
 
 

 
STUDY OF STRUCTURE-PROPERTY-PERFORMANCE RELATIONSHIPS FOR 

ORGANIC THIN-FILM TRANSISTORS AND POLYMERIC SOLAR CELLS 

 
 

by 
 

SHENG BI 
 

DAWEN LI, COMMITTEE CHAIR 
TIM A. HASKEW 
PAUL A. RUPAR 

FEI HU 
QING PENG 

 

 

A DISSERTATION 
 

 

Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy 

in the Department of Electrical and Computer Engineering 
in the Graduate School of 

The University of Alabama 
 
 

 
TUSCALOOSA, ALABAMA 

 

2016 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright Sheng Bi 2016 
ALL RIGHTS RESERVED 

  



 
 

ii 

ABSTRACT

Organic electronics has great potential for fabricating low cost, flexible and large-area 

devices. Despite the rapid development, several main challenges of the field need to be addressed 

in both organic conjugated polymer and small molecules based devices, including organic thin-

film transistors (OTFTs) and polymer solar cells (PSCs).  

This dissertation first explores two approaches to align small molecule crystals and 

improve surface coverage. The controlled evaporative self-assembly (CESA) method is 

combined with binary solvent system using small molecule SMDPPEH to control the crystal 

growth. By optimizing the two solvent ratios, well-aligned SMDPPEH crystals with significantly 

improved areal coverage were achieved. Also, polymer additives can be added into small 

molecule to control crystal alignment. As a result, mobilities are at least 10 times higher than that 

from spin-coated film. The SMDPPEH based OTFTs exhibit a mobility of 1.6×10-2 cm2/Vs, 

which is the highest mobility from SMDPPEH ever reported.  

The donor-acceptor vertical composition profile on the performance of the P3HT/PCBM 

based organic bulk heterojunction solar cells was studied. In this simulation study, variety of 

donor-acceptor vertical configurations was investigated for both regular and inverted PSC 

structures. The physical mechanisms behind the diversification of open circuit voltage, short 

circuit current, and fill factor, and thus power conversion efficiency from various vertical 
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configurations are explained. The effect of vertical composition profile from the study could 

serve as guidance for experimental optimization of organic bulk heterojunction solar cells.  

Also, morphology variation of ZnO electron transport layer from atomic layer deposition 

and sol-gel methods on the performance of organic inverted solar cells were investigated. AFM 

and SEM were utilized to characterize the morphology of ZnO thin films and nanorods so as to 

explain the efficiency difference. 

The final part of the work demonstrates one-step multi-layer pattern transfer to make 

organic solar cells on rigid and flexible substrates. A multi-layer inking and stamping, a cost-

efficient, purely additive pattern transfer technique, was developed to fabricate PSCs. GLYMO 

is added into PEDOT:PSS hole transport layer and its effect on PSC performance and pattern 

transfer yield was investigated to reach overall PSC efficiency and high yield pattern transfer.  
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CHAPTER 1

INTRODUCTION 

1.1 Overview of Organic Electronics and Semiconductors 

Organic electronics has received worldwide attention due to great potential for 

fabricating low cost, flexible and large-area devices.1-3 It is a field about synthesis, design and 

application of organic materials. Organic electronics consists of a wide range of devices 

including organic field effect transistors (OFETs)4, 5, polymer solar cells (PSCs)6, 7 and organic 

light emitting diodes (OLEDs)8, 9.  

Based on molecular weight, there are two classes of organic semiconductors: small 

molecules and polymers. Small molecules have a low molecular weight and single unit, while 

polymers tend to consist of long chains of repeating monomeric units. Small molecules are easily 

purified by thermal sublimation to achieve impurity concentration of less than 10-4. Also organic 

small molecule semiconductors have a better crystallinity, which helps to improve charge 

transport.10, 11 The main drawback of small molecules is that they are usually hard to dissolve in 

organic solvents, which makes them difficult to deposit using solution processing but from gas 

phase via sublimation or evaporation.12, 13 For polymers, they can be purified by chromatography 

but difficult to attain impurity concentration less than 1%. Meanwhile, they are mostly 

semicrystalline with amorphous regions after deposition, leading to poor charge transport 

mobility.14 The positive side is that their solubility in organic solvents is much better than small 
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molecules, which makes them suitable for solution processing.15 For organic polymers, the 

difference in molecular weight has an enormous effect on crystallization, crystal orientation and 

device performance, usually the higher the molecular weight, the better the crystallization and 

charge transport.16, 17 

All organic semiconductors have in common a conjugated π-electron system. Conjugated 

π-electron system is organic macromolecules whose backbones consist of alternating double- and 

single-bonds. Conjugated π-electron system in organic semiconductors is formed by the pz-

orbital of sp2-hybridized carbon atoms or lone electron pairs in the molecules.9, 18 The lowest 

electronic excitations of conjugated molecules are the π-π*-transitions with an energy gap 

typically between 1.5 and 3 eV. The energy gap can be controlled by the degree of conjugation 

in a molecule and addition of side-groups. Thus, chemistry offers a wide range of possibilities to 

fine tune the energy gap thereby optoelectronic properties of organic semiconducting materials. 

Unlike inorganic semiconductors in which atoms are bonded by strong covalent bonds, organic 

molecules are bonded by weak Van der Waals force. As a result, organic semiconductors are 

usually amorphous or polycrystalline, soft and low melting points. Instead of having conduction 

band and valence band as in traditional inorganic semiconductors, organic semiconductors have 

energy structure of highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energy levels, which is essentially the gap between π-π* molecular 

orbital. 

Figure 1.1 shows the molecular orbital diagram of the simplest conjugated polymer 

Polyacetylene. When a photon with energy greater than HOMO-LUMO gap interacts with a 

polyacetylene molecule, the electrons can be excited from HOMO to LUMO energy level, 
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accordingly the molecule is transferred from ground state to an excited state, which is known as 

an excitation. 

 
 

Figure 1.1 Molecular orbital diagram with HOMO and LUMO energy levels at a) ground state. 
b) excited state. 
 

Other properties of organic semiconductors include hopping of charge carriers and low 

dielectric constant. Charges transport through hopping between molecules causes much lower 

mobility compared with inorganic semiconductors with energy band structure. Because of the 

weaker bonding between molecules, organic semiconductors show low dielectric constants 

around ε =3 ~ 5 compared to crystalline semiconductor with ε =10 ~ 15.19 The lower ε results in 

a lower shielding of charges and thus a stronger Coulomb interaction. 

 

1.2 Organic Thin-FilmTransistors (OTFTs) 

1.2.1 Introduction to OTFTs 

Organic thin-film transistor (OTFT), also called organic field-effect transistor (OFET), is 

a unipolar device with either electrons or holes as charge carrier for conducting current. OTFTs 
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can be easily fabricated at low temperature, suitable for flexible displays, and charge transport in 

organic semiconductors is comparable with that in amorphous silicon, which is dominant 

semiconductor in displays. Currently the highest field-effect mobility of 43cm2/Vs has been 

demonstrated.20 Despite the advantage of solution processibility at low temperature in making 

organic thin film transistors, the films obtained by both simple drop casting method and spin 

coating method typically exhibit random orientation of organic semiconductor crystals, small 

coverage of the substrate and aggregation.21 The uneven distribution of semiconductor crystals 

and their orientations causes severe OTFT performance variations. If such films are used as 

active layer of OTFTs to drive OLEDs in organic flexible displays, the brightness at different 

pixels will vary significantly. In addition, compared to inorganic semiconductors, organic 

devices are still much sensitive to air, water and UV light. 22 

In this study, crystal alignment in solution processing and areal coverage on substrate are 

major topics addressed. 

 

1.2.2 Architectures of OTFTs and Operational Mechanism 

As illustrated in Figure 1.2, like any field-effect transistors, OTFTs have three electrodes: 

source, drain and gate. Charge carriers are injected from source contact to organic 

semiconductor. Gate electrode introduces vertical electric field to accumulate the charge carriers 

at the semiconductor/dielectric interface, forming conducting channel. Drain voltage creates 

lateral electric field in the channel for charge carriers to drift from source to drain. The applied 

voltage between the gate and source electrodes controls the concentration of accumulated charge 
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carriers thereby the conductivity in the channel. The voltage applied between drain and source 

electrode determines the electric field in the channel, thereby manipulating the drift current. 

 

 

Figure 1.2 Architecture of organic thin-film transistors/field effect transistor. 

 

There could be two kinds of vertical configurations depending on the position of gate 

electrode, top gate and bottom gate device. In this study, bottom gate structure is utilized. In 

bottom gate configuration, there are two ways of arranging source and drain electrodes, top-

contact and bottom-contact, as shown in Figure 1.3. Bottom-gate, top-contact OTFTs normally 

demonstrate better device performances than bottom-gate, bottom-contact OTFTs. The main 

reason is that bottom-contact OTFTs typically exhibit a larger potential drop due to poor contact 

between the semiconductor and source/drain electrodes. Nevertheless, bottom-gate, bottom 

contact OTFTs also demonstrate several positive sides. For example, the pre-patterned substrate 

with gold electrodes greatly reduces the device fabrication time. And the pre-patterned gold 

electrodes can be surface-treated, which could alter the workfunction of the electrodes to 

facilitate charge injection from source to organic semiconductor. 
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Figure 1.3  (a) bottom-gate, top-contact OTFT configuration, and (b) bottom-gate, bottom-
contact OTFT configuration. 
  

1.3 Organic Polymer Solar Cells (PSCs) 

1.3.1 Introduction to Organic Polymer Solar Cells 

Renewable and low-cost energy sources have gained increased attention as the traditional 

energy sources such as fossil fuel could be eventually used up thereby intensifying future energy 

crisis. Also greenhouse effect from such energy source starts threatening the human life. Among 

alternative sources of energy, including hydroelectric energy, wind energy and geothermal 

energy, solar energy is inexhaustible and always available for usage. The large magnitude of 

solar energy available makes it a highly appealing source of electricity. It is reported that only 

less than 0.02% of sun power reaches the earth but it is several times larger than the total world 
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energy consumption. Since the annual solar radiation from the sun produces significantly more 

energy than that consumed by the entire world’s population in a year, much research has been 

invested in photovoltaic to harvest the sun’s energy. 

Nowadays, the mostly used solar cell is silicon solar cell, which uses silicon as absorbing 

material to harvest sunlight for photovoltaic conversion of electricity.  

Organic solar cells, particularly solution processable polymer solar cells have attracted 

worldwide attention for the low-cost manufacture on flexible substrates. Currently their 

efficiency has reached to over 10%. Organic polymer materials are expected to be cheaper in 

mass production as compared with inorganic counterparts. Also most of the organic 

semiconducting materials can be dissolved in organic solvents, which makes solution processing 

possible. Solution processing at low temperature can greatly reduce fabrication cost which means 

organic solar cells can be fabricated on large, flexible substrates by roll-to-roll (R2R) printing 

like mass production of newspaper. Therefore, solution processable organic polymer solar cells 

have a great potential to be widely used in our daily life, particularly flexible electronics. In order 

to compete with their inorganic counterparts for a niche markets, organic solar cells have to 

improve their performance at higher efficiency levels. The current challenges of the organic 

photovoltaic mainly lie in the development of new donor and acceptor materials with better 

energy level alignment. In addition, the improvement of the transport properties of the materials 

through better control of the morphology and crystallinity are also pursued. 

