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Abstract 

 

 

 This work mainly focuses on making a series of organic diodes and photovoltaic devices 

based on electroconducting polymers with diphenylamine end-groups for their monomers. Most 

of them are with structural motif of R-X-R. Bilayer electrochemistry and spectroelectrochemistry 

results show the electron blocking and electron trapping in these bilayers. Solid-state electronic 

devices were fabricated with oxidatively electropolymerizing polymeric bilayers on gold covered 

or transparent electroconductive ITO (Indium Tin Oxide) glass slides, followed by Ga/In eutectic 

liquid droplet, soft contacts by gold leaf, or thermal evaporation of Ag to make an electrical 

contact. The final part of this work also investigated the surface metallization of high 

performance commercial fibers, as well as its effect on fiber mechanical properties. 

Modified electrodes with current rectification were assembled and investigated by 

electrochemical methods. The modification materials include poly(FD), a naturally monopolar 

material (p-type) and poly(DNTD), poly(DPTD), poly(Cl4DPTD), bipolar organic materials. All 

these materials are easily grown on each other from their monomer solutions. When one of these 

bipolar materials was grown on poly(FD) modified Au electrode, the out-layer will be 

electrochemically isolated from poly(FD) and bilayers show different current responses in 

positive and negative potentials. p-n junction semiconductors with these structures are also 

characterized and analysized by current-voltage responses and Shockley diode equation. 

Changing the assembly order of bilayer will switch the device bias direction. 

Spectroelectrochemistry experiments on these bilayers were performed in a home-made 

electrochemical cell coupled with a UV-Vis. spectrometer. The purpose is to understand the 
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electron transfer behavior in different bilayers. The electron blocking was verified by applying 

different potentials to these bilayers with poly(FD) as inner, which poly(FD) is directly grown on 

ITO. Electron trapping behavior was charaterized in those bipolar materials with different 

reduction potentials.  

Four different electropolymerizable monomers with perylene diimide core and their solid 

state polymers were investigated by different spectral methods. P-n heterojunction organic 

photovoltaic cells were fabricated followed by the thermal evaporation of CuPc and Ag back 

electrode. Results show that the chlorination of perylene bay area could improve the ability of 

electron conduction and a device with this compound gave better performance than the others.  

Gold nanoparticles were incorperated between p-n junction to improve the photovoltaic 

performance since metallic nanoparticles transfer absorbed incident light to enhance plasmonic 

resonance at the interface of metal and organic dielectric materials. 
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND  

 

 

1.1 INTRODUCTION OF CONDUCTING POLYMERS  

Materials for electronic devices at the beginning of the 21
st
 century are still dominated by 

traditional inorganic semiconductors, metals and ceramics.
1
 However, in the last 20 years, and 

especially the last decade, enormous efforts have been dedicated to use of organic materials that 

can process electric charges or photons. Organic molecules such as polymers, proteins and 

pigments are being considered as alternatives for carrying out the same functions that are 

performed by inorganic materials. Polymers have been used extensively as passive components 

in electronic devices since the early 1950s,
2-5

 due to their light weight, flexibility, corrosion 

resistance, high chemical inertness, electrical insulation and ease of processing. This century will 

undoubtedly see the use of polymers from passive to active materials with useful optical, 

electronic and mechanical properties.
6,7

 Indeed, this development has already begun with the 

discovery and systemic studies of conducting polymers. 

Among those polymers, conducting polymers (also conjugated polymers, CPs) are 

considered highly promising for organic electronic devices and emerge as one of the most 

important materials.
8-10

 Conducting polymers are the polymers with spatially extended 

π-conjugated systems that have delocalized p-orbitals in the backbone, through which electrons 



2 

can move from one end of a molecule to the other. An important breakthrough of conducting 

polymers can be dated back to 1977,
11

 when Heeger, MacDiarmid and Shirakawa showed that 

polyacetylene, which is the simplest polyconjugated system, can be rendered conductive by the 

reaction with bromine or iodine vapors. After this discovery, systematic research has been 

focused on this area. Following the research on polyacetlene (PA), many other polymers such as 

polypyrrole (PPy), polythiophene (PT), polyaniline (PANI) and poly(p-phenylene) (PPP) as well 

as their derivatives have been reported as π-conjugated conducting polymers. Figure 1-1 shows 

some important types of conducting polymers. Many monographs and reviews of the knowledge 

accumulated regarding the development of conducting polymers, polymer film electrodes and 

their application have been published. Those include surveys of polymer synthesis with specific 

groups,
12,13

 methods of characterization
14-16

 and areas of application.
17,18

 

