processes. It is stated by some references that VOC is equal to the band gap between the HOMO of donor molecule and the LUMO of the acceptor molecules12. Therefore, either by reducing the HOMO of the donor or by raising the LUMO of the acceptor increases the VOC, hence improving PCE performance.
The fill factor (FF) is the maximum absolute value of the product of the current density and the voltage divided by the product of JSC and VOC, i.e., 

⑷
The FF is also an indication of the sharpness of the J-V curve. Currently, FF value is around 60%, thus specific modification methods to improve the FF are desired, as this will also result in a better PCE.

[bookmark: _Toc357109543]Development of organic solar cell
Organic photovoltaic performance was first discovered in 1959. However, extremely low PCE was found for this cell due to the poor exciton dissociation rate. In 1986, a breakthrough of in OPV cells was demonstrated in Tang’s paper that used small molecular weight materials copper phthalocyanine (CuPc) and 3,4,9,10-perylene tetracarboxylicbenzimidazole (PTCBI); a heterojunction bilayer structure including an electron-donor and an electron-acceptor was adopted, which results in high exciton dissociation efficiency, hence better device performance, which resulted in a PCE of 0.95%13. Late in 1990, C60 and its derivatives were blended with conjugated polymers to provide a more efficient photo induced charge transfer process, which take place in the bulk-heterojunction (BHJ) morphology14,15. The archetypal BHJ cell consists of a mixture of regio-regular poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM), which serve as electron donor and acceptor respectively16-17. The excitation of the π-orbit electron in P3HT gives the photovoltaic effect in the blend18. The power conversion efficiency (PCE) of this type of solar cell has reached over 5%18, where the morphology of the active layer plays a crucial role in exciton dissociation and charge transport, and consequently impacts cell performance. A 3-phase model for this kind of BHJ domain has also been proposed, namely, a system that contains a P3HT crystalline phase, a PCBM rich phase and a miscible amorphous phase of P3HT and PCBM. In this morphology, the miscibility and interdiffusion of P3HT and PCBM plays a pivotal role in determining the nanoscale morphology, as shown in our previous work using neutron scattering19,20. Recently, OPV research has focused on many aspects of device improvement, including material innovation, device modification, morphology modification, etc.

[bookmark: _Toc357109544]Material innovation
Donor material
Figure 2 illustrates some examples of innovative OPV donor materials. The most popular donor material is P3AT series, which has the merit of forming head-to-tail structure as well as inducing high molecular ordering hence higher hole mobility through self–assembly. Hou et al. first developed a series of benzodithiophene (BDT) derivatives as photovoltaic donor material with low band gap21, where a PCE of 1.6% was found in cells that contain these materials without further treatment after deposition. Further improvement of PCE to 5.5% is achieved by introducing an alkanedithiol additive into the above system22.
Besides thiophene-based materials, Poly(phenylenevinylene) (PPV) and polycyclic aromatic compound derivatives were also widely investigated as electron donor materials. A PCE of 2.5% was reached for one of the first studied materials, e.g., MEH-PPV23 and MDMO-PPV24 as shown in Figure 2, where C60 derivatives are usually blended into the system to prevent the generation of singlet oxygen inside, which could destroy the framework of PPV through the oxidation of double bond25. TPD and pentacene are two important examples of small molecule donors, where a planar heterojunction structure26 provides a device with a PCE of 1.6%. Further PCE improvement was also realized by adding rubrene into the device27.


[bookmark: _Toc357108531]Figure 2 Innovative electron donor materials

Acceptor material
Fullerene (C60), as well as its derivatives, is commonly used in OPV system as an electron acceptor material due to its unique chemical structures. It is widely known that C60 has a spherical conjugated molecule composing of 60 carbon atoms, which endow a small energy gap between singlet and triplet inside the molecule (ΔEST=0.15 eV), and good spin-orbital coupling. Consequently, the electrons accepted by a C60 singlet transfers to the triplet at a tremendously fast speed, while the opposite process is largely prevented28. C70 is also an excellent electron acceptor material with spherical conjugated molecular structure, which is formed by adding hexagonal ring to the center of C60.
A series of fullerene derivatives have been synthesized recently aiming at adding photosensitivity and more solubility, since both C60 and C70 have very low solubility in the common electron donor materials, which largely limits its application in OPV cells. Zheng et al. synthesized PCBM and PCBB through modifying C60, and used those more soluble fullerene derivatives in an MEH-PPV system OPV cell29. Another derivative, ThCBM, is formed by changing the phenyl functional group to thienyl. The  PCE of the corresponding BHJ cell has reached 3.0%30. Moreover, He et al. synthesized two new fullerene derivatives with higher LUMO, i.e., indene-C60 bis-adduct (ICBA) and indene-C70 bis-adduct (IC70BA)31,32. The Voc of above two acceptors are 0.84/0.84V, while the PCE of BHJ OPV solar cells of these acceptors with P3HT have reached 5.44%/5.64% respectively.
Additional organic materials other than C60 derivatives have been synthesized and utilized as acceptors. For instance, by introducing a strong electron-withdrawing group such as CN, thiophene materials such as P3CN4HT and DCV3T33 can be synthesized that with an increased electron affinity and reduced LUMO level of the acceptor. Similarly, PPV derivative MEH-CN-PPV and polycyclic aromatic compounds PTCDA34 can also be used as electron acceptor, demonstrating good PCE results. Several examples of innovative acceptor materials are shown in figure 3.