There are various organic solar cell structures. Single layer organic photovoltaic cell is 

the simplest one, in which organic electronic material is sandwich between two electrodes, as 

shown in Figure 1.4(a). When organic layer absorbs light, electrons and holes will be generated 

at the LUMO and HOMO energy level. The generated electron and hole charge carriers transport 
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between molecules by hopping, and finally reaches cathode and anode due to energy preference 

between organic semiconductor and electrode. Although single layer organic solar cell works, 

the power-conversion efficiency is very low. Following single layer organic solar cell structure, a 

more complex type of bilayer organic photovoltaic cell was developed as shown in Figure 1.4(b). 

It consists of two layers, electron donor and electron acceptor, between electrodes. Such structure 

is able to split generated electron-hole pairs (excitons) more efficiently. Bulk heterojunction is 

the most popular and efficient structure for polymer solar cells, as shown in Figure 1.4(c). In 

bulk heterojunction structure donor and acceptor materials are blended together as active layer. 

With optimization of processing conditions, the donor and acceptor molecules will self-assemble 

into an interpenetrating nanoscale network. The interpenetrating nanoscale donor and acceptor 

domains increase contact area and allows excitons that have short lifetime to reach the 

donor/acceptor interfaces for efficient dissociation and harvesting. Organic solar cells with bulk 

heterojunction structure have demonstrated the highest efficiency so far.  
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Figure 1.4 Sketch of (a) single layer, (b) bilayer, (c) bulk heterojunction polymer solar cell 
structures. 
 

1.3.2 Operational Mechanism of Bulk Heterojunction Solar Cells and Architectures 

Bulk heterojunction (BHJ) organic solar cells are comprised of a stack of layers, 

including active layer of a mixture of acceptor and donor materials, electron transport layer 

(ETL), hole transport layer (HTL).Active layer absorbs light and generate free charge carriers, 
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while ETL and HTL buffer layers ensure selective transport of free carriers. All these layers are 

sandwiched between two electrodes, ITO and metal layer. ITO electrode is transparent on glass 

or flexible substrate for sunlight illumination of the cell. 

There are several steps to convert sun light energy to electricity in organic photovoltaics 

(OPVs). Sunlights with photon energy greater than HOMO-LUMO gap are first absorbed by 

active layer. Electrons are excited from HOMO to LUMO energy level, leaving holes in HOMO 

of donor polymer. Then, the generated electron/hole pairs (also called excitons) diffuse to the 

interface of donor and acceptor, and separated into free electrons and holes, as shown in Figure 

1.5(a). After exciton dissociation, energy band diagram has to be resorted for the charge 

movement. As shown in Figure 1.5(b), generated electrons on the LUMO of donor move to the 

LUMO of acceptor and are collected at cathode, while generated holes transport in the donor and 

are collected at the anode. Holes could not transport to the HOMO level of acceptor because of 

the energy barrier. Finally, electricity as an electrical potential will be generated when negative 

electrons are accumulated at cathode and hole reaches anode. 

 

Figure 1.5 Schematics of (a) exciton generation/dissociation and charge transport , and(b) 
energy band diagram in organic polymer solar cells. 
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Depending on the direction of charge carrier transportation, Organic polymer solar cells 

with bulk heterojunction can be made into two kinds of configurations, regular structure and 

inverted structure, as shown in Figure 1.6. In regular structure, ITO on the glass substrate 

collects holes and serves as anode. The conducting polymer PEDOT:PSS on the top of ITO acts 

as hole transport layer. Electrons move up to Al cathode because of its low work function nature. 

In inverted structure, ZnO is deposited on the ITO glass, serving as electron transport layer for 

electron collection at ITO cathode. MoO3 on the top of active layer act as hole transport layer. 

High work function metals, such as Ag or Au could be deposited on the MoO3 hole transport 

layer as anode. Electrons and holes transport to the opposite direction as what it is in regular 

structure. In addition, regular structure normally gives a relatively higher efficiency but the 

device is unstable, sometimes devices could only last less than one day. On the other hand, 

inverted structure has a much better stability, which can last for several days with only a tiny 

degradation.  

 

 

Figure 1.6 Configurations of polymer solar cells: (a) regular structure, and (b) inverted structure. 
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CHAPTER 2 

SOLUTION-GROWN SMALL-MOLECULE ORGANIC SEMICONDUCTOR WITH 
ENHANCED CRYSTAL ALIGNMENT AND AREAL COVERAGE FOR ORGANIC 

THIN FILM TRANSISTORS 

 

2.1 Introduction 

Solution processable small-molecule organic semiconductors have been intensively 

studied nowadays due to their relatively high charge carrier transport,23-26 and cost-effectiveness 

in fabrication, which make them promising for applications in flexible electronics over large 

areas.27-29 However, thin films drop casted from small-molecule organic semiconductors 

typically exhibit random crystal orientation with poor coverage, which leads to significant 

performance variations of organic thin-film transistors (OTFTs).30, 31 Therefore, it is mandatory 

to well align the crystals in order to achieve performance consistency of OTFTs. Various efforts 

have been made to address these issues in different semiconducting material systems.32-34 For 

example, Lee et al. demonstrated the growth of 6,13-bis(triisopropylsilylethynyl)pentacene 

(TIPS pentacene) on a slightly tilted substrate, resulting in an array of ribbon-shaped TIPS 

pentacene crystals well-aligned in the tilted direction of the substrate.35 More recently, Li et al. 

employed a “droplet-pinned crystallization” method to control the crystal growth of C60, which 

successfully leads to well-aligned C60 single crystals.36 Nevertheless, the films obtained in all 

these work above still show low areal coverage, which must be improved in order to fabricate 

high-mobility OTFTs with performance uniformity.   
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In this work, we combine the “controlled evaporative self-assembly (CESA)” method 37-

39 with double solvent scheme 40, 41 to both control the crystal growth and enhance areal coverage 

of organic semiconductors. Since diketopyrrolopyrrole (DPP) based organic materials have 

attracted enormous interests for applications in both organic photovoltaics (OPV) and OTFTs, a 

derivative of DPP, 2,5-Di-(2-ethylhexyl)-3,6-bis(5''-n-hexyl-2,2',5',2'']terthiophen-5-yl)-

pyrrolo[3,4-c]pyrrole-1,4-dione (SMDPPEH),42-49 is used as an example to demonstrate the 

effectiveness of our approach. When drop casted from single solvent (chloroform), SMDPPEH 

formed crystals with significant misorientation and poor film coverage. In comparison, the 

application of CESA method combined with double solvent system leads to greatly enhanced 

crystal alignment, film coverage and crystal width. As a result, the SMDPPEH OTFTs based on 

CESA approach and double solvent system exhibit a mobility of up to 1.6×10-2 cm2/Vs. To the 

best of our knowledge, this is the highest mobility from SMDPPEH ever reported.  
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Figure 2.1.(a) Molecular structure of SMDPPEH. Optical image of SMDPPEH crystals drop 
casted in (b) single chloroform solvent and (c) chloroform/ethanol (5:1) double solvents. Figure 
(b) and (c) share the same scale bar of 100 µm. 

 

2.2 Experiment 

SMDPPEH material was purchased from Sigma Aldrich and used as received. Bottom-

gate, bottom-contact transistors were fabricated on heavily doped n-type silicon substrates with a 

100 nm thickness of thermally grown SiO2 layer. The gold electrodes were patterned by using 

standard photolithography followed by metal deposition and lift-off. The patterned substrates 

with Au source/drain contacts were cleaned by acetone and isopropyl alcohol sequentially. Then 

surface treatments, including hexamethyldisilazane (HMDS) and pentafluorobenzenethiol 
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(PFBT) treatments, were carried out. HMDS treatment was utilized to passivate the silanol 

groups on the hydrophilic SiO2 substrate surface, whereas PFBT treatment was performed to 

tune the energy level of gold contacts for facilitating hole charge injection.50 Specifically, HMDS 

self-assembled monolayers were formed on the gate dielectric via vapor deposition at 140 °C, 

and rinsed off the residue of HMDS by isopropyl alcohol. PFBT treatment was performed on the 

source/drain gold contacts by immersing the substrates in a 10mM PFBT/toluene solution for 2 

hours, followed by rinsing with toluene.  

SMDPPEH in chloroform/ethanol double solvents (3 mg/ml) was drop casted onto the 

substrate to form an active layer. In the double solvent system, chloroform was selected as the 

“good” solvent since SMDPPEH can be well dissolved in chloroform, whereas ethanol was used 

as the “bad” solvent because of the limited solubility of SMDPPEH in ethanol. Moreover, the 

similarity of the boiling points between ethanol (78.4°C) and chloroform (61.2°C) ensures 

simultaneous evaporation when the CESA method is applied for crystal alignment. If there exists 

a big difference in boiling point between “good” and “bad” solvent, the solution will eventually 

ends up with one single solvent situation. Optical micrographs of SMDPPEH thin film were 

taken by using a Zeiss Axioplan optical microscope with a build-in camera. Current-voltage (I –

V) characteristics were carried out with an Agilent B1500A semiconductor parameter analyzer. 

Each device was measured three times to ensure the consistency of results. All measurements 

were performed in ambient environment at room temperature. Field-effect mobilities in the 

saturation regime were extracted from the slope of the (IDS)1/2 – VGS transfer characteristic. 
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Figure 2.2.(a) Schematic of the CESA method for crystal alignment. (b) The zoom in optical 
image of SMDPPEH films with highly orientated crystals and great film coverage. The scale bar 
represents 50 µm. (c) digital image of crystal growth over entire substrate with 
chloroform/ethanol ratio of 5:1.  
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2.3 Results and Discussion 

DPP is best known for its ease of side-chain substitution which forms different functional 

groups and leads to a good field-effect mobility.51-53 As a newly-developed derivative of DPP, 

SMDPPEH hosts two pendant alkyl chains, which increases its solubility and thermal stability.54 

The molecular structure of SMDPPEH is shown in Figure 2.1(a). When SMDPPEH is drop 

casted from single chloroform solvent, a few scattered crystals are formed on the substrate with 

random orientation and poor areal coverage (Figure 2.1(b)), while drop casted from 

chloroform/ethanol double solvents, the resultant films exhibit enhanced crystal density as shown 

in the optical images of Figure 2.1(c), because the “bad” solvent ethanol increases nucleation 

seeds for SMDPPEH crystallization. In both cases of crystal growth in single and double 

solvents, however, there is no uniform crystal orientation, which could cause significant device 

performance variation if such films are used as the active layer of OTFTs.55, 56 In order to address 

these issues, we applied the CESA method combined with the double solvent system to 

effectively control the crystallization, and obtained SMDPPEH crystalline films with enhanced 

crystal alignment and areal coverage. 

The CESA method applied to effectively align the SMDPPEH crystals is illustrated in 

Figure 2.2(a). As shown in the schematic, SMDPPEH solution was constrained in the cylinder-

on-flat geometry, due to the capillary force between the cylinder and the substrate. When the 

contact line of the solution is pinned during solvent evaporation, the edge of the droplet has a 

higher evaporation rate which leads to elevated solution concentration.57 This further facilitates 

an outward flow carrying more solutes from the droplet center to the periphery,58 where 

nucleation seeds are formed from the solutes. When the solution reaches supersaturation, 

SMDPPEH molecules start to crystallize from the nucleation seeds and grow along the direction 
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of capillary force towards the contact center between the cylinder and the substrate. With the 

combination of CESA method and double solvent system, well-aligned SMDPPEH crystals with 

significantly improved film coverage were achieved, as shown in the optical images of Figure 

2.2(b). The digital image of Figure 2.3(c) shows the crystal growth over the entire substrate. The 

chloroform/ethanol double solvent is at 5:1 ratio. 