Conducting polymers can be prepared by using chemical and/or electrochemical techniques, 

which was described and reviewed by many monographs and references.
12,13,19-23

 The principal 

advantage of chemical synthesis is that it offers the possibility of mass production at low cost. 

On the other hand, electrochemical methods offer materials with better conducting properties in a 

form of thin film for some designated applications such as polymer film electrode, thin-layer 

sensor, micro-technology. Electrochemical techniques are especially well-suited for the 

controlled synthesis of conducting polymers and for the tuning of a well-defined oxidation state. 

Also, electrochemical polymerization can be simply carried out in a single compartment cell by 

adopting a standard three-electrode (working, counter and reference) setup that is immersed in an 

electrochemical solution. 
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Conducting polymers have been studied by using the whole arsenal of analytical methods 

available to chemists. Electrical properties and their controllability by a doping/dedoping process 

of π-conjugated polymers have been one of the most important issues. For this reason, 

electrochemical techniques emerged first as a major tool for studying CPs and their electrical, as 

well as electrochemical properties. Electrochemical techniques include dynamic methods such as 

cyclic voltammetry (CV), chronoamperometry (CA) and chronocoulometry (CC), and other than 

playing a significant role in the preparation and deposition of polymers, are also the primary 

tools to characterize those materials as well as to investigate the kinetics of their charge transport 

processes.
24

 Meanwhile, the combination of electrochemical methods with others analytical tools, 

especially with spectroscopy such as ultraviolet-visible (UV-Vis), Fourier transform infrared 

(FTIR), electron spin resonance (ESR), Raman, electrochemical quartz crystal microbalance 

(EQCM) ,
15,25,26

  various microscopies (STM, AFM, SECM), and radiotracer methods, probe 

beam deflection (PBD) have also enhanced our understanding of the nature of charge transport 

and transfer processes, surface structure and structure properties. Electrochemical impedance 

spectroscopy (EIS) has become the most powerful technique used to obtain kinetic parameters 

such as the rate of charge transfer, diffusion coefficients and double layer capacitance in 

polymeric electronic devices.
27

 

The most interesting property of conducting polymers is their semiconducting properties; 

some materials exhibit high conductivity and behave almost metallic properties after chemical/ 

electrochemical modifications. This property can be changed by simple doping, oxidatively or 

reductively, and also by bringing the material into contact with different compounds. The 
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chemical, optical, electrical, mechanical properties in CPs can be changed through redox 

processes combined with the intercalation of anions or cations. To date, CPs had been reported in 

current rectifier with modified electrodes, chemical and biosensors, field-effect transistors, 

corrosion protection and control, electrochromic devices, charge-storage devices, light emitting 

diodes (LEDs), p-n organic diodes and photovoltaic cells (PVs).
28

 There has been an increased 

interest towards the possible applications of conducting polymers as the active elements in 

electronics. Semiconducting polymers such as PA, PPy, PANI and PPV have been used for the 

fabrication of Schottky barrier diodes and/or p-n junction diodes.
29-33

 Poly(2-methoxy-5- 

(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV)
34

 and Poly(3-alkylthiophene)s 

(P3ATs)
35,36

 are widely used as donors in polymeric solar cells. 

In this work, we mainly focus on the fabrication of organic diodes and solar cells based on 

conducting polymers which were electropolymerized by a solution process. All of these 

monomers contain diphenylamine end groups. From this point of view, the following parts in this 

chapter will mainly discuss the current research trends about conducting polymers on modified 

electrodes for current rectification, organic diodes and photovoltaic cells.  