[bookmark: _Toc357108532]Figure 3 Innovative electron acceptor materials

[bookmark: _Toc357109545]Device modification
Device structure
Currently, there are three geometries of OPV devices, i.e., conventional structure, inverted device structures and tandem cell with multi-junction structure, as shown in figure 4. The conventional device structure consists of glass/ITO/polyethylene dioxythiophene:polystyrene sulfonate (PEDOT:PSS)/active layer (BHJ)/cathode layer (e.g., Ca, Pt or LiF/Al). For the inverted cell, the structure is deposited in the following order: glass/ITO/metal oxide/active layer/interfacial layer/Ag; here Ag is used at the cathode electrode on the top side, then an interfacial layer with high electron mobility, e.g., zinc oxide (ZnO) nanoparticle is spin coated underneath the Ag layer. Theoretically, an inverted device has a better Jsc than the conventional cells, but Voc and FF are usually lower35. A tandem cell, however, can substantially improve Voc due to the excellent hole/electron collection ability by the inside two layers, i.e., a hole transporting layer (HTL) and an electron transporting layer (ETL), which are used to separate the sub-cells.  A PCE of over 10% has been reached by this device geometry. 
[image: C:\Users\husheng\Desktop\thesis\figures\Device .tif]
[bookmark: _Toc357108533]Figure 4 Device structures of OPV cells (a) conventional structure; (b) inverted structure; (c) multi-junction structure (Tandem cell)

Buffer layer
A Buffer layer is used to modify both anode and cathode electrodes. The purpose for cathode buffer layer is to prevent exciton quenching as well as the damage caused by cathode metal deposition. It is also used to strengthen the built-in field for charge transport. Typical cathode buffer layers include alkaline fluorides such as LiF and NaF36, BCP (bathocuproine)37, transitional metal complex Ru(acac)3 (Tris(acetylacetonato)ruthenium(III))38. An Alq(tris(8-hydroxy-quinolinato) aluminum)39 buffer layer is usually used for planar heterojunction (PHJ) system. The role of the anode buffer is to enhance anode electrode/active layer interfacial contact as well as to tune active layer morphology and improve anode work function. The most common examples are PEDOT:PSS40, Titanium dioxide (TiO2)41 and gold nanoparticles (GNPs)42.

[bookmark: _Toc357109546]Solvent annealing
Solvent annealing is a widely used processing method in thin films. It provides an opportunity to modify the nano-scale thin film structure, which is usually unachievable by other methods such as thermal annealing. 
In BHJ solar cells, excitons dissociate at the interface between donor and acceptor, where the separated holes and electrons must then travel to each electrode respectively. Thus, the ideal morphology of the BHJ active layer has often been depicted as a nanoscale phase separated structure with domains that are less than the exciton diffusion length (around 10-20nm), which creates bi-continuous percolation paths for charge transport43,44. However, in most common fabrication processes, fast solvent evaporation occurs during spin coating, which kinetically blocks the evolution of the structure, initially forming a thin film with minimal crystallization and phase separation of the two components, a morphology that results in poor photovoltaic performance. As a result, a number of groups have adopted thermal annealing (TA) of the sample immediately after spin coating to allow the system to evolve towards equilibrium. This thermal annealing induces in-plane π-π stacking of P3HT chains where charges can easily transport from one grain to another, improving the photovoltaic performance of the active layer43. However, the conjugated polymer may suffer degradation or large-scale phase separation during TA at elevated temperature, detrimentally affecting the photovoltaic cell performance44,45.
As an alternative protocol, solvent vapor annealing (SVA) has been used to impart molecule mobility of the BHJ components, allowing more precise control of P3HT crystallinity46. During SVA, the OPV thin films are exposed to a specific solvent vapor environment, where the solvent molecules diffuse into the deposited layer, which often induces a change in the nanoscale morphology. Liu et. al. studied P3HT/C60 blend films exposed to chloroform or 1,2-dichlorobenzene (DCB) solvent vapor. P3HT nanowires rich in C60 were observed instantly after exposure to the two vapors47. The solvent annealing effect of carbon disulfide (CS2) vapor on a poly(3-butylthiophene) (P3BT) spin-coated film was investigated by Lu et. al., using different CS2 evaporation rates48. The results show that slow evaporation rate results in better thin film morphology due to the sufficient time for the morphology to evolve. Later, a combination protocol of post deposition treatment was examined that first applied 1,2-dichlorobenzene (DCB) SVA followed by TA as a second step on P3HT:PCBM films by Zhao et. al. Enhanced optical absorption and hole transport was found following the first SVA step, while more efficient charge separation and charge transport was observed after TA49. In addition, Tang et. al. devised a multiple-step SVA, using tetrahydrofuran (THF) and CS2 as the controlled solvent vapor. PCBM aggregate size increases dramatically upon exposure to the first solvent while it decrease after SVA by CS2 due to the different PCBM solubility in the two annealing solvents. Meanwhile, P3HT crystallinity improved dramatically during both SVA processes50. Similarly, SVA in methylene chloride vapor has been used on a bi-layer OPV system consisting of titanylphthalocyanine (TiOPc) and perylene phenethylimide (PPEI), where the cell performance is largely improved due to the remarkably enhanced optical properties45.
Although a series of studies of SVA of OPV thin films have been completed, the thermodynamic driving forces that lead to the morphological changes that occur during these annealing processes are still not understood. During SVA an extra component is introduced into the original films, which means that the morphology modification is strongly affected by the interactions between solvents and polymers. Several parameters such as treatment time, solubility of both polymer and fullerene in the solvent, and solvent vapor pressure, can dramatically impact the structural changes that occur during solvent annealing50. As has been reported, solvents with high P3HT solubility may induce excess phase separation, which creates domains that exceed the exciton diffusion length hence limit exciton dissociation51,52. There is therefore a need to more completely understand how those factors that can be readily manipulated impact the morphological evolution in the solvent annealing process of BHJs, to provide guidelines that can be used to optimize the solvent annealing process.

[bookmark: _Toc357109547]Goal and structure of this thesis
In our experiments, we first measure the diffusivity of three solvents in a P3HT bulk film and simulate the solvent vapor uptake process in a thin OPV BHJ. Then we monitor the effect of SVA on the morphology and OPV performance of P3HT:PCBM active layers, using a series of organic solvents with different component solubility. The solubility of P3HT or PCBM in the examined solvents is measured by UV-Vis. The crystalline structure and the phase separation behavior of the BHJ are examined using Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) and Atomic Force Microscopy (AFM) respectively. In addition, the power conversion efficiency of the resultant active layers are measured to correlate the structure of the resultant P3HT:PCBM film and OPV function. The role of solute solubility on the structural evolution of the P3HT:PCBM mixture during SVA provides a fundamental understanding of the knobs that can be tuned in the development of novel processing techniques to precisely control the structure and performance of organic photovoltaic active layers. Moreover, a flow SVA setup is designed to provide in-situ light scattering measurement, so as to more deeply understand the SVA effect on the thin film morphology change.