In order to optimize the SMDPPEH film morphology with CESA method, different ratios 

between “good” solvent chloroform and “bad” solvent ethanol were tested. When a small amount 

of ethanol was added as in the case of chloroform/ethanol at 15:1 ratio, a few SMDPPEH 

crystals with enhanced crystal width and orientation were formed because only a small number 

of nucleation seeds from “bad” solvent ethanol were generated at this ratio, whereas the majority 

of the SMDPPEH material directly precipitated or formed many small crystals onto the substrate 

as round-shaped crystal aggregations as shown in Figure 2.3(a). When the amount of ethanol 

increased to chloroform/ethanol ratio of 10:1 and 5:1, both crystal orientation and coverage of 

the SMDPPEH film were improved (Figure 2.3(b) and (c)). Particularly, chloroform/ethanol at 

5:1 ratio leads to the most improvement in the thin-film morphology of SMDPPEH, in terms of 

the best crystal alignment, the highest film coverage and the largest crystal width. However, if 

the amount of ethanol further increased to 1:1 (Figure 2.3(d)), both crystal width and film 

coverage of the SMDPPEH film decreased dramatically and crystal misorientation started to 

appear. Finally, the CESA method lost control of SMDPPEH crystal alignment when the amount 

of ethanol increased to chloroform/ethanol at 1:5 ratio, and the resultant film exhibited 

significant crystal misorientation with large gaps in between (Figure 2.3(e)). 
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Figure 2.3.Optical micrographs of SMDPPEH crystals drop casted from chloroform/ethanol 
double solvents at different ratios: (a) 15:1, (b) 10:1, (c) 5:1, (d) 1:1 and (e) 1:5, respectively. All 
images share the same scale bar of 100µm as shown in (a). (f) Effect of nucleation seed density 
on crystallization. 
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The change in the crystal orientation, areal coverage and crystal width of the SMDPPEH 

film can be reasonably explained by the intermolecular interaction between SMDPPEH and 

ethanol. When the ethanol solvent is added, it is expected that the hydroxyl groups in ethanol 

facilitate the intermolecular π-π overlapping of SMDPPEH backbones, further leading to the 

supramolecular aggregation of SMDPPEH molecules that serve as nucleation seeds.59 When the 

solution supersaturation point is reached, the SMDPPEH molecules start to crystallize from the 

nucleation seeds and grow in the same direction as of the capillary force, resulting in well-

aligned SMDPPEH crystals with enhanced crystal coverage and width. In specific, when a small 

amount of ethanol is added as in the case of chloroform and ethanol at 15:1 ratio, the slight 

supramolecular aggregation of SMDPPEH molecules created only a small number of nucleation 

seeds, contributing to the formation of a few well-aligned crystals, as illustrated in the top left 

cartoon of Figure 2.3(f). Nevertheless, the majority of the SMDPPEH material directly 

precipitated or formed many small crystals onto the substrate as round-shaped aggregations. 

When the ratio between chloroform and ethanol changes to 10:1 and 5:1, more addition of 

ethanol provided more hydroxyl groups and simultaneously increased both the nucleation seed 

number and density, which significantly enhances crystal width and film areal coverage while at 

the same time further improving the crystal alignment as illustrated in the bottom right cartoon of 

Figure 2.3(f). However, when the ratios between chloroform and ethanol further change to 1:1 

and 1:5, it is likely that the excessive amount of ethanol would consume most of the SMDPPEH 

for the formation of nucleation seeds, so very few SMDPPEH solutes were dissolved in the 

solution as supply for crystallization, consequently leading to the formation of many small 

crystals with significantly reduced crystal width, areal coverage and crystal orientation. 



 
 

21 

To more accurately demonstrate the effect of different double solvent ratios on the 

SMDPPEH thin film morphology, the average misorientation angle, crystal coverage and width 

were quantitatively characterized, as shown in Figure 2.4. The standard deviation of 

misorientation angle is based on 10 crystals for each type of film, whereas that of the crystal 

width is based on 14 crystals. The direction of capillary force is chosen as the baseline, and 

misorientation angle is defined as the angle between the long axis of a crystal ribbons and the 

baseline. The SMDPPEH film drop casted from chloroform/ethanol double solvent at the 15:1 

ratio shows an average misorientation angle of 6±5°, indicating the addition of a small amount of 

ethanol can largely reduce the crystal misorientation. The misorientation angle further reduces to 

4±3° and 4±2° when the ethanol amount reaches to the 10:1 and 5:1 ratios, respectively, which 

demonstrates the SMDPPEH crystals are well-orientated. However, further increasing the 

ethanol amount to the 1:1 and 1:5 ratios would cause the misorientation angle to increase to 

11±7° and 30±20°, respectively. 
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Figure 2.4.Quantitative analysis of the (a) average crystal misorientation, (b) film coverage, and 
(c) average crystal width of the SMDPPEH crystals at different ratios of the chloroform/ethanol 
double solvents. 
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The areal coverage of the SMDPPEH films at different double solvent ratios was plotted 

in Figure 2.4(b). At chloroform/ethanol 15:1 ratio, the film has areal coverage of ~36%, which is 

enhanced to ~99% when the addition of ethanol increases to both 10:1 and 5:1 ratios, implying 

that the CESA method with optimal double solvent ratio can not only effectively align the crystal 

growth, but also reduce the crystal gaps and enhance the film coverage. When the ethanol is 

further increased to 1:1 and 1:5 ratios, the areal coverage decreased to ~59% and ~57%, 

respectively. Moreover, the average crystal width of SMDPPEH films was also quantitatively 

calculated based on the optical microscope images and was plotted in Figure 2.4(c). The 

SMDPPEH film at chloroform/ethanol 15:1 ratio exhibits an average crystal width of 58±10 µm, 

whereas those films at 10:1 and 5:1 ratios show an average crystal width of 58±15 µm and 61±14 

µm, respectively. In particular, the chloroform/ethanol 5:1 leads to the largest crystal width. 

When the solvent volume ratio further changes to 1:1 and 1:5, the average crystal width is 

reduced to 18±6 µm and 20±5 µm, respectively.  

Bottom-gate, bottom-contact OTFTs were fabricated, and the device configuration with 

SMDPPEH microribbons as active semiconducting layer is illustrated in Figure 2.5(a). From the 

slope of the square root plot (IDS)1/2 – VGS in the transfer characteristic (Figure 2.5(b)), the field-

effect mobility in the saturation region was extracted to be 1.6×10-2 cm2/Vs by using the 

following traditional MOSFET equation:  

𝐼!" =
!!!!!"#

!!
(𝑉!" −𝑉!)!                   (1) 

where W is the effective channel width based on the actual crystal coverage in the 

channel region, L is the channel length, C! is the capacitance per unit area of the gate insulator, 

µμ!"# is the field-effect mobility in the saturated region, V!" is the gate voltage and V! is the 
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threshold voltage. To the best of our knowledge, this is the highest mobility ever reported from 

the solution-processed SMDPPEH semiconductor. Moreover, our mobility is much larger than 

the value of other p-type semiconductors commonly studied as the donor materials of 

photovoltaic cells, such as poly(3-hexylthiophene-2,5-diyl) (P3HT),38 indicating SMDPPEH is a 

promising donor material for solution-processed solar cells. In addition to the field-effect 

mobility, the threshold voltage V!was extracted to be -4V, and the current on/off ratio Ion/off is 

4.3×104. 
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Figure 2.5. (a) Schematic of bottom-gate, bottom-contact OTFTs with SMDPPEH crystal 
ribbons as active layer. (b) Transfer characteristics for field-effect mobility extraction. The 
volume ratio of chloroform to ethanol solvent is 5:1. (c) Mobility variation of SMDPPEH OTFTs 
based on different types of films. 
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Finally, we plotted the OTFT mobilities against different types of films as shown in 

Figure 2.5(c). The mobilities of SMDPPEH OTFTs drop casted from pure chloroform without 

applying the CESA method varied from 5.7×10-5 cm2/Vs to 5.4×10-4 cm2/Vs, with an average 

mobility of 2.3×10-4 ±1.8×10-4 cm2/Vs. In comparison, the devices made from 5:1 

chloroform/ethanol double solvents with the CESA method demonstrated hole mobilities which 

ranged from 3.1×10-3 cm2/Vs to 1.6×10-2 cm2/Vs, with an average mobility of 7.8×10-3 ±5.1×10-3 

cm2/Vs. The results above demonstrated that the combination of CESA method and double 

solvent system effectively improves the charge transport and significantly enhances the average 

mobility of SMDPPEH OTFTs. 

 

2.4 Crystal Alignment by Interaction Between SMDPPEH Small Molecule and P3HT 
Conjugated Polymer 

In addition to the crystal alignment through combined CESA method and double solvent 

approach, addition of conjugated polymer P3HT was also tried to align SMDPPEH crystals. 

Both SMDPPEH and P3HT materials were purchased from Sigma Aldrich and used as received. 

Bottom-gate, top-contact transistors were fabricated on heavily doped n-type silicon substrates 

with a 300nm thickness of thermally grown SiO2 layer. The Si/SiO2 substrates were cleaned by 

acetone and isopropyl alcohol for 30 minutes sequentially followed 

byoctadecyltrichlorosilane (OTS) treatment to passivate the silanol groups on the hydrophilic 

SiO2 surface. Then the substrate was immersed in hexadecane for 10 minutes followed by 

rinsing in hexane and IPA. Finally, substrate was blow dried by nitrogen. 

SMDPPEH and P3HT with different ratios were first dissolved in chloroform. Then the 

solution was treated at 50℃ on hot plate for 10 minutes followed by ultrasonic agitation for 6 
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minutes. Various concentration of solution was drop casted onto the pre-cleaned substrate to 

form an active layer. During the crystal growth, 0.5ml of chloroform was dropped around the 

substrate in petri dish for solvent vapor annealing. Finally, 50nm of gold was thermally 

evaporated on top of the film through shadow mask at the rate of 1Å/s. Current-voltage (I –V) 

characteristics were done with an Agilent B1500A semiconductor parameter analyzer. Each 

device was measured three times to ensure the consistency of results. All measurements were 

performed in ambient environment at room temperature. Field-effect mobilities in the saturation 

regime were extracted from the slope of the (IDS)1/2 – VGS transfer characteristic. Optical 

micrographs of SMDPPEH thin film were taken by using a Zeiss Axioplan optical microscope 

with a build-in camera. 