1.2 CURRENT RECTIFICATION ON POLYMER MODIFIED ELECTRODES AND 

ORGANIC DIODES 

One basic function of a molecular electronic device is current rectification. A current 

rectifier is a simple electronic device which allows charge flow in one direction. Since Aviram 

and Ratner proposed a molecular rectifier based on an asymmetric molecular tunneling junction 
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in 1974,
37

 many small molecule- and/or polymer-based rectifying devices have been reported 

using advanced design tools in modern molecular electronics, these tools include 

electropolymerization,
38-40

 Langmuir- Blodgett (L-B) films,
41,42

 and self-assembly monolayer 

(SAMs) techniques.
43,44

  

In the early 1980s, Murray and co-workers
38-40,45-50

 were the first to propose 

electrochemical rectifiers by modifying electrode surface with a electroactive polymeric bilayer 

of Ru, Fe and Os complex derivatives, such as poly((bpy)2Os(vpy)2) and poly-Ru(VB)3 ion 

complex, where bpy = 2,2-bipyridine, vpy = 4-vinylpyridine and VB = 4-methyl-4’- 

vinyl-2,2’-bipyridine. These bilayer electrodes, specifically called “double redox couple 

systems”, were made of two discrete, sequentially deposited films of two different redox 

polymers on electrodes. They demonstrated that oxidation of redox moieties present in the outer 

polymer layer was constrained to occur via electron transfer mediation through the inner layer 

due to a different electron energy level which is decided by formal potential, E
0’

 of polymers. In 

such an arrangement, electron transfer through the bilayer polymer film was found to be 

unidirectional, acting similar to a diode device in solid state electronics. Wrighton and coworkers 

reported many types of conjugated polymer-based microelectrode diode and transistor-like 

devices.
51-56

 These molecular microstructure devices were applied in molecular-based diodes, 

microsensor arrays, microelectrochemical transistors. Polymer materials here included 

poly(N-methyl pyrrole)
51

 and polypyrrole,
52

 polyaniline,
55

 poly(3-methyl-thiopene) ,
56

 

poly(vinylferrocene), PVFc
+/0

 and N-N’-didibenzyl-4-4’- Bipyridinium (BPQ
2+/+

).
53

 

Electrochemical devices showing pH-dependent rectifying behavior have also been demonstrated 
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by Wrighton and coworkers
57-62

, this example of polymer-based electrochemical rectifier 

involved redox polymers containing quinone and viologen subunits, which demonstrated the 

principle of pH-dependent electrochemical rectification and charge-trapping phenomena.  

Microscale rectifers and molecular devices with layers of redox polymer films or 

deposition of single component film onto electrodes have also been reported. The 

electrochemical responses of metal tris(bipyridyl) complexes, M(bpy)3
2+

 and a metallocene 

cation, or metalloporphyrins and viologens at zeolite as modified electrodes showed that 

molecular-level microstrutures organized by zeolites conveyed electrons unidirectionally.
63,64

 

Moreover, a polymer based bilayer composed of inner layer with Methylene Blue (MB) redox 

species covered with very thin insulating poly(OPD) (poly(Ortho-phenylene diamine)) film and 

outer layered with ferrocene trapped in Nafion
®
 film also shows electrochemical rectification 

characteristics.
65

 Unidirectional current flow is exhibited in the same structure with ferrocene 

monocarboxylic acid and poly(acrylic acid) (PAA) system,
66,67

 Prussian blue and poly[4,4’-bis- 

(butylsulphanyl)-2,2’-bithiophene] system.
68

 Recently, a new strategy for constructing a 

monolayer modified electrode with n-alkanethiol self-assembly modification also showed 

electrochemical rectification, those monolayer materials include, ferrocene carboxamide,
69

 

redox-active ferrocene-functionalized poly(propylene imine) dendrimers
44

, and thiophenol and 

thioctic acid system,
67,70

 even using only branched short alkanethiol.
43

 Further development of 

these systems has also been extended to microstructures, such as a unimolecular rectifier of 

amphiphilic molecules.
42,71-75

 The materials of molecular devices also extended to biomolecules. 