[bookmark: _Toc357109548]CHAPTER II Diffusivity measurement
[bookmark: _Toc357109549]Introduction of diffusion coefficient calculation:
The diffusion coefficient, also called diffusivity, is a proportional constant between the molar flux due to molecular diffusion and the gradient in the concentration of the species. Fick’s first and second law quantitatively explains this parameter and the diffusion phenomenon, as shown by the following equations:

⑸

⑹
where q is the volume flux, D is diffusivity, C is concentration, and x is distance. The diffusion coefficient plays an important role in the solvent vapor absorption process, and may influence the SVA effect. There are generally two methods for measuring the diffusivity of gas in a solid, i.e., the time lag method and the t1/2 method. The first method is applicable in steady state, while the second can be applied to our flat film absorption system. 
Based on a model of a flat film placed in a solvent vapor environment, where both surface of the film can absorb vapor, an equation relating total weight percentage increase of the film as a function of time is given by53:

⑺
Where Mt is the weight increase at time t, M∞ is total weight increase, D is diffusivity, and l is the film thickness. For Mt/M∞＜0.6, i.e., at the initial stage of the sorption process, the above equation can be further simplified to:

⑻

During the solvent uptake process, the film thickness increases due to swelling. Therefore a calibration equation is applied to account for this swelling: 

⑼
where DBA is the diffusivity under fixed film thickness, DV is the diffusivity with swelling, and Rv is the volume fraction of the vapor in the film.
Finally, the distribution of solvent in the layer at time, t, can be deduced by the following equation53:

⑽

[bookmark: _Toc357109550]Experimental
All solvents were purchased from Aldrich and used as received. Regioregular P3HT (Mn=37k, PDI-2.0, RR=90-93%) was purchased from Reike Metals Inc. Silicon wafers were used as substrates and were first cleaned in hot piranha (1:3 H2SO4:H2O2) for 30 min followed by washing in abundant deionized (DI) water and dried using a stream of nitrogen gas. PEDOT:PSS solution was then spin coated on top of the wafer at 1000 rpm for 90s; a 30 mg/ml P3HT solution in ODCB is drop cast on the PEDOT:PSS covered silicon wafer, dried on a hot plate, followed by drop casting another layer. Repeating this procedure about 10 times creates a film that is between 0.2 and 0.5 mm thick, which is then peeled off the wafer by immersion in water. Three bulk film samples were made by this method: sample 1 (14.3mg/0.23mm), sample 2 (23.3mg/0.36mm), sample 3 (29.8mg/0.42mm), which were then placed in the SVA device described in chapter II. 

[bookmark: _Toc357109551]Results and discussion
Table 1 summarizes the time evolution of the percent weight increase of the three bulk films during SVA, and is plotted in Figure 5. According to equation (8), the diffusivity of the vapor into the film can be calculated from the slope of the first five points on each curve. After applying equation (9), the corrected diffusivity is calculated and shown in Table 2. These results show that the average diffusivity of ODCB vapor in P3HT is 1.3×10-8 cm2/s. According to Equations (7) and (8), the time it will take the solvent vapor to diffuse across a film is proportional to the square of the film thickness, i.e., t~l2. The thickness of the bulk film is about 0.3mm, which is 4000 times larger than the spin-coated thin films of OPV active layers (about 70nm). While the saturation time of the thick film is ca. 1500min, the saturation time of the spin-coated films will therefore only be a few hundredths or thousandths of a second.

[bookmark: _Toc357108524]Table 1 Weight percentage increase during SVA
	t (min)
	t^0.5
	sample1
	sample2
	sample3

	0
	0
	0
	0
	0

	20
	4.47
	0.33
	0.22
	0.18

	40
	6.32
	0.48
	0.32
	0.29

	60
	7.75
	0.57
	0.40
	0.34

	120
	10.95
	0.76
	0.54
	0.49

	240
	15.49
	0.86
	0.67
	0.61

	420
	20.49
	0.95
	0.81
	0.77

	780
	27.93
	1.00
	0.95
	0.90

	960
	30.98
	
	0.98
	0.94

	1200
	34.64
	
	1.00
	0.98

	1800
	42.43
	
	
	1.00




[bookmark: _Toc357108534]Figure 5 Time dependence of weight percentage increase

[bookmark: _Toc357108525]Table 2 Diffusivity calculation
	
	AC (mm)
	SVA (mm)
	Rv
	DAB (10-8 cm2/s)
	DV(10-8 cm2/s)

	Sample1
	0.23
	0.25
	0.08
	0.95
	1.14

	sample2
	0.36
	0.4
	0.1
	1.06
	1.34

	sample3
	0.42
	0.47
	0.11
	1.12
	1.44



Finally, by applying equation (10), a 3-D profile of the distribution of the ODCB vapor in the bulk film (Sample 1) at different times during the solvent uptake process is simulated, as shown in figure 6. The vapor pressure of the solvent for this sample is 160 Pa, C=P/RT=0.067mol/m3. Assuming steady state and a linear gradient of the solvent vapor in the column, at height 0.9, C0=0.067×0.9=0.06 mol/m3, Davg=1.3×10-8 cm2/s.
[image: C:\Users\shu\Documents\MATLAB\2011.11.jpg]
[bookmark: _Toc357108535]Figure 6 ODCB vapor distribution in the film during SVA process

[bookmark: _Toc357109552]
CHAPTER III
The impact of Selective solvent annealing on the structure and Performance of P3HT/PCBM OPV cells

[bookmark: _Toc357109553]Experimental
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: _Toc357109554]Materials and sample preparation
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]All solvents were purchased from Aldrich and used as received. Regioregular P3HT (Mn=37k, PDI-2.0, RR=90-93%) and PCBM (99.5%) were purchased from Reike Metals Inc., and Nano-C Inc., respectively.
[bookmark: OLE_LINK34][bookmark: OLE_LINK35]Silicon wafers were used as substrates and were first cleaned in hot piranha (1:3 H2SO4:H2O2) for 30 min followed by washing in abundant deionized (DI) water and dried using a stream of nitrogen gas. P3HT:PCBM (1:0.8, w/w) was then dissolved in o-dichlorobenzene (ODCB) to achieve a solution with P3HT and PCBM concentrations of 10 mg/ml and 8mg/ml, respectively. By spin coating the above solution on the treated silicon wafers, thin films with thickness of around 70 nm were obtained, which were characterized by Grazing Incidence Wide Angle X-ray Scattering (GIWAXs) and Atomic Force Microscopy (AFM). To monitor the temporal evolution of the solvent uptake in the film, thicker films (~ 0.5 mm) were formed by drop casting the solution onto a silicon wafer.