The morphologies of slowly crystallized SMDPPEH and P3HT blends are shown in 

Figure 2.6. Figure 2.6(a)-(c) present optical micrographs of the two components at different 

ratios with a concentration of 2mg/ml. The morphology has a huge variation with the change of 

SMDPPEH to P3HT ratios. At the weight ratio of 1:1, SMDPPEH crystals are small without any 

orientations because the large amount of P3HT polymers tend to aggregate to form a thick film 

and prevent SMDPPPEH crystals from growing wider and longer. When the SMDPPEH to 

P3HT ratio increased to 5:1, the SMDPPEH and P3HT blends forms grass-like, needle shaped 

crystals with improved orientation and alignment. These SMDPPEH crystals are growing toward 

almost the same direction. When further increases the concentration of SMDPPEH to 10:1, 

crystals tend to become narrower and shorter with less orientation. Also large numbers of cracks 

on crystals can be observed. These cracks will seriously reduce the charge transport in the 

crystals thereby degrading the performance of OTFTs. 
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Figure 2.6(d)-(f) show the morphologies of SMDPPEH and P3HT mixing solution at 

various concentrations with the optimal ratio of 5:1 between SMDPPEH and P3HT. With the 

concentration of 1mg/ml, the crystals are narrow with many cracks along the crystal. It is 

anticipated that when the concentration is too low, there are not enough materials for crystal 

growth to form a continuously nanowire. When the concentration reaches 2mg/ml, SMDPPEH 

crystal wires are perfectly grown and aligned. Low voltage SEM image was taken as shown in 

inset image. The needle crystals are formed with SMDPPEH in the middle and P3HT polymer 

around it. When the concentration reaches 5mg/ml, too much P3HT materials result in a thin film 

with very few SMDPPEH crystals on the top of it.  

 

 
Figure 2.6 Optical images of SMDPPEH and P3HT blends at different ratios and concentrations. 
(a)-(c) Ratio of SMDPPEH to P3HT varies from 1:1 to 10:1 at the same concentration of 
2mg/ml. (d)-(f)Different concentration of SMDPPEH and P3HT solution at the same ratio of 5:1. 
All optical images share the same scale bar. 
 

(f) 
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After optimization of crystal growth with well-aligned SMDPPEH crystals, bottom-gate, 

top-contact OTFTs were fabricated and the device configuration with SMDPPEH and P3HT 

blend crystals as active semiconducting layer is illustrated in Figure 2.7(a). Figure 2.7(b) and (c) 

show the output and transfer characteristics from OTFTs based on SMDPPEH crystal ribbons. 

From the slope of the square root plot (IDS)1/2 – VGS in the transfer characteristic, the field-effect 

mobility in the saturation region was extracted to be 10-3 cm2/Vs. 

In addition to the field-effect mobility, the threshold voltage 𝑉! was extracted to be -4V, 

and the current on/off ratio Ion/off is 4.3×104. 
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Figure 2.7(a) Schematic of bottom-gate, top-contact OTFTs with SMDPPEH and P3HT blend 
crystal ribbons as active layer. (b) Output and (c) transfer characteristics. The volume ratio of 
SMDPPEH toP3HT is 5:1 with the concentration of 2mg/ml. 
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2.5 Conclusion 

In summary, the CESA method combined with the double solvent system is applied to 

achieve controlled crystallization of solution processable small-molecule organic 

semiconductors. Small molecule SMDPPEH is used as an example to demonstrate the 

effectiveness of the approach. The greatly enhanced crystal alignment, film coverage and crystal 

width have been achieved. The effect of different ratios between the chloroform/ethanol double 

solvents on crystal film morphology were investigated, and chloroform/ethanol at 5:1 volume 

ratio was found to lead to the optimal film morphology with the best crystal orientation, the 

highest film coverage and the largest crystal width. As a result, a mobility of 1.6×10-2 cm2/Vs 

has been obtained, which is the highest mobility from solution-processed SMDPPEH OTFTs 

ever reported. 

In addition, conjugated polymer, P3HT, was also used to help with SMDPPEH 

alignment. With optimized SMDPPEH to P3HT ratio of 5:1 and solution concentration of 

2mg/ml, well-aligned SMDPPEH crystal wires were obtained. As a result, a mobility of 10-3 

cm2/Vs from SMDPPEH crystal was achieved, which is 10 times higher than that reported in 

literature. 
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CHAPTER 3

INFLUENCE OF VERTICAL COMPOSITION PROFILE ON EFFICIENCY OF 
ORGANIC POLYMERIC SOLAR CELLS 

 

3.1 Introduction 

By showing great promise as a green, flexible and low-cost renewable energy sources, 

polymer-fullerene bulk heterojunction polymer solar cells (PSCs) have become the focus of 

attention worldwide.1-3, 60-64In recent years the record efficiency has been frequently broken 

through.49, 65, 66 However, the research on the device optimization and fundamental 

understanding on the physical mechanisms is still on the way, as compared to the rapid progress 

made on power-conversion efficiency. 

Morphology control is a key parameter for maximizing the effectiveness of donor-

acceptor combinations on performance improvement. The blend morphology of electron-

donating polymer and fullerene acceptor is complicated and sensitive to processing conditions. 

An impure phases, a hierarchy or broad distribution of domain sizes and a vertical composition 

gradient could be produced through solution processing. There has been substantial efforts to 

understand the morphology evolution in polymer-fullerene bulk heterojunction, particularly 

P3HT-PCBM system.67-70It is well known that the lateral phase separation controls charge carrier 

dissociation and recombination at the polymer-fullerene interface, while the vertical distribution 
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of each phase in the blend film influences charge transport in the heterojunction and collection to 

the electrodes. With optimization of solution processing conditions, nanoscale interpenetrating 

donor-acceptor morphology could typical be obtained in the lateral direction. However, due to 

the sensitivity on environment and processing conditions, various P3HT-PCBM vertical 

composition profiles have been demonstrated. For example, Yang Yang’s research group shows 

that the difference of surface energy and interactions between fullerene and substrate lead to a 

PCBM aggregation near ITO anode while P3HT stays close to cathode.71 On the other hand, van 

Bavel et al discovered an opposite vertical structure with P3HTtending to accumulate next to 

anode and PCBM close to cathode.72 Interestingly, another vertical configuration, i.e., sandwich 

structure, was reported by Z. Sun and his colleagues. In such sandwich vertical composition 

profile P3HT-rich layer were found in the middle of the active layer and  sandwiched by PCBM-

rich layers near both anode and cathode contacts.73 The diverse distribution of P3HT and PCBM 

in the vertical direction results in various routes of charge carrier transportation and thus leading 

to a performance difference.  

In this study, different P3HT-PCBM vertical configurations in active layer were 

established and systematically investigated for both regular and inverted PSC structures. P3HT-

PCBM system is adopted as a benchmark since this donor-acceptor blend has been extensively 

studied and reported, which provides massive literature database for comparison. 

Semiconducting emissive thin film optical simulator (SETFOS)74, 75 from Fluxim AG is 

employed to create models with different vertical configurations and simulate the PSC 

performance. After comparing the performance of PSCs with different vertical configurations, 

we further studied the effect on open circuit voltage (VOC), short circuit current (ISC) and fill 
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factor (FF) and get the insight of the physical principle underlying from the view of charge 

carrier generation, transport and recombination. 

 

3.2 Model Establishment and Simulation Parameters 

As illustrated in Figure 3.1 (a-e), five different vertical configurations including sandwich 

I, sandwich II, charge transport favorable, charge transport unfavorable, and uniform structures 

are schematically established and described. Since electrons transport in PCBM and are collected 

at cathode and holes transport in P3HT and are collected at anode as indicated in bulk 

heterojunction energy band diagram in Figure 3.1(f), PCBM-rich layer close to cathode 

facilitates electron transport and collection, while P3HT-rich layer near anode benefits hole 

transportation and collection. In charge transport favorable structure the weight percentage of 

PCBM increases monotonically from ITO cathode side to Al cathode end as 20%, 40%, 60% and 

80%, in which P3HT percentage decreases accordingly.  The charge transport unfavorable 

structure possesses a completely reversed PCBM/P3HT distribution as compared to the favorable 

one. Through the charge transport unfavorable configuration, ratio of PCBM decreases 

continuously from 80% to 20% in the active layer, while concentration of P3HT increases from 

20% to 80% accordingly from ITO anode side to the Al cathode end. Each constructing layer of 

various PCBM percentages has thickness of 20nm with total active layer thickness of 80nm.  

There are two kinds of sandwich structures. In sandwich I configuration, a layer of 20% 

PCBM was introduced at the middle to represent the P3HT-rich layer, and the concentration of 

PCBM gradually increases toward both anode and cathode ends, i.e. 40% and 60% PCBM layers 

were placed outwards subsequently with 80% PCBM aggregation near the electrodes. The 
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sandwich II configuration follows an opposite distribution, in which 80% PCBM-rich layer is 

sandwiched by layers with gradually reduced PCBM percentage (60% PCBM layer followed by 

40% PCBM layer in series) till intense P3HT aggregation layers at both ends of the active layer. 

For sandwich structure, the centered layer has thickness of 20nm, while the outer layers serving 

as the concentration gradient of PCBM have thickness of 10nm. As for uniform structure, 50% 

PCBM or P3HT is evenly distributed across the entire active layer. All the structures described 

above have total active layer thickness of 80nm. The thicknesses of Al, PEDOT:PSS and ITO are 

100nm, 40nm, 120nm, respectively. 
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Figure 3.1. Schematic of the vertical composition profile of (a) sandwich I, (b) sandwich II, (c) 
charge transport favorable, (d) unfavorable, (e) uniform configuration of active layer in regular 
PSC structure, and (f) direction of charge carriers transport in the active layer. 
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In the device modeling, the work functions of ITO, PEDOT:PSS and Al are 4.3eV, 5.0eV 

and 4.3eV, respectively,  which are used in most literatures as standard values. The dielectric 

constant for the active layer is 5.13.Other electronic parameters used in SETFOS modeling, 

including electron and hole mobility, charge generation efficiency, and Langevin recombination 

efficiency, are summarized in Table 3.1. All these electronic properties vary as a function of 

PCBM percentage. These input parameter values are taken based on literature reports with trend 

justified from material and device physics underneath.  

 

Table 3.1. Electronic parameters of P3HT/PCBM blend at different PCBM percentages. 

Parameter 20% PCBM 40% PCBM 50% PCBM 60% PCBM 80% PCBM 

Electron mobility 
（cm2V-1s-1） 

 
7E-5 7E-4 1E-3 4E-3 3E-2 

Hole mobility 
（cm2V-1s-1） 

 
4E-3 1E-3 7E-4 4E-4 9E-5 

Optical charge 
generation efficiency 

0.4 0.8 0.8 0.8 0.25 

Langevin 
recombination 

efficiency 
 

0.1 0.2 0.2 0.2 0.1 

 

It is anticipated that electron mobility increases as PCBM percentage increases, while 

hole mobility decreases as PCBM percentage increases, which is equivalent to increase of P3HT 

concentrations. Since PCBM acceptor carries holes, the increasing amount of PCBM leads to an 

enhanced electron transport thereby improvement of the electron mobility. Similarly, the 

increasing amount of P3HT donor results in the hole mobility enhancement. These mobility 

values well match with experimental results reported in literature.76, 77 Typically 1:1 weight ratio 

of P3HT and PCBM is used to obtain nanoscale interpenetrating film morphology for efficient 
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exciton dissociation and leads to a high optical charge generation efficiency.78-81 With above 

consideration, the charge generation efficiencies in 40% - 60% PCBM are reasonably set to be 

higher than those in 20% and 80% PCBM active layer. In terms of charge generation efficiency 

difference between 20% PCBM layer and 80% PCBM layer, the higher concentration of P3HT, 

the more chance of charge generation because P3HT is the main material that absorbs sunlight 

and produces electron-hole pairs. Thus the charge generation efficiency in 20% PCBM (80% 

P3HT) is set to be a little bit higher than that in 80% PCBM active layer. It is expected that 

Langevin recombination efficiency has similar dependence on PCBM percentage as charge 

generation efficiency. According to the following equation, the Langevin recombination 

efficiency depends on charge carrier mobility and concentrations.114 

𝛾 = (𝜇! + 𝜇!)𝑛𝑝                                           (1) 

where 𝛾 is Langevin recombination rate, 𝜇!  and 𝜇!  are electron mobility and hole mobility, 

respectively with 𝑛  𝑎𝑛𝑑  𝑝as electron and hole concentrations.  Since there is no big difference in 

sum of electron and hole mobility ((𝜇! + 𝜇! ) as PCBM percentage varies, the Langevin 

recombination efficiency is strongly depends on the generated charge carrier concentrations. 