For example, biorectifiers of nano-dimensions with metalloproteins on Au electrodes were 
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reported
76

 and a pH-dependent electrochemical rectification was displayed by a protein ion 

channel reconstituted in a planar phospholipid membrane controlled by electrostatic interactions 

between channel ionizable residues and permeating ions.
77

    

Based on unidirectional current flow working principle and some aforementioned 

microscale current rectifiers on electrodes, macroscopic p-n diodes based on conducting 

polymers were designed. Macroscale organic rectifying devices were reported earlier than 

microscale current rectifying electrodes, when Meinhard reported a solid state p-n junction in 

1964 with chloranil/p-phenylenediamine (p-type) and phenazine (n-type) prepared by vacuum 

deposition.
78

 Due to the bipolar nature of conducting polymers, mixed non-doped conductor 

polymeric materials are rarely used for rectifying devices. Most of these devices are fabricated 

by doping with cations or anions in the fabrication procedure. With the discovery of highly 

conductive p-type and n-type doping of poly(acetylene), building p-n junction with these PAs has 

been a target. Limitations in the doping chemistry of PA have resulted in few examples of p-n 

junctions based on these materials. In these limited studies, chemical doping and mechanical 

press contacting,
29

 photochemical doping
79

 and ion implantation,
80-82

 internal ion compensation
83

 

have been explored. However, the air and moisture sensitivity of doped poly(acetylene) based 

devices, as well as their low rectification ratio tempered their practical applications.  

Electrochemical polymerization provides another way to fabricate air and humidity stable 

p-n junction diodes. Koezuka et al.
32

 reported the first organic heterojunction by utilizing two 

conducting polymers: poly(acetylene) and poly(N-methyl pyrrole) (PNP). It was found that its 

characteristics were shown to be strongly dependent on the oxidation state of PNP. A Pt|PPy 
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(anion-doped)|PT (cation-doped) |In p-n junction diode was electrochemically fabricated by 

Aizawa and Shirakawa, followed by controlled-potential electrochemical doping to make the 

PPy layer anion-doped and the PT layer cation-doped.
84

 They built this device by making a dense 

microstructure in an the outer PT film to prevent anion dedoping of the inner PPy layer. Uehara, 

et al.
85

 studied the electron transfer between poly(3-methylthiophene) and 

5,10-dihydrophenazine derivatives in a series of bilayer devices Au|P3MT|dihydrophenazines|Al. 

The rectification ratio from +2.0V to -2.0V is 40-500 depending on different dihydrophenazine 

derivatives. These devices did not only show current rectification in the dark but also showed 

photovoltaic effects under illumination. Zener-type p-n junction diodes were also fabricated by 

Kudo, et al.
86

 The p-n junction diodes consisting of a p-type phthalocyanine (Pc) sublimed film 

and a n-type perylene derivative (N, N’- 4-hydroxyphenyl- 3,4,9,10-perylene- 

tetracarboxylic-diimide, hph-PTC) electrodeposited film doped with metal ions exhibited 

Zener-type breakdown and photocurrent enhancement. The rectification and photocurrent 

enhancement were also observed in the electro-codeposited film consisting of phthlocyanine- 

and perylene-derivatives.
87

 Moreover, the p-n homojunction has been also investigated. 

Srivastava, et al.
88

 reported the formation of such a junction on a single PANI film which is 

chemically cation-doped on one side and anion-doped on the other side by ion implantation and 

Yamashita et al.
79

 produced similar structures in P3MT film by chemically cation-doping and 

photosensitized anion-doping on the film. 

Overall, modified-electrode current rectifiers and p-n junction organic diodes were widely 

researched at the micro- and macro-scales. The explored materials include doped or undoped 
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conducting polymers PA, PANI, PPy, PT and redox metallopolymers. With UV-Vis excitation for 

most of those materials, many of these devices, in which those active organic layers were 

sandwiched between two metal electrodes or ITO coated glass slides, also showed photovoltaic 

effects. This leads those semiconductor organic molecules and CPs to another application, which 

is to fabricate organic solar cells. In next part, the research of organic solar cells will be 

reviewed. 