[bookmark: _Toc357109555]Solvent annealing
Six solvents with different P3HT and PCBM solubility (S) and vapor pressure (VP) were used as the solvent in the solvent annealing process; Bromobenzene (BB), 1,2-Dichlorobenzene (ODCB), Chlorobenzene (CB), p-Xylene (XL), Toluene (TL), 2-Chlorophenol (2-CP). A schematic of the solvent annealing apparatus is shown in Figure 7, where the total length of the vapor gradient L0, i.e., the distance from column opening to solvent surface is 100 cm. The solvent vapor pressure gradient eventually reaches equilibrium after solvent is added into the column.  
[bookmark: OLE_LINK11]For all solvent annealing procedures, the P3HT:PCBM mixture is allowed to reside at L/L0=0.9.  In other words, the vapor pressure of the solvent during annealing is 90% of the pure solvent vapor pressure. Table 3 lists the saturated vapor pressure of the six solvents used in this study at 20 °C, as well as the vapor pressure of the solvent at the surface of the annealed sample (surface vapor pressure).
[image: ]
[bookmark: _Toc357108536]Figure 7 Schematic of the solvent vapor annealing apparatus: Variation in solvent vapor pressure during annealing is achieved by changing the position of wafer surface with respect to the solvent surface. L/L0=0.90 is used in our experiment.

[bookmark: _Toc357108526]Table 3 Vapor pressure of solvents used for SVA
	Solvent
	Height L/L0
	Vapor pressure 20℃ (mmHg)

	
	
	Saturated VP
	Surface VP

	BB
	0.9
	3.3
	2.97

	ODCB
	0.9
	1.2
	1.08

	CB
	0.9
	8.8
	7.92

	XL
	0.9
	9
	8.10

	TL
	0.9
	22
	19.8

	2-CP
	0.9
	2.2
	1.98



[bookmark: _Toc357109556]Characterization
The solubility of P3HT and PCBM in the solvents of interest was determined via UV-vis spectroscopy using Thermo Scientific Evolution 600 UV-Visible spectrophotometers. In this experiment, the absorbance of solutions with known concentration is monitored at 600 nm. According to the Beer-Lambert Law, 

⑾
where A is the measured absorbance, I0 is the intensity of the incident light, I is the transmitted intensity, L is the pathlength (1mm), c is the concentration of the absorbing species, and ε is the extinction coefficient. Plotting the absorbance as a function of known concentration provides a measure of the extinction coefficient, ε. With knowledge of ε, the measured absorbance of a solution with unknown solute concentration provides a method to determine the solute concentration. 
The rate of solvent absorption by the thin film during solvent annealing was also monitored. In this experiment, a dry 0.5 mm bulk film is placed in the solvent annealing column at L/L0=0.9. The increase in mass of the thin film with time is then monitored until the thin film is saturated. 
Grazing Incidence Wide Angle X-ray Scattering (GIWAX) was used to monitor the crystallinity of the P3HT in the thin film using a Phillips X’pert-Pro diffractometer in grazing-incidence geometry with 45Kv tube voltage and 40mA tube current. The diffraction was measured using 2theta scanning mode from 2°to 20°. The (100) peak area was analyzed to characterize the amount of crystallinity in the polymer, while Scherrer’s equation is used to calculate the size of the polymer crystals L

⑿
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Where b is the full width at half maximum (FWHM) of the (100) peak of the P3HT crystals. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Atomic force microscopy (AFM) in tapping mode using a Veeco MMAFMLN-1898E provides a picture of the surface of the thin film as a function of solvent annealing. The average RMS roughness and aggregation size were quantitatively determined on 5μm*5μm height and phase images, respectively, at multiple spots on the same sample.
To determine device performance, indium tin oxide (ITO) glass was cleaned in an ultrasonic bath using detergent, deionized water, acetone, isopropanol, and chloroform for 10 min. PEDOT:PSS (Baytron P 4083) was then spin cast (film thickness~40 nm) on top of the UV treated ITO glass, then baked in vacuum at 140°C for one hour. The photovoltaic layer was prepared by spin-coating the P3HT:PCBM solution on the above substrate at the same speed and time. This assembly was followed by the thermal deposition of 8nm MoO3 and 30nm Au under a vacuum of 7×10−7 Torr at a deposition rate of 0.5 Å/second as the cathode. The current–voltage characteristics of these solar cells were measured utilizing a Keithley 2400 source meter under the photo excitation provided by Thermal Oriel 96000 300-W solar simulator from Newport in a nitrogen-filled environment within one day of electrode deposition.

[bookmark: _Toc357109557]Results and discussion
[bookmark: _Toc357109558]Solubility measurement
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 8 shows the absorbance of P3HT in bromobenzene as a function of concentration. The solubility limit is also shown by the red line, which is determined by measuring the absorbance of a saturated solution of P3HT in BB that is diluted 100 times, and using the Beer-Lambert Law to determine its concentration. The saturated solution is diluted 100 times, as the absorbance of the saturated solution is too high.  
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[bookmark: _Toc357108537]Figure 8 Solubility measurement via UV-Vis (P3HT in BB)

This UV-Vis method is used to determine the solubility of P3HT and PCBM in all six solvents, and presented in Table 4. These results show that BB has the highest P3HT solubility, followed by ODCB, CB, XL, TL, 2-CP; while the PCBM solubility is 2-CP> TL> XL> CB> ODCB> BB. 

[bookmark: _Toc357108527]Table 4 Measured solubility of P3HT and PCBM in solvents used in SVA
	Solvent
	Measured Solubility (mg/ml)

	
	P3HT
	PCBM

	Bromobenzene
	107.9
	33.4

	ODCB
	37.1
	35.9

	Chlorobenzene
	33.8
	39.4

	p-Xylene
	3.4
	24.5

	Toluene
	1.4
	16.3

	2-Chlorophenol
	＜0.1
	128.3



[bookmark: _Toc357109559]Solvent Uptake in Solvent Vapor Annealing


[bookmark: _Toc357108538]Figure 9 Weight percentage increase of P3HT/PCBM bulk film upon exposure to different solvent vapor

Following the kinetics of the weight increase of P3HT/PCBM bulk film upon exposure to solvent vapor, as shown in Figure 9, shows that initially, the vapor diffuses into the thin film very quickly. However, as the amount of absorbed vapor increases, the evaporation rate increases as well, until finally equilibrium is reached where vapor diffusion into the thin film equals evaporation.