Because more electrons and holes are generated in 40% PCBM, 50% PCBM and 60% PCBM 

active layers, a higher 𝑛𝑝  value results in the higher Langevin recombination efficiency.  

Therefore, the Langevin recombination efficiencies at 40% - 60% PCBM levels are reasonably 

set to be higher than those in 20% PCBM and 80% PCBM active layers. With the listed 

parameter values in Table 3.1 as input, the PSC efficiency in SETFOS modeling is comparable 

with reported values from experiments.82,113 Once these electronic parameters at different PCBM 

percentages are validated, organic bulk heterojunction solar cells with different vertical 

composition profiles are investigated. 
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3.3 Result and Discussion 

Figure 3.2(a) shows the simulated J-V characteristics of PSC with different vertical 

configurations. The power-conversion efficiency extracted from these J-V curves are 

summarized in Figure 3.2(b). Organic bulk heterojunction solar cells with uniform composition 

profile demonstrate the highest efficiency of 3.99%, followed by charge transport favorable 

structure with efficiency of 3.79%. J-V curves from these two vertical configurations show 

square-like shape. PSCs with sandwich II and charge transport unfavorable configurations show 

efficiency of 2.5% and 2.19%, respectively. The poorest device performance comes from 

sandwich I configuration. The lowest efficiency of 1.72% results from severe S-shape J-V curve.  

 
Figure 3.2. (a) J-V characteristics from SETFOS simulation, and (b) PSC efficiencies of 
sandwich I, sandwich II, charge transport favorable, unfavorable and uniform vertical 
configurations. 

 

In order to better understand the effect of vertical configurations on the efficiency, the 

light absorbance from active layer, external quantum efficiency, and important output 



 
 

40 

characteristics, including open-circuit voltage (VOC), short-circuit current (ISC), and fill factor 

(FF), are examined. As shown in Figure 3.3(a), the sunlight absorption in active layer with 

different vertical configurations is similar. The slight difference may come from light reflection 

at the layer interface, which can be ignored.  Figure 3.3(b) shows the external quantum efficiency 

(EQE), which is defined as ratio of output charge carriers to the input photons. The uniform 

configuration has the highest external quantum efficiency followed by charge transport favorable 

structure. The equal amount of mixture of P3HT donors and PCBM acceptors results in the 

largest interface area for efficient exciton dissociation. The charge transport favorable 

configuration facilities both electron and hole transport in the active layer and charge carrier 

collection at the electrodes, consequently leading to less recombination and greater output 

carriers. The short current density shown in Figure 3.3(c) matches well with external quantum 

efficiency. The highest EQE from the uniform configuration has the largest current density 

followed by charge transport favorable structure. Figure 3(d) shows the variation of open-circuit 

voltage. Of all different vertical configurations, the higher values occur in charge transport 

favorable and uniform structures while the lowest one appears in the unfavorable configuration. 

Since Voc is determined by the ultimate charge accumulation at electrodes, the higher the charge 

generation from uniform mixing and less recombination from charge transport favorable 

structure, the greater the charge carrier accumulation at the electrodes, leading to larger open-

circuit voltage. It is anticipated that charge transport unfavorable structure has the largest charge 

carrier recombination, consequently resulting in the lowest Voc.  

Figure 3(e) exhibits the variation of the fill factor. PSCs with charge transport favorable 

structure show the highest fill factor followed by uniform configuration. Sandwich and charge 

transport unfavorable structures have relative low fill factor, particularly, the sandwich I 



 
 

41 

structure has the lowest fill factor. It is widely known that the fill factor mainly depends on 

charge carrier recombination, series resistance and shunt resistance. Series resistance usually 

comes from contact and material resistance, while shunt resistance results from current leakage, 

i.e. the charge carriers move to the opposite direction and are collected by the wrong electrode. 

Low recombination, small series resistance and large shunt resistance lead to a high fill factor. 

The charge transport, recombination and current leakage could be explained using energy band 

diagram as shown in Figure 3.4. The charge transport favorable and uniform vertical 

configurations facilitate electrons movement from LUMO energy level toward Al cathode and 

holes movement from HOMO level to ITO anode (Figure 3.4(a)), resulting in low charge carrier 

recombination and no leakage current, thereby high fill factor. As illustrated in Figure 3.4(b, c, d), 

sandwich and charge transport unfavorable structures always have energy barriers for electrons 

transport and collection at cathode and holes at anode, consequently leading to high 

recombination and low fill factor. Particularly electrons at the LUMO energy level in sandwich I 

structure could freely move toward both Al cathode and ITO anode. Those electrons collected at 

ITO anode cause leakage current, severely reducing the shunt resistance thereby the lowest fill 

factor.   

PCE =
V!"I!"FF

P!"
 

where Pin is input power. Based on the equation of power-conversion efficiency, PCE 

depends on Voc, Jsc, and FF. The increase of any of these important parameters will improve the 

PCE. Uniform and charge transport favorable vertical composition profile demonstrate large 

values in all these three categories, leading to high PCE. In the contrast, all these three electronic 

properties for PSCs with charge transport unfavorable and sandwich structures fall in low values, 

particularly sandwich I has the smallest fill factor, resulting to the lowest PCE. It is safe to 
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conclude that uniform and charge transport favorable vertical composition profiles are desirable 

to achieve high power-conversion efficiency in organic polymeric bulk heterojunction solar cells. 

 

 
Figure 3.3. Solar cell output characteristics of (a) open circuit voltage, (b) absorbance spectrum, 
(c) short circuit current, (d) external quantum efficiency, (e) fill factor, and (f) equivalent circuit. 
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Figure 3.4.Energy band diagram of (a) sandwich I, (b) sandwich II, (c) favorable and (d) 
unfavorable configuration. 
 

3.4 Vertical Configuration in Inverted Solar Cell Structure 

  In addition to investigate the effect of vertical composition profile in regular polymer 

solar cells, we also study such effect in inverted polymer solar cells. In regular organic bulk 

heterojunction solar cells, electrons move to the top and collected at the Al cathode, while holes 

move downward through PEDOT:PSS hole transport layer and are collected at ITO anode. In 

contrast, in inverted polymer solar cells electrons move downward through ZnO electron 



 
 

44 

transport layer and are collected at ITO cathode, while hole move upward and are collected at Ag 

anode. The difference between regular and inverted organic bulk heterojunction solar cell mainly 

lies in the opposite charge transport directions and respective collecting electrodes. Figure 3.5 

shows the different vertical composition profiles in inverted solar cell structure. The charge 

transport favorable and unfavorable configurations are opposite to those in regular solar cell 

structure because of the opposite direction of electron and hole transport.  
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Figure 3.5. Schematic of (a) direction of electrons and holes transport in the active layer, and 
various vertical composition profiles (b) sandwich I, (c) sandwich II, (d) charge transport 
favorable, (e) unfavorable, and (f) uniform configuration of active layer in inverted PSC 
structure. 
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Figure 3.6 (a) and (b) show the simulated J-V characteristics and extracted PCE. The 

same as in regular polymer solar cells, the high PCE occurs for PSCs with charge transport 

favorable and uniform vertical composition profile, while sandwich and charge transport 

unfavorable configuration show low power-conversion efficiency.  

 

 

Figure 3.6. (a) J-V characteristics from SETFOS simulation, and (b) PSC efficiencies of 
sandwich I, sandwich II, charge transport favorable, unfavorable and uniform vertical 
configurations. 

 

The same analysis as in regular structure is applied for inverted solar cells. As shown in 

Figure 3.7 (a), absorbance spectrums are similar among different vertical configurations. 

However, EQE presents a big variety as demonstrated in Figure 3.7(b). The uniform 

configuration still has the highest external quantum efficiency followed by charge transport 

favorable structure. The exciton dissociation becomes the largest when the ratio between P3HT 

and PCBM is 1:1. The charge transport favorable configuration facilities both electron and hole 
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transport in the active layer and charge carrier collection at the electrodes. The short current 

density shown in Figure 3.7(c) matches well with external quantum efficiency. The highest EQE 

from the uniform configuration has the largest current density followed by charge transport 

favorable structure. Figure 3.7(d) shows the variation of open-circuit voltage. The higher values 

occur in uniform structures and charge transport favorable while the lowest one appears in the 

unfavorable configuration, which can also be explained by charge accumulation. The higher 

charge generation from uniform mixing and less recombination, the greater the charge carrier 

accumulation at the electrodes, which leads to larger open-circuit voltage. Largest charge carrier 

recombination in charge transport unfavorable structure results in the lowest Voc. Figure 3.7(e) 

exhibits the variation of the fill factor. PSCs with charge transport favorable structure show the 

highest fill factor followed by uniform configuration. Sandwich and charge transport unfavorable 

structures have relative low fill factor, particularly, the sandwich I structure has the lowest fill 

factor.  
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Figure 3.7. Solar cell output characteristics of (a) absorbance spectrum, (b) external quantum 
efficiency, (c) short circuit current, (d) open circuit voltage, (e) fill factor, and (f) equivalent 
circuit. 
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The charge transport, recombination and current leakage could be explained using energy 

band diagram as shown in Figure 8. The charge transport favorable and uniform vertical 

configurations facilitate electrons movement from LUMO level of P3HT/PCBM toward Ag 

cathode and holes movement from HOMO level to ITO anode (Figure 3.8(a)), resulting in low 

charge carrier recombination and no leakage current, thereby high fill factor. As illustrated in 

Figure 3.8(b, c, d), sandwich and charge transport unfavorable structures always have energy 

barriers for electrons transport and collection at cathode and holes at anode, consequently leading 

to high recombination and low fill factor. Particularly electrons at the LUMO energy level in 

sandwich I structure could freely move toward both Ag cathode and ITO anode. Those electrons 

collected at ITO anode cause leakage current, severely reducing the shunt resistance thereby the 

lowest fill factor. The same as for regular solar cells, it is still safe to conclude that uniform and 

charge transport favorable vertical composition profiles are also desirable to achieve high power-

conversion efficiency in organic polymeric bulk heterojunction solar cells with inverted structure. 
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Figure 3.8. Energy band diagram of (a) favorable, (b) unfavorable, (c) sandwich I and (d) 
sandwich II configuration. 
 

3.5 Summary and Conclusion 

Vertical configuration of polymer solar cells is chosen as a valuable topic for several 

reasons. (1) Polymer solar cell has bottom-up structure. Charge carriers are transported in 

vertical direction. The quality of “pathway” directly determines the performance of solar cell 

devices. (2) The distribution of donor and acceptor not only has an impact on charge carrier 

separation but also influence their transportation. Normally, electrons and holes are generated in 

donor material and separated at the interface of donor and acceptor. Proper number of acceptor 



 
 

51 

molecules around donor results in the best charge carrier separation. As an ideal case, uniform 

distribution of donor and acceptor results in the most efficient exciton separation due to the 

largest interfaces of donor and acceptor. On the other hand, smooth charge carrier transportation 

requires an increasing amount of donor/acceptor to assist hole/electron to reach anode/cathode, 

as in the favorable vertical configuration. Charge transport favorable vertical configuration 

enlarges the mean free path and causes less recombination before charge carriers reach 

electrodes.  