[bookmark: _Toc357108539]Figure 10 Total weight percentage increase during SVA as a function of the product of solvent vapor pressure and total solubility

Figure 10 quantitatively illustrates that the total weight increase during SVA is in direct proportional to the product of the solvent vapor pressure and the total solubility, where the total solubility is the sum of the solubility limit of P3HT and the solubility limit of PCBM in the given solvent. This result is quite understandable and verifies the measured solubility data. 
According to diffusion theory, the time of diffusion across a thin film is proportional to the square of the film thickness, i.e., t~l2. The thickness of the bulk film is about 0.1mm, which is 1400 times larger than the spin-coated thin films (about 70nm). While the saturation time of the thick film is ca. 1000min, the saturation time of the spin-coated films is therefore a few hundredths of a second. As will be seen below, the structure of the film evolves over a much longer time scale than this penetration time, indicating that the change of the nanoscale morphology by absorbed solvent vapor is not limited by the diffusion of the solvent into the sample.

[bookmark: _Toc357109560]Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)
[image: ]
[bookmark: _Toc357108540]Figure 11 GIWAXS curve of the P3HT/PCBM composite films 
before and after ODCB SVA

The GIWAXS scattering curves of the P3HT/PCBM spin-coated film before and after solvent annealing in ODCB vapor are presented in Figure 11. In this Figure, the (100) crystalline peak of a P3HT is found at 2theta= 5.4°. The d-spacing does not change between the as-cast and solvent annealed thin films, whereas the area under the (100) peak and the full width at half maximum (FWHM) of the peak does change. This indicates that the P3HT crystallinity and crystal size (L) transforms during SVA. Figure 12 shows the change in the area of the (100) P3HT peak with solvent annealing time for the solvents studied. All samples exhibit a crystallinity increase at the initial exposure to each solvent vapor, which is attributed to enhanced P3HT mobility imparted by the presence of solvent vapor, which allows P3HT to crystallize. However, for the five solvents with some P3HT solubility (~>1mg/ml; BB, ODCB, CB, XL, and TL), the crystallinity decreases dramatically when exposed to solvent vapor for an extended period of time. At these long exposure times, the crystallinity can be less than that of the as-cast sample. This loss of crystallinity is attributed to the dissolution of the P3HT crystals by the absorbed solvent vapor. However, the crystallinity of P3HT in the sample that is vapor annealed in 2-CP does not show this decrease. 2-CP is a non-solvent for P3HT, indicating that polymer solubility is a crucial parameter that controls the ordering of the polymer during solvent annealing. It is interesting that the P3HT crystallinity does increase at early solvent annealing times in 2-CP, even though it is a non-solvent. This increase is ascribed to the solubility of PCBM in 2-CP and miscibility of PCBM in amorphous P3HT54,55
Figure 13 shows the evolution of P3HT crystal size in each solvent annealed thin film, where the samples that are solvent annealed in the five samples with finite P3HT solubility show a decrease in crystal size at long solvent anneal times, but the crystal size remains relatively constant at long solvent anneal times for the sample that is annealed in 2-CP. This further demonstrates that the dissolution and formation of the P3HT crystals during SVA is mainly influenced by the P3HT solubility in the annealing solvent.
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[image: C:\Users\husheng\Desktop\Research\My paper\Figures\figure6-3.png][image: C:\Users\husheng\Desktop\Research\My paper\Figures\figure6-4.png][image: C:\Users\husheng\Desktop\Research\My paper\Figures\figure6-5.png][image: C:\Users\husheng\Desktop\Research\My paper\Figures\figure6-6.png]
[bookmark: _Toc357108541]Figure 12 Area of the P3HT (100) peak in the various solvent annealed P3HT/PCBM samples: (a) Bromobenzene; (b) ODCB; (c) CB; (d) p-xylene; (e) Toluene; (f) 2-chlorophenol.
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[bookmark: _Toc357108542]Figure 13 P3HT crystal size of the P3HT/PCBM sample annealed in various solvents: (a) Bromobenzene; (b) ODCB; (c) CB; (d) p-xylene; (e) Toluene; (f) 2-Chlorophenol;

To further understand the role of solvent vapor pressure and the solubility of both P3HT and PCBM in the vapor annealing solvent, the time of maximum P3HT crystallinity is tabulated along with the solvent vapor pressure, P3HT solubilities (P3HT S) and PCBM solubilities (PCBM S) in Table 5. In Figure 14, the time of maximum crystallinity is plotted as a function of the product of the solvent vapor pressure and PCBM S, of the product of the solvent vapor pressure and P3HT S, and of the product of the solvent vapor pressure and the sum of PCBM S and P3HT S.  These results show that the time of peak crystallinity is inversely proportional to the product of the solvent vapor pressure and P3HT solubility. This is interpreted to indicate that the higher solvent vapor pressure and P3HT solubility increases the amount and rate of absorbed solvent vapor, more quickly allowing the P3HT chains to assemble into its crystalline form.

[bookmark: _Toc357108528]Table 5 Time for peak P3HT crystallinity, vapor pressure and component solubilities for the examined solvents
	Solvent
	P3HT S
(mg/ml)
	PCBM S (mg/ml)
	VP
(mmHg)
	VP*P3HT S
(mmHg*mg/ml)
	VP*PCBM S
(mmHg*mg/ml)
	VP*total S
(mmHg*mg/ml)
	Peak time (min)

	
	
	
	
	
	
	
	

	BB
	107.9
	33.4
	3.3
	356.1
	110.2
	466.3
	3

	ODCB
	37.1
	35.9
	1.2
	44.5
	43.1
	87.6
	30

	CB
	33.8
	39.4
	8.8
	297.4
	346.7
	644.2
	10

	XL
	3.4
	20.5
	9
	30.6
	220.5
	251.1
	40

	TL
	1.4
	12.3
	22
	30.8
	358.6
	389.4
	40

	2-CP
	＜0.1
	128.3
	2.2
	×
	282.3
	282.3
	30





[bookmark: _Toc357108543]Figure 14 Time of Peak P3HT crystallinity as a function of solvent vapor pressures and P3HT solubility

To further investigate the effect of P3HT or PCBM solubility on the change in crystallinity during SVA, pure P3HT thin films that are formed by spin coating from an ODCB solution (10 mg/ml) were solvent annealed in CB, TL, and 2-CP and characterized. The GIWAXS experiments show that the evolution of P3HT crystallinity is similar in these thin films to the P3HT/PCBM thin films when solvent annealed in CB and TL, as can be observed in Figure 15. However, there is little change in the crystallinity of the P3HT thin film that is annealed in 2-CP vapor, which can be attributed to the insolubility of P3HT in 2-CP. These results also exemplify that the high solubility of PCBM in 2-CP induces P3HT crystallization in the BHJ during SVA. 
Utilizing the 3-phase model for P3HT:PCBM mixtures [14,15], the absorbed 2-CP solvent vapor penetrates the miscible amorphous P3HT:PCBM phase, increasing the mobility of PCBM. However, the increased PCBM mobility in the mixed phase will also allow P3HT chain movement, therefore permitting the P3HT to form crystals as well. Moreover, the absorbed 2-CP solvent won’t destroy previously formed P3HT crystals, due to its insolubility. Consequently, the P3HT crystallinity increases in the P3HT/PCBM mixture thin film; but the crystallinity of the P3HT is not altered in the pure P3HT thin film. 






[bookmark: _Toc357108544]Figure 15 Comparison of the area of (100) peak for solvent annealed P3HT/PCBM and pure P3HT samples. Top left: CB; Top right: TL; Bottom: 2-CP.
[bookmark: _Toc357109561]Atomic force microscopy (AFM)
AFM investigates the changes in the surface morphology of the OPV active layer as a result of SVA. Figure 16 shows the AFM height and phase contrast images of the P3HT:PCBM thin film during solvent vapor annealing in CB and TL. In these figures, the bright dots in the phase contrast images are ascribed to PCBM domains, as a consequence of the higher modulus of PCBM than P3HT. The average aggregation size of the PCBM domains on the surface as well as the root mean square (RMS) roughness for each annealed film is presented in Figure 17. The phase contrast results indicate that there is a continuous increase of PCBM aggregation on the surface of the P3HT/PCBM composite thin film during both CB and TL SVA. This may be attributed to PCBM phase separation that occurs with increased molecular mobility. The surface morphology of the active layer may exhibit much clearer and larger PCBM aggregation than the inner morphology, due to the high vapor concentration on the surface. The evolution of the RMS roughness, calculated from the 5μm*5μm height images, exhibits a similar increase as the development of PCBM aggregation during CB and TL SVA, whereas it does not follow the crystallinity variation (as is shown in Figure 19). This indicates that the increase of RMS roughness is mainly caused by the formation of PCBM aggregation, but does not closely relate to the P3HT crystallization. 
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[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: _Toc357108545]Figure 16 AFM image of CB and TL annealed thin film. In each column, left: 5μm*5μm phase image; right: 5μm*5μm height image.
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[bookmark: _Toc357108546]Figure 17 PCBM aggregation size and RMS roughness during SVA: Left: CB annealed samples; Right: TL annealed samples; Top: PCBM aggregation size; Bottom: RMS roughness




[bookmark: _Toc357108547]Figure 18 Relationship between P3HT crystallinity and RMS roughness. Left: comparison for CB; Right: comparison for TL.

To compare the evolution of the surface structure for the various solvents, two times were chosen for comparison: time 1, which is the time of peak P3HT crystallinity and time 2, which is approximately twice time 1. The surface morphology of the P3HT:PCBM thin films at time 1 and time 2 are shown in Figure 19, while the average PCBM aggregate size and RMS roughness are plotted in Figure 20. Whereas the P3HT crystallinity initially increases and then decreases with solvent annealing for most solvents, the PCBM aggregate size is always larger at longer times (time 2) than shorter annealing times (Time 1).
In order to better understand the impact of component solubility and solvent vapor pressure on the surface morphology evolution, the PCBM aggregate size and RMS roughness are plotted as a function of the product of component solubility (S) and vapor pressure in Figure 21. These plots clearly show that the PCBM aggregate size and RMS roughness are proportional to the PCBM solubility factor at time 1. This is reasonable, as examining the systems at maximum P3HT crystallinity has moderated the impact of P3HT solubility. Thus the solubility of PCBM in each solvent becomes the most significant factor affecting the surface morphology evolution, as the formation of PCBM aggregates is primarily due to enhanced PCBM molecule mobility endowed by absorbed solvent vapor. Further examination of the data also indicates that the PCBM aggregate size generally correlates to the RMS roughness, indicating that the change in RMS roughness is due to the formation of PCBM aggregates during SVA. 



 (
Time 1
) (
Time 2
)
 (
BB
)[image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\cb5min.001.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\cb5min.001.jpg][image: tl40min.001][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\tl40min.001.jpg]
 (
ODCB
)[image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\ac1.012.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\ac1.012.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\tl5min.004.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\tl5min.004.jpg]
 (
CB
)[image: cb10min.002][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\cb10min.002.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\tl10min.006.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\tl10min.006.jpg]
 (
XL
)[image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\cb10min.001.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\cb10min.001.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\tl40min.002.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\tl40min.002.jpg]
 (
TL
)[image: cb20min.001][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\cb20min.001.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\cb40min.000.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\cb40min.000.jpg]
 (
2-CP
)[image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\tl20min2.006.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\tl20min2.006.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um phase image\cb20min.006.jpg][image: C:\Users\husheng\Desktop\Research\AFM\AFM 2012.9.1\5um height image\cb20min.006.jpg]
[bookmark: _Toc357108548]Figure 19 AFM image of solvent annealed thin film at time 1 time 2. In each column, left: 5μm*5μm phase image; right: 5μm*5μm height image.
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[bookmark: _Toc357108549]Figure 20 AFM results of PCBM aggregate size (left) and RMS roughness (right) of solvent annealed thin film at time 1 and time 2