To conclude, different vertical composition profiles have been modeled for both regular 

and inverted organic solar cells. The results show a remarkable effect from vertical configuration 

on device performance. In both regular and inverted structures, Favorable and Uniform 

configurations always give the highest efficiency, while Sandwich and Unfavorable 

configurations tend to have poor performance. In addition, the simulation study also provides an 

in-depth understanding of physical mechanisms behind the different vertical configurations of 

active layer and the effect on solar cell performance. 
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CHAPTER 4 

ZINC OXIDE FILM PREPARED BY DIFFERENT METHODS FOR ELECTRON 
TRANSPORT LAYER IN ORGANIC SOLAR CELLS 

 

4.1 introduction 

Zinc oxide (ZnO) has attracted a great deal of interest due to its electronic properties. As 

a semiconductor with a wide bandgap (3.4eV), ZnO has been applied in a various areas, such as 

image sensor, optoelectronics.80-83 Also ZnO nanostructures have been used for fabrication of a 

wide variety of devices including light emitting diodes, laser diodes and field emission devices, 

piezoelectric devices, photovoltaic devices, catalysis, hybrid solar cells and gas sensors.84-89 The 

high electron mobility of ZnO makes it a favorable choice for serving as an electron transport 

layer in organic polymer solar cells with inverted structure. In the inverted solar cells, ZnO is 

deposited on top of ITO glass to assist electrons transporting to cathode. Combined ZnO with top 

electrode, which is Ag or Au, researchers managed to improve the stability of organic solar 

cell.90-92 There are various ways to fabricate a ZnO electron transport layer. Steven and his 

colleagues successfully used ZnO nanoparticles as electron selective layer which prevents from 

high temperature and vacuum requirement used in traditional ZnO preparation method.90 Kwong 

and his research group demonstrated sol-gel method to deposit ZnO layer.91 Although various 

methods can be used to make ZnO films, the quality of these films could be different, which 
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would influence the performance of inverted polymer solar cells. To our best knowledge, no 

group ever focused on the quality of ZnO films on with diverse ways of fabrication and their 

effect on solar cell efficiency. 

In this project, four different ZnO films are prepared to serve as electron selective layer in 

P3HT-PCBM based solar cells, including two kinds of ZnO films and two ZnO nanorods, as 

shown in Figure 4.1. ZnO films made of atomic layer deposition (ALD) and sol-gel methods 

were used to fabricate a device as shown in Figure 4.1(a). In order to increase the interface 

between ZnO and P3HT-PCBM active layer, ZnO nanorods are grown from seed layer made of 

ALD and sol-gel methods, as shown in Figure 4.1(b). Surface morphology and quality of films 

from different methods were characterized by scanning electron microscopy (SEM) and atomic 

force microscopy (AFM). Finally, inverted organic solar cells were fabricated with difference 

ZnO films as electron transport layer and their performances are compared.  

 

 

Figure 4.1 Schematic of (a) ZnO film, and (b) ZnO nanorods in P3HT-PCBM based inverted 
solar cells.  
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4.2 Experimental 

P3HT polymer was purchased from Aldrich and used as received. ITO glass substrates 

were first cleaned by detergent, DI water, acetone and IPA consequently for each of 30minutes. 

Then substrates were treated by oxygen plasma for 1 minute at the power of 30W. After 

substrate cleaning, ZnO film from various preparation methods is deposited on the ITO substrate. 

P3HT-PCBM blending solution was spin-coated on the top of ZnO electron transport layer at the 

speed of 900rpm for 45s followed by annealing at 140℃ for 15 minutes. After deposition of 

active layer, hole transport layer MoO3 and anode metal silver were thermally evaporated at the 

rate of 0.2 and 0.5 Å/s, to form 8nm MoO3 and 50nm Ag film, respectively. 

As mentioned above, in this study ZnO films will be prepared using different techniques, 

including sol-gel method and ALD deposition. The solution in sol-gel method was prepared 

using zinc acetate dehydrate [Zn(CH3COO)2·2H2O] as a precursor, IPA [C3H3OH] as a solvent 

and monoethanolamine as a stabilizer. The molarity (M) was fixed at 0.1 M. After heated up at 

60℃ for 24 hours with stirring, the solution was filtered through a filter (0.2μm) to removed 

undissolved particles. The solution was then spin-coated on pre-treated substrates followed by 

annealing at 200℃ for an hour to form a 60nm ZnO film. With ALD technique, ZnO film was 

created by using diethylzinc and oxygen as two precursors to fabricate 60nm film followed by 

annealing at 200℃ for an hour.  

ZnO films with nanorods topography were created using hydrothermal method with seed 

layer deposited by ALD and sol-gel method, respectively. The same sol-gel method with a 

concentration of 0.05 M was used to deposit 20nm ZnO seeded layer. Meanwhile 20nm seed 

layer was also prepared from ALD deposition. Finally, the substrates with thin seed layers were 



 
 

55 

immersed in Zn(NO3)2 and HTMA blend solution (1:1 volume) and put it in oven at 90℃ for 1 

hour to grow nanorods of 60nm.  

 

4.3 Results and Discussion 

The fabricated organic solar cells with different kinds of ZnO films as electron transport 

layer were characterized and typical I-V curves were shown in Figure 4.2. ZnO film based solar 

cells always have larger open circuit voltage (Voc), short circuit current (Isc) and fill factor (FF) 

than those from ZnO nanorods. Especially, solar cells with ZnO film from sol-gel method give a 

square-like curve with highest VOC and ISC. The inverted solar cells from ALD film show a S-

shape I-V curve, which indicates poor film quality and large series resistance. For ZnO nanorods 

based on solar cells, the devices from ALD seeded nanorods show slightly higher Voc but lower 

Isc compared to those from sol-gel seeded nanorods. Overall, inverted solar cells based on ZnO 

film have better performance than those using ZnO nanorods as electron transport layer. Quantity 

data for device performance are listed in Table 1.  
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Figure 4.2 Comparison of I-V curves for inverted solar cells with ZnO from ALD, sol-gel 
method, ALD seeded nanorods and sol-gel seeded nanorods.  
 

Table 4.1. Solar cell performance with different kinds of ZnO deposition methods.  

	   Voc	   Isc	   FF	   PCE	  
ALD	  film	   0.49	   6.239	   31.13	   0.95	  

Sol-‐gel	  film	   0.57	   8.221	   53.94	   2.53	  
ALD	  seeded	  nanorods	   0.27	   5.398	   41.64	   0.61	  

Sol-‐gel	  seeded	  nanorods	   0.24	   4.558	   31.14	   0.34	  
 
 

Surface topography of ZnO nanorods grown from sol-gel seeded film and ALD seeded 

layer was characterized by SEM, as shown in Figure 4.3(a) and (b), respectively. Both images 

share the same scale bar. The nanorods grown from ALD seeds look denser than that from sol-

gel seeds. More denser ZnO nanorods are anticipated to efficiently block hole transport, resulting 

in higher higher Voc and lower Isc as shown from I-V characteristics in Figure 4.2. The 

morphologies of sol-gel grown films and ALD deposited films were scanned by atomic force 
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microscopy (AFM), as shown in Figure 4.3(c) and (d), respectively. The roughness from sol-gel 

grown films is about 0.425nm, while that from ALD is about 3.486nm. Several reasons are 

expect to cause low device performance with ZnO nanorods compare to that from ZnO film. 

Usually, the more smooth the active layer in organic solar cells, the better contact between active 

layer and surrounding films, resulting in better performance. ZnO films have definitely more 

smooth and uniform surface than nanorods, which reduce contact resistance, leading to higher 

Voc and Isc. Comparing solar cell performance between sol-gel grown ZnO films and ALD 

deposited films, the devices based on sol-gel grown ZnO films have better performance than 

those from ALD deposited films due to low active layer surface roughness. Although nanorods 

are able to increase surface area of ZnO electron transport layer, they could also introduce 

surface defects and increase resistance for charge transport through nanorods, which could 

reduce the solar cell performance.   
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Figure 4.3 SEM image of ZnO nanorods from (a) sol-gel seeded method and (b) ALD seeded 
method. Inset monograph is the side-view of nanorods. AFM image of (c) sol-gel film and (d) 
ALD deposited film. 
 

4.4 Conclusion 

In this project, ZnO films and ZnO nanorods are deposited and grown using two different 

methods, ALD and sol-gel method. The performance of organic solar cells using these ZnO 

layers as electron transport layer is compared. Devices based on ZnO films demonstrated higher 

efficiency than those from ZnO nanorods. Although nanorod morphology increases the interface 

between ZnO and active layer, the surface roughness, possible surface defects and increased 
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charge transport resistance through nanorodes cause overall series resistance increase, resulting 

in a poor performance and low efficiency. Compare ZnO films prepared by ALD deposition and 

sol-gel growth, solar cells with ZnO film made by sol-gel method show better performance 

(higher Voc, Isc and fill factor) thereby a higher efficiency due to lower surface roughness. 
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CHAPTER 5 

ORGANIC POLYMER SOLAR CELLS FABRICATION BY MULTI-LAYER INKING 
AND STAMPING 

 

5.1 introduction 

Renewable and low-cost energy sources have gained increased attention as the global 

supply of fossil fuels decreases and the modern energy crisis intensifies. Since the annual solar 

radiation from the sun produces significantly more energy than that consumed by the entire 

world’s population in a year, much research have been invested into photovoltaic cells to harvest 

the sun light energy.57, 58, 63, 93-95 Although current solar energy produced by traditional inorganic 

solar cells seems like a promising solution, these cells are ultimately too expensive to be mass-

produced. In contrast, organic polymer solar cells (PSCs) serve as a more viable possibility in the 

future in both cost and energy efficient to replace conventional energy sources.96-98 Instead of 

using the silicon wafer-based processing predominantly found in inorganic solar cells, most 

PSCs use less expensive low-temperature solution processing methods, such as spin-coating on 

ITO glass substrates. However, such spin-coated PSCs have certain limitations on solar cell 

versatility. Primarily, spin-coated cells are both difficult and relatively expensive to fabricate 

over a large area. Furthermore, thin films are unable to be spin-coated with the same uniformity 

on flexible substrates as on rigid ITO glass substrates. Therefore, spin-coated PSCs are 
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incompatible with the high throughput process of roll-to-roll printing required for efficiently 

mass-production of solar cells.   

 Recently some inexpensive high yield pattern transfer techniques have been 

developed to overcome the incompatibility of certain organic electronics with flexible substrates 

and roll-to-roll printing.99-104 For example, the inking and stamping pattern transfer method, 

which uses cost-efficient PDMS elastomeric stamps, has been applied to successfully transfer 

conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) to make organic thin film 

transistors (OTFTs). Multi-layer inking and stamping of metals and polymers in a single step has 

also been developed to fabricate polymer light-emitting diodes (PLEDs) on both ITO and 

flexible substrates. Direct multilayer pattern transfer is able to preserve the functionality of the 

patterned polymer layers in organic devices and still maintain high-resolution transferred 

patterns.105, 106 Yet, in spite of the success in producing PLEDs and OTFTs using the inking and 

stamping technique, the same procedure has not been applied to PSC fabrication.  