[bookmark: _Toc357108550]Figure 21 Relationship between PCBM aggregate size, RMS roughness and solubility factor (vapor pressure*solubility*time): (a) PCBM aggregate size and RMS roughness as a function of PCBM solubility at time 1; (b) PCBM aggregate size and RMS roughness as a function of PCBM solubility at time 2; (c) PCBM aggregate size and RMS roughness as a function of P3HT solubility at time 1; (d) PCBM aggregate size and RMS roughness as a function of P3HT solubility at time 2

[bookmark: _Toc357109562]Solar cell performance
To correlate the morphology changes that occur with SVA to the photovoltaic performance of the OPV active layer, thirteen identical solar cells were fabricated and solvent vapor annealed for the SVA conditions at time1 and time2. The J-V curves for these samples are presented in Figure 22. These results show that Jscimproves substantially for all solvent annealed samples, and the overall power conversion efficiency (PCE) increases as well. At time1, where all samples have attained peak P3HT crystallinity, the sample that is annealed in 2-CP exhibits the highest PCE, followed by the samples annealed in TL, XL, CB, ODCB and BB. This variation is primarily a consequence of the differences in PCBM phase segregation. 
Previous research has shown that increased P3HT crystallinity improves hole mobility, while PCBM phase separation is conducive to improved electron mobility, both of which are beneficial for improved power conversion efficiency of the OPV active layer [6-8]. The results reported above shows that the increase in P3HT crystallization rate is proportional to P3HT solubility and solvent vapor pressure (Figure 14), while PCBM aggregation is primarily determined by the product of the solubility of PCBM and the solvent vapor pressure (Figure 21). Therefore, the solubility of both components in the vapor annealing solvents controls P3HT crystallization and PCBM aggregation.
For instance, Figure 19 shows that the samples that are vapor annealed in BB, ODCB and CB have relatively small PCBM aggregates at the P3HT crystallinity maximum time, which may be ascribed to the fact that P3HT is more soluble in those three solvents than PCBM. This preference for P3HT results in enhanced P3HT molecular mobility, which results in a faster P3HT crystallization than PCBM aggregation. Therefore, at the peak P3HT crystallinity time, PCBM has not had sufficient time to segregate, limiting electron transport.  On the other hand, PCBM has a higher solubility in XL, TL and 2-CP than P3HT, which results in faster PCBM aggregation inducing larger PCBM aggregates at P3HT crystallinity peak time. This provides more opportunities for electron transport to the electrodes.  
At longer annealing times, an increased PCE is observed for the samples annealed in BB, ODCB and CB while a similar PCE is observed for the sample that is annealed in XL at time 1 and time 2. The samples that are annealed in TL and 2-CP exhibit a slight decrease in PCE with extended annealing time.
Plotting the OPV active layer PCE as a function of RMS roughness, as shown in Figure 23, shows that the PCE increases with RMS roughness at first then decreases afterwards, indicating that moderate RMS roughness, i.e., moderate PCBM aggregate size, is favorable to the cell performance. This can be ascribed to the fact that excessive PCBM aggregation reduces P3HT/PCBM interfacial area and exciton dissociation, as well as the potential for the formation of isolated PCBM domains that limit charge transport to the electrode. Based on this model, the performance of the samples that are annealed in TL and 2-CP exhibit a decrease in PCE at time 2 because of the overgrowth of PCBM aggregates.
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[bookmark: _Toc357108551]Figure 22 J-V curves of solvent annealed P3HT/PCBM composite films at: (a) time 1; (b) time 2.



[bookmark: _Toc357108529]Table 6 Photovoltaic performance of the Solvent Annealed active layers
	
	Time1 
(min)
	(100) 
peak area
	Isc
(mA/cm2)
	Voc (V)
	FF
	PCE
	Time2
(min)
	(100)
peak area
	Isc
(mA/cm2)
	Voc (V)
	FF
	PCE

	AC
	
	1420
	1.92
	0.58
	0.58
	0.65
	
	1420
	1.92
	0.58
	0.58
	0.65

	BB
	3
	1909
	2.25
	0.52
	0.61
	0.71
	7.5
	1621
	2.52
	0.61
	0.62
	0.95

	ODCB
	30
	1920
	3.10
	0.54
	0.66
	1.11
	60
	1822
	4.16
	0.57
	0.63
	1.49

	CB
	10
	1931
	3.89
	0.63
	0.51
	1.25
	25
	1882
	5.2
	0.62
	0.61
	1.97

	XL
	40
	1900
	4.25
	0.58
	0.63
	1.55
	60
	1879
	4.38
	0.64
	0.56
	1.57

	TL
	40
	1905
	5.49
	0.53
	0.65
	1.89
	60
	1778
	5.48
	0.54
	0.55
	1.63

	2-CP
	30
	1799
	7.17
	0.61
	0.56
	2.45
	60
	1794
	6.16
	0.6
	0.64
	2.37




[bookmark: _Toc357108552]Figure 23 Relationship between PCE and RMS roughness



[bookmark: _Toc357109563]CHAPTER IV
Design of flow SVAapparatus forIn-situ light scattering

[bookmark: _Toc357109564]Design of flow SVA Apparatus
[bookmark: OLE_LINK31][bookmark: _GoBack]A flow SVA apparatus for in-situ light scattering (IS-LS) enables both specular reflection and off-specular reflection measurement of OPV thin film during SVA process. The basic theory of light scattering is that when an electromagnetic wave (i.e., the incidence light) hits a scattering obstacle, the molecule and charge density in the particle will be polarized periodically at the same frequency of the incoming electromagnetic wave, which induce a periodic charge separation within the molecule, forming a dipole moment. This oscillating dipole moment is regarded as an electromagnetic radiation source, which results in redirection of light, i.e., light scattering. In general, the scattering light intensity is strongly dependent on the particle size and morphology, if the particle size is greater than λ/10, the path difference of the scattered light from two points could be large enough to produce a tremendous phase difference so as to induce interference. 
In our study, variation of film thickness as well as lateral phase separation of P3HT/PCBM during SVA process could be observed during the light scattering process. This setup mainly comprises two parts: a cone shape metal cover and a solvent container, as shown in Figure24. N2 was blown into the solvent container to accelerate the solvent evaporation rate, while two mass flow controllers were installed at the inlet and outlet of the container respectively, so as to monitor the solvent evaporation rate by calculating the difference between the outlet and inlet mass flow rate. A large screen made of quartz and a 1cm diameter hole was built on the left and right side of the metal cover respectively, in order to let the laser come through; a round shape paper with 9 diameters was then attached on the quartz screen. Further a charge-coupled-device (CCD) camera and a beam splitter and photodiode detector was installed on left facing the screen, while the laser was installed at the right hand side facing the cover. 
[bookmark: _Toc357108553][image: ]Figure 24 The schematic diagram illustrating the main components of flow SVA setup for in situ light scattering