 In this study, an improved multi-layer inking and stamping technique was developed to 

successfully fabricate PSCs on both ITO glass and PET flexible substrates, and a reliable 

experimental procedure for uniform metal deposition and a minimum of additives were 

established to produce both a high yield pattern transfer and maximum solar cell efficiency. With 

the fabricated PSCs from the multi-layer inking and stamping technique, the effects of the 

additives on the pattern transfer and overall performance of polymer solar cells were 

systematically investigated.  
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5.2 Experimental 

P3HT and PCBM were purchased from Solarmer and Nano-C respectively and used as 

received. The chemical structures of P3HT and PCBM were shown in Figures 5.1(a) and (b), 

respectively. ITO glass was cleaned in detergent, DI water, acetone and IPA in sequence, and 

treated with oxygen plasma at 30W for 5 minutes to increase the ITO’s surface energy for 

wetting. A silicon master mold, which was previously fabricated by photolithography and 

reactive ion etching (RIE), was put into a petri dish with pattern-side up. Sylgard 184 silicone 

elastomeric base mixed with curing agent at a weight ratio of 8:1 was poured into the petri dish 

to duplicate the patterns. Then the whole petri dish was put in a vacuum oven overnight at room 

temperature to remove excess bubbles in the PDMS solution. After thermal curing at 100°C for 

1.5 hours, the PDMS solution was completely solidified. Finally PDMS stamps were made with 

duplicated patterns when peeling off from the silicon master mold. 

In making polymer solar cells using multi-layer inking and stamping, the PDMS stamp 

was first attached to the sample holder for metal Al deposition. Instead of directly putting the 

PDMS stamp on the metal holder, a glass substrate was placed in between to thermally isolate 

the stamps from heated metal holder, which reduces possibility for generating cracks during 

metal deposition. 30 nm of gold were sputtered onto the PDMS stamp followed by 50 nm of 

aluminum deposited by thermal evaporation at a rate of 2Å/s. P3HT and PCBM at 1:1 weight 

ration and concentration of 25mg/ml in chlorobenzene was spin-coated onto the PDMS at a spin-

speed of 900 rpm for 45s. The PDMS was then treated with oxygen plasma at 30W for 10 

seconds followed by spin-coating PEDOT:PSS onto the PDMS at 5000 rpm. The plasma 

treatment increases surface energy for uniform coating of hole transport PEDOT:PSS layer. In 

order to increase the adhesive properties of the PEDOT:PSS solution on ITO substrate, various 
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amounts (2.5µl, 5 µl, 10µl, 20µl) of 3-Glycidyloxypropyl trimethoxysilane (GLYMO) were 

added to 1ml of PEDOT:PSS solution and left at room temperature overnight .The chemical 

structure of GLYMO is shown in Figure 5.1(c). After the multi-layer inking on the PDMS stamp, 

the “inked” PDMS stamp is immediately stamped onto the pre-cleaned ITO substrate and placed 

the whole assembly on a hot plate at 80°C for 2 minutes.107 The hot plate baking reduces the 

adhesion between PDMS and metal cathode, facilitating multilayer pattern transfer. After peeling 

off the PDMS stamp from ITO glass, multilayer organic solar cells are fabricated. The entire 

process is shown in Figure 5.2. 

A current-voltage (I-V) characterization of polymer photovoltaic cells was conducted 

using a computer-controlled measurement unit from Agilent technologies B1500A 

semiconductor parameter analyzer under ambient condition with illumination of AM1.5G, 

100mW/cm2. Optical images, SEM and AFM are used to characterize the surface morphology of 

transferred patterns.  
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Figure 5.1.Chemical structures of (a) P3HT, (b) PCBM, (c) 3-Glycidyloxypropyl 
trimethoxysilane (GLYMO).  
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Figure 5.2.Schematic of the multilayer inking and stamping technique. Multilayer inking onto 
PDMS stamp following by stamping on plasma treated ITO glass. Multilayer organic solar cells 
are fabricated after peeling off the PDMS stamp from ITO glass. 

 

5.3 Results and Discussion 

SEM monograph of Figure 5.3(a) clearly demonstrates that high yield multi-layer pattern 

transfer was successfully performed to make organic polymer solar cells. Each rectangular 

pattern represents a separate PSC device. The relatively smooth surface and high yield of the 

transferred patterns with minimal deformities, such as cracks or buckles, signify an optimal 

metal deposition, a sufficient addition of GLYMO to the PEDOT:PSS solution, and careful 

handling of the PDMS stamp during the thermal evaporation and spin-coating process. The 

occasional small “dots” presented in the image may be due to interference of dust particles in the 

lab during spin-coating. 
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From AFM image shown in Figure 5.3(b), a clear recession can be observed, indicating 

good separation between transferred patterns due to optimal pressure applied during the stamping 

process.105 The dark orange middle section with well-defined top and bottom edges represents a 

clear gap between two transferred patterns. The pattern separation indicates that only desired 

protrusion parts of materials on the PDMS stamp were transferred because of the maximum 

stress at the corners of the patterns. Well separated solar cell patterns allow a more accurate area 

measurement for each PSC device. 

A clear definition of each layer rather than mixing is the key to ensure charge transport 

and collection at cathode and anode, respectively. In order to reveal the layer definition of metal 

(Au/Al), P3HT/PCBM and PEDOT:PSS thin-films on ITO glass after pattern transfer, a cross-

section SEM image was taken as shown in Figure 5.3(c), in which distinctively separated edges 

with sharp contrast can be observed, especially between P3HT/PCBM and PEDOT:PSS layers. 

The well separation of these organic layers is mainly due to the facts that P3HT/PCBM dissolves 

in an organic solvent while PEDOT:PSS is in aqueous solution.  

In addition to ITO glass substrates, successful pattern transfer was also performed on 

PET flexible substrates as shown in Figure 5.3(d). Note that bending the substrate with metal 

tweezers does not influence the morphology of the transferred patterns. This achievement 

demonstrates great promise for using the multi-layer inking and stamping technique to fabricate 

large amounts of PSC through roll-to-roll printing.  
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Figure 5.3. (a) SEM monograph of a high yield pattern transfer onto ITO glass substrate. (b) 
AFM image of the recession between two separated patterns after the pattern transfer process. (c) 
SEM cross-sectional image of the transferred multi-layers, Au/Al, P3HT/PCBM, PEDOT:PSS, 
from top to bottom on ITO glass. (d) Optical photograph of multi-layer PSCs successfully 
transferred onto a PET flexible substrate. 

 

To achieve good metal contact as cathode and clear transferred patterns, a uniform metal 

deposition free of cracks and buckles is the first and foremost step to a high yield pattern transfer 

and, ultimately, to a working solar cell. Both thermal evaporation and sputtering techniques were 

used to deposit metal onto the patterned PDMS stamps. Only using thermal evaporation resulted 

in many cracks and buckles on the metal film, hindering the pattern transfer process. However, 

these surface deformities diminished when sputtering was used to deposit the first layer of gold 
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before using thermal evaporation to deposit aluminum. Since sputtering uses less heat than 

thermal evaporation, there is less expansion and contraction of the PDMS stamps during heating 

and cooling processes;108 thus, the application of sputtering is able to produce a uniform metallic 

surface as well as influence a uniform deposition by thermal evaporation.109, 110 A 30 nm of gold 

layer by sputtering is found to result in the most uniform metal thin films. When depositing Al as 

the second layer using thermal evaporation, the setting of several parameters can be modulated to 

further improve deposition uniformity. Primarily, the deposition rate from 1Å/s to 2Å/s caused 

quicker crystallization of the metal layers, thus, preventing interdiffusion and resulting in distinct 

and uniform layers of aluminum and gold.111, 112 Moreover, the reduction of aluminum thickness 

from 80nm to 50nm was noted to reduce the amount of cracks and buckles from the thermal 

evaporation. Lastly, using glass backplanes as thermal isolation layer between the PDMS and the 

thermal evaporation sample holder had shown to further reduce surface deformities and to 

protect the PDMS from unintentional human mishandlings.  

In addition to a uniform metal deposition, a high yield multi-layer pattern transfer also 

depends on the relative adhesion strengths among layers of thin-film, the PDMS stamp, and the 

substrate. In order for an entire stack of thin-films to be transferred, the adhesion between the 

PEDOT:PSS and the ITO must be the strongest of all interlayer attractions and the adhesion 

between the PDMS and metal must be the weakest. The addition of GLYMO into PEDOT:PSS 

significantly increases the adhesion of the PEDOT:PSS to the ITO substrate by preventing the 

PEDOT:PSS from drying out during the spin-coating process. Similarly, a thin layer of gold 

should be deposited first onto the PDMS stamp before depositing aluminum because the 

attraction of gold to PDMS is considerably less than that of aluminum. After optimization, we 
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identified that at least 5.0µL of GLYMO per 1ml of PEDOT:PSS and 30nm of gold are 

necessary to perform a high yield multi-layer pattern transfer. 

In order to test the effect of GLYMO on PSC efficiency, a set of control experiments 

were performed on spin-coated solar cells with different amounts of GLYMO (0.0µl, 2.5µl, 5.0 

µl, 10.0µl,20.0µl) added into 1ml of PEDOT:PSS . Current-voltage characteristics are displayed 

in Figures 5.4(a) and extracted performance parameters are listed in Table 5.1. When the amount 

of GLYMO increases from 2.5 µl to 5µl, the open circuit voltage (Voc) remained relatively 

constant, while its short circuit current (Jsc) greatly increases from 4.9 mA/cm2 to 6.5mA/cm2, as 

demonstrated in Figure 5.4(a), and the fill factor (FF) increases from 36.4% to 44.6% as shown 

in Table 5.1, which indicates that the HOMO (highest occupied molecular orbit) and LUMO 

(lowest unoccupied molecular orbit) remained the same, while the series resistance inside the 

devices has been reduced. The reduction of series resistance could come from improved contact 

between PEDOT:PSS and ITO surfaces after addition of GLYMO. However, when the GLYMO 

concentration is further increased, the short circuit current dramatically decreases. For example, 

when 20 µl of GLYMO was added, the PSC short circuit current had decreased to a value of less 

than 0.4%, as illustrated in Figure 5.4(b). Interestingly, we also found that no addition of 

GLYMO did not produce the best results. Thus, we came to the conclusion that while higher 

concentrations of GLYMO may significantly reduce PSC efficiency, particularly on the short-

circuit current, a certain amount of GLYMO is necessary for optimal PSC performance. Based 

on these results seen in Table 5.1, it is concluded that 5.0µl of GLYMO is the ideal amount 

required per 1ml of PEDOT:PSS to achieve both the highest PSC efficiency and a high yield 

pattern transfer. 
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Figure 5.4. (a) I-V characterizations of spin-coated P3HT/PCBM solar cells with 0.0µl, 2.5µl, 
5.0 µl, 10.0µl and 20.0µl of GLYMO added into 1ml of PEDOT:PSS solution. (b) Comparison of 
PSC efficiency vs. the amount of GLYMO added into 1ml of PEDOT:PSS solution. 

 

Table 5.1.Voc (V), Jsc (mA/cm2), FF(%), and efficiency values of spin-coated solar cells with 
various amounts of GLYMO added into 1ml of PEDOT:PSS solution.  