[bookmark: _Toc357109565]Initiatory Experiment
In our experiment, N2 was first blown into the metal cover for about 6 hours, so as to let the solvent vapor concentration reaches equilibrium in the cover. A certain amount of P3HT:PCBM (1:0.8, w/w) solution (ODCB) (10 mg/ml) was then deposited onto the silicon substrate mounted on a spin-coater chuck from the top cover using a pipette, at a speed of 1000 rpm for 90 sec. Afterwards, the polymer thin film underwent solvent annealing (Toluene) in the cover, during which time a laser beam with 633nm wavelength was incident on the center of the substrate. The reflected light of the thin film was separated by the beam splitter, where the specular reflection was collected by the photodiode detector, which constructs a profile of thickness as a function of time during SVA; the off-specular reflection was collected by the CCD camera, from which the appearance of ring shape scattering structure is indicative of the development of lateral phase separation of P3HT and PCBM during SVA.

[bookmark: _Toc357109566]Results and Analysis:

[image: ]
[bookmark: _Toc357108554]Figure 25 GIWAX results using flow SVA

This flow SVA setup provides a basic model to do the in situ light scattering for the flow SVA process, however, according to the GIWAX results shown in figure 25, the (100) peak area which represents P3HT crystallinity only increases from 1210 to 1370 even SVA for 6 hours; however, our previous research shows that SVA could improve (100) peak area for 600. 
Off-specular light scattering of spin coated P3HT/PCBM (1:0.8, w/w) thin film with different concentration in ODCB is measured (P3HT concentration is 5, 10, 15, 20, 25 and 30 mg/ml respectively). More scattering intensity is observed on the off-specular pattern of the spin coated thin film with the increase of solution concentration, and clear ring structure is seen for the 30mg/ml spin coated films, as shown in figure 26. The formation of ring structure could be strongly affected by the thickness of the film as well as P3HT ordering and phase separation. However, not much difference is found in this ring structure after flow SVA for 6 hours as is shown in figure 27.
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[bookmark: _Toc357108555]Figure 26 Off-specular light scattering images of spin coated P3HT/PCBM thin film with different concentration in ODCB (a) 5mg/ml, (b) 10mg/ml, (c) 15mg/ml, (d) 20mg/ml, (e) 25mg/ml, (f) 30mg/ml

[image: ]
[bookmark: _Toc357108556]Figure 27 Off-specular light scattering images of 30 mg/ml film (a) before and (b) after flow SVA for 6 hours

The problem is mainly due to inefficiency of vapor pressure, since the pumped air would largely dilute the solvent vapor concentration in the metal cover, also the big space of the metal cover are not favorable for solvent vapor accumulation. 
Further modification needs to be done in order to improve the vapor pressure, e.g., control the air flow rate to maximize the vapor accumulation rate in the cover; or heat the solvent using oil bath, so as to accelerate the solvent evaporation rate; also, do some modification to the setup itself, e.g., to make it more sealed, shorten the tube length or decrease the metal cover volume, etc. 



[bookmark: _Toc357109567]CHAPTER V
Conclusion
The solubility of P3HT and PCBM and solvent vapor pressure clearly impacts the development of the morphology of P3HT/PCBM active layers during solvent vapor annealing, which in turn determines the OPV performance of the resultant solar cell. Two distinct phenomena are observed in the morphological progression of the solvent annealed thin films: an evolution of P3HT crystallinity as well as the growth of PCBM aggregates. 
For the solvents that have a finite P3HT solubility, SVA initially increases P3HT crystallinity until reaching a limiting value. Solvent vapor annealing beyond this optimum lowers crystallinity presumably by dissolving already formed P3HT crystals.  The solubility of P3HT in the vapor annealing solvent is pivotal in determining the variation of P3HT crystallinity with solvent annealing. However, the P3HT/PCBM sample that is solvent annealed in 2-Chlorophonel vapor, which has negligible P3HT solubility also favors P3HT crystallinity enhancement by inducing P3HT mobility in the miscible amorphous phase. 
A PCBM-rich phase, formed by PCBM aggregation continuously grows with solvent vapor annealing for all solvents studied, and the rate of this growth is controlled by the PCBM solubility in the annealing solvent. As might be expected, moderate PCBM aggregation, is preferred, as extended phase segregation reduces the interface between P3HT and PCBM, limiting exciton dissociation. Similarly, excess segregation can lead to isolated domains that limit charge transport to the electrodes; both factors will decrease PCE performance. 
As the rate of P3HT crystal growth is controlled by the solubility of P3HT in the vapor annealing solvents, and PCBM solubility directs the PCBM aggregation, active layers that are annealed in solvent that prefer P3HT (BB and ODCB in this study) form a P3HT pathway for charge transport before the PCBM domains are sufficient to support efficient electron transport to the electrodes. These samples benefit from further solvent annealing to allow additional PCBM aggregation, but risk the loss of P3HT crystallinity.
P3HT:PCBM thin films that are solvent annealed in solvents that prefer PCBM (XL, TL, and 2-CP in this study) show a decrease in active layer performance with excess solvent annealing, which can be ascribed to phase segregation of the PCBM into larger and potentially inaccessible domains that limits exciton dissociation and charge transport pathways to the electrode. 
In order to better monitor the depth and phase transformation of OPV thin film during SVA, a flow SVA setup is designed for the observation of in-situ light scattering, where variation of film thickness as well as lateral phase separation of P3HT/PCBM during SVA process could be observed from specular reflectivity and off-specular reflectivity respectively. Thin film spin coated using 30 mg/ml P3HT/PCBM solution forms ring structure in the off-spacular light scattering pattern. However, due to inefficient vapor pressure, small change is found for this ring structure after flow SVA, while the GIWAX results also show that only a small increase of (100) peak area is found after SVA. Therefore, further modification to the design still needs to be done in order to improve vapor pressure.
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