 Voc (V) Isc (mA/cm2) FF (%) Efficiency (%) 

0.0ul 0.66 5.93 43.67 1.71 

2.5ul 0.60 6.84 38.58 1.57 

5.0ul 0.61 7.03 40.24 1.71 

10.0ul 0.58 5.69 30.95 1.01 

20.0ul 0.58 3.92 20.73 0.47 

 

Finally, current-voltage measurement was performed on a pattern transferred device with 

460µm x 1000µm dimensions, a 5.0µl:1ml GLYMO to PEDOT:PSS ratio, as shown in Figure 

5.5. A Voc of 0.57V, a Jsc of 1.7µA/cm2, FF of 21.4% and an efficiency of 2x10-4% were 

obtained. The Voc seems comparable to that of a spin-coated solar cells, but the Jsc is rather low. 
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The comparable Voc indicates a good pattern transfer and a functional light absorption layer. 

The low current is likely caused by the oxidation of Al at the interface between Al and 

P3HT/PCBM, which may have led to significant degradation of the PSC device. Another effect 

might come from the oxygen plasma treatment on P3HT/PCBM layer since oxygen react with 

P3HT molecules which will change its conjugated property, resulting in difficulty of charge 

carrier generation and transport. 

 

 

Figure 5.5. I-V characterization of the PSC devices (Au/Al/P3HT/PCBM/PEDOT:PSS/ITO) 
fabricated by the multi-layer inking and stamping. 

 

5.4 Conclusion 

In summary, a multi-layer pattern transfer from PDMS stamp to both ITO glass and PET 

flexible substrates in making polymer solar cells are demonstrated. SEM images show a clear 



 
 

72 

and clean pattern transfer, the transferred patterns ware mostly free of deformities such as cracks 

or ripples. The cross-sectional SEM monograph indicates each layer is well defined after the 

pattern transfer. AFM image documents the recessions between transferred patterns, indicating 

good separation between PSC devices. It is found that incorporation of GLYMO into 

PEDOT:PSS is essential for successful pattern transfer and 5.0µl of GLYMO is the optimum 

amount needed per ml of PEDOT:PSS for both a high yield pattern transfer and a solar cell 

efficiency.  

Although the multilayer inking and stamping technique for making polymer solar cells 

has been developed, much improvement of the device efficiency is still needed in order for this 

method to be comparable with those of solely spin-coated polymer solar cells and traditional 

inorganic solar cells. For example, possible future improvements could include finding a 

replacement for the GLYMO adhesive agent that better supports solar cell efficiency, and 

developing a procedure to produce more consistent separation between transferred patterns on a 

substrate while still maintaining an overall high yield pattern transfer. These improvements may 

ultimately help realize the multi-layer inking and stamping pattern transfer technique as a more 

viable and beneficial option for large-scale PSC fabrication. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 

6.1 Conclusion 

In this dissertation, I study the structure-property-performance relationship in organic 

thin-film transistors and polymer solar cells, and demonstrate one-step multilayer pattern transfer 

to make organic polymer solar cells on both glass and flexible substrates. To improve the charge 

transport and field-effect mobility in OTFTs, I applied combined CESA method and double 

solvent approach, and polymer additive as well to enhance crystal alignment and surface 

coverage, which are presented in Chapter 2. As for study on polymer solar cells, the effect of 

vertical composition profile on performance of organic solar cells is systematically investigated 

through computer simulation, and the physical principles behind the influence are deeply 

explained and analyzed (Chapter 3). In Chapter 4, ZnO electron transport layer in inverted 

organic solar cells structure was deposited by two different techniques, sol-gel method and ALD 

approach. The morphologies of ZnO film and nanorods have demonstrated significant influence 

on the efficiency of PSCs with inverted structure, which is one of the most important factors that 

affect the device. In Chapter 5, a pattern transfer technique, multilayer inking and stamping, was 

developed and demonstrated multilayer pattern transfer to make organic solar cells on both rigid 
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and flexible substrates, which could benefit organic polymer solar cell fabrication through roll-

to-roll printing. The detailed description and conclusions on each study are as follows:  

In Chapter 2, I first demonstrate the double solvent approach to increase the number of 

nucleation seeds and thus improving the coverage of crystals on the substrate. In this chapter, I 

also propose and use two different ways to well-align small molecule crystals: it controlled 

evaporative self-assembly (CESA) method and polymer additive. The greatly enhanced crystal 

alignment, film coverage and crystal width were observed with combined CESA method and 

double solvent approach. The effects of different ratios between the good solvent chloroform and 

bad solvent ethanol on crystal film morphology were investigated, and chloroform/ethanol at 5:1 

volume ratio was found to lead to the optimal film morphology with the best crystal orientation, 

the highest film coverage and the largest crystal width. A mobility of 1.6×10-2 cm2/Vs has been 

obtained. Polymer additive blended with small molecule was also demonstrated to be able to 

effectively align crystal growth. Both methods managed to get mobility much higher than ever 

reported in literature. 

In Chapter 3, I systematically study the influence of active layer vertical configuration on 

performance of polymer solar cells. Five vertical configurations are modeled, Sandwich I, 

Sandwich II, Favorable, Unfavorable and Uniform. An investigation on the variation of open 

circuit voltage, short circuit current and fill factor was also carried out. Open circuit voltage 

depends on the accumulation of charge carriers at each end and absorbance. In the model, the 

absorbance for all five configurations is very similar, so the main difference comes from charge 

carrier accumulation. The more electrons at cathode and more holes at anode result in higher Voc. 

Short circuit current relies on external quantum efficiency, which is conversion rate from input 

photons to free charge carriers. Higher external quantum efficiency leads to higher short circuit 
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current. Fill factor mainly relies on the resistance, both series resistance and shunt resistance. It is 

ideal for a higher fill factor if the shunt resistance is infinitely great, while series resistance 

infinitely small. In both regular and inverted structures, Favorable and Uniform configurations 

always give the highest efficiency, while Sandwich and Unfavorable configurations tend to have 

poor performance. It is anticipated that such conclusions will be able to guide the development of 

the active layer in terms of vertical composition profile and push the efficiency of organic 

photovoltaic into a new level. In addition, the simulation study also provides an in-depth 

understanding of physical mechanisms behind the different vertical configurations of active layer 

and the effect on solar cell performance. .  

Chapter 4 introduces two different methods, atomic layer deposition and sol-gel spin-coat, 

to fabricate both ZnO thin films and nanorods. The performance of organic solar cells using 

these ZnO layers as electron transport layer is compared. Devices based on ZnO films 

demonstrated higher efficiency than those from ZnO nanorods. Although nanorod morphology 

increases the interface between ZnO and active layer, the surface roughness, possible surface 

defects and increased charge transport resistance through nanorods cause overall series resistance 

increase, resulting in a poor performance and low efficiency. Compare ZnO films prepared by 

ALD deposition and sol-gel growth, solar cells with ZnO film made by sol-gel method show 

better performance (higher Voc, Isc and fill factor) thereby a higher efficiency due to lower 

surface roughness. 

Chapter 5 demonstrates a multilayer pattern transfer technique to fabricate organic 

polymer solar cells on both ITO glass and flexible substrates. In this multilayer inking and 

stamping technique, flexible PDMS is used as a mold, and organic layers and metals are “inked” 

on the patterned PDMS mold. The protruded multi-layers are then transferred on pre-treated 



 
 

76 

substrate. From SEM and AFM images, transferred patterns are clean and clearly separated, and 

each layer is well defined. In the process of pattern transfer, adhesive agent, GLYMO, is a 

necessity additive in PEDOT:PSS solution since it increases the adhesion between PEDOT:PSS 

and substrate. However, too much GLYMO will decrease the efficiency of PSC devices. A 

balance of both well transfer pattern and good performance is found that 5.0µl of GLYMO is the 

optimum amount needed per ml of PEDOT:PSS for both a high yield pattern transfer and a solar 

cell efficiency. In addition, patterns are successfully transferred on flexible PET substrate with 

well separatedpatterns.  

 

6.2 Future Work 

 From the study in this dissertation, new techniques and approaches have been 

developed and demonstrated the performance improvement onorganic thin-film transistors and 

polymer solar cells. The research group has accumulated muchexperience on optimization of 

processing conditions and fabrication of OTFTs and OPVs. These methods could be applied to 

other material systems with better properties. For example, upon the success on crsytal alignment 

and areal coverage from small molecule SMDPPEH, the combined CESA and dual solvent 

approach introduced in chapter 2 can be applied to performance organic small molecules, such as 

2,7-dioctyl[1]benzothieno[3,2-b]benzothiophene (C8BTBT), which has been demonstrated the 

highest field-effect hole mobility, reaching up to 43 cm2/Vs. The conclusion on the effects of 

active layer vertical configuration on the performance of organic polymer solar cells could also 

be applied to guide experiments. Based on the simulation study, organic bulk heterojunction 

solar cells with uniform distribution of donor and acceptors have the best performance. One of 
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the potential way to alter vertical configuration is to add copolymer in the low-bandgap 

donor/acceptor blending system. By optimizing the amount of copolymer additive, a desirable 

uniform donor and acceptor distribution in the vertical direction could be obtained. By taking 

advantages of large spectrum absorption from low-bandgap polymers and favorable exciton 

dissociation and charge transport, the efficiency of the organic solar cells based on advanced 

materials systems could be further improved. 

In this study the multilayer pattern transfer technique has been developed and 

successfully applied in making organic polymer solar cells. It is anticipated that this multilayer 

inking and stamping method could also work on fabrication of hybrid organic–inorganic 

perovskite solar cells, which have achieved the highest efficiency over 20%. Organometal halide 

perovskites are solution processible and present good optoelectric properties, such as long 

diffusion length, high carrier mobility, suitable optical bandgaps, and strong absorption of light. 

Such high efficiency and solution processing capability makeperovskite solar cells a great 

potential for mass production through low-cost roll-to-roll printing on flexible substrates. For 

perovskite solar cells, two structure are commenly used, regular structureand inverted 

configuration, as shown in Figure 6(a) and Figure 6(b), respectively. In regular structure, ITO 

serves as anodewith PEDOT:PSS as hole transport layer at the bottom, while low workfucntion 

metal Al on the top acts as cathode with PCBM works as electron transport layer. In inverted 

structure, ITO at the bottom becomes cathode with TiO2 as electron transport layer for electron 

collection, while high workfunction metal Au or Ag serves as anode at the top with spiro as the 

hole transport layer for hole collection. 
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Figure 6. Schematic of perovskite solar cells with (a) regular and (b) inverted structures 

 
Multilayer pattern transfer method could be applied in fabrication of both regular and 

inverted perovskite solar cells. In regular structure, a thin layer of goldcould be sputtered on 

PDMS surface followed by first. Al deposition by thermal evaporation as demonstrated in 

Chapter 5. Then, PCBM electron transport layer, perovskite layer and PEDOT:PSS hole 

transport layer are spin-coated on top each other consequently. The inked PDMS mold will then 

be pressed onto pre-treated ITO glass for multilayer pattern transfer. In inverted structure, as top 

anodeAu will be directly deposited on PDMS stamp because of low adhesion on it, followed by  

sequent deposition of  hole transport layer, Spiro, perovskite active layer and TiO2 as electron 

transport layer onto PDMS stamp with Au layer. The inked PDMS mold will be pressed onto 

pre-treated ITO glass to finalize the fabration of perovskite solar cells with inverted structure. As 

indicated in Chapter 5, a proper amount of GLYMO will be necessaryto increase the adhesion 

between PEDOT:PSS/TiO2 and ITO glass. The balance for improving pattern transfer yield 
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while maintain high efficiency has to be found in term of the concentration of GLYMO in 

PEDOT:PSS or TiO2 solutions.   
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