1.3 ORGANIC PHOTOVOLTAIC CELLS (OPVs)  

Currently, close to 85% of the energy supply worldwide is based on fossil fuels like coal, 

oil and natural gas, which are not renewable sources.
89,90

 The biggest problem with this energy 

structure is that the price of oil and gas will be skyrocketing, while reserves of fossil fuel are 

declining and energy demand is steadily increasing. Moreover, although it is still controversial, 

the estimated atmospheric carbon dioxide concentration in the next several decades will lie in the 

range of 540 to 970 ppm (part per million), which could result in the global climate warming by 

1~6 ºC.
91-93

 When searching for an alternative source of energy, the vast amount of energy the 

earth receives from the sun (1.75×10
17

 W) has drawn attention. With the total world energy usage 

in 2008 being 4.74×10
20 

J, less than one hour is need to fulfill this demand
89,90

. However, 

harnessing this source of energy in a cost-effective way is not easy. Several technologies can be 

employed. First of all, sunlight can be converted to thermal energy directly which can 

subsequently be used for hot water, heating or conversion into electrical energy.
94

 Alternatively, 

sunlight can be directly converted to electrical energy using the photovoltaic effect. The current 
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situation is that, the field of photovoltaics (PV) is dominated by inorganic materials. Silicon 

based solar cells have a 90% market share due to the large material availability and extensive 

derived knowledge from the microelectronics industry.
95

 The main drawback of this type of 

device is the high purity needed for proper device operation. The energy and also the costs 

needed in the fabrication process limits its usefulness as an alternative energy sources. 

Organic photovoltaic cells (also organic solar cells, OPVs) are a relatively new route 

towards achieving flexible, large area, low cost electrical energy conversion devices. Organic 

materials can be solution-processable, allowing for low cost deposition techniques such as 

spin-coating, inkjet printing, electrochemical polymerization and roll to roll fabrication. Another 

advantage is there are numerous modifications that can tune the chemical and physical properties 

of these organic materials that will also allow great flexibility in design. The high absorption 

coefficient of organic materials allows organic solar cells to absorb most of the light in extremely 

thin (~100nm) layers, which significantly reduce material usage. There are multiple approaches 

which are all being actively pursued within the research area of organic solar cells, these various 

approaches can be roughly divided into 3 types: dye-sensitized, small molecular and polymer 

based heterojunction (HJ) devices. 

The dye-sensitized solar cell (DSSC) was first introduced by O’Reagan and Grätzel in 1991 

and consists of a nanoporous titanium oxide (TiO2) layer.
96

 The TiO2 material is covered with a 

ruthenium dye which, after the absorption of light, injects an electron into the TiO2 that can be 

collected at an electrode. An electrolyte regenerates the dye and is responsible for the hole 

transport to a counter electrode. The main disadvantage of DSSC is the use of the liquid 
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electrolyte, which causes stability problems,
97

 although it currently has higher power conversion 

efficiency than the other two.  

On the other hand, solid state OPVs based on a HJ between small molecules and polymeric 

materials have gained a broad interest today.
98

 The concept of organic photovoltaic cell first 

appeared in the middle of 1970s and the first published result about OPV consisted of an organic 

dye monolayer sandwiched between two metal electrodes.
99,100

 The performance of this kind of 

OPV cell is dependent on three main factors: material selection, material growth technique and 

device architecture. The materials that form a complete device are the transparent conducting 

electrode substrate, organic active layers and also a reflective metallic electrode. Materials of 

active organic layers are the most important part for improving cell performance. Both small 

molecular and polymeric OPVs are normally fabricated by thermal evaporation or spin-coating 

of a donor and acceptor material in either a double layer structure or a bulk-heterojunction (BHJ). 

Indium-tin- oxide (ITO) coated glass is the most commonly used transparent conducting 

electrodes and substrate in device fabrication. Since the first reports on such devices more than 

30 years ago, their power conversion efficiencies (PCE, ηP) have increased considerably from 

0.01% in 1974
99

 to 1 % in 1986
101

 and more recently to 6.5% in 2007,
102

 the highest reported ηP 

so far for a single OPV is 6.77%
103

 and it is still under improvement. Figure 1- 2 gives the 

timeline development of OPV with related publication papers per year and power efficiency 

improvement. As we can see, with much interest gained in recent years, the number of published 

papers is exportially increasing, and the power conversion efficiency, especially for polymeric 

solar cells, is improving steadily.  
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Figure 1-2. Timeline of small molecule and polymer based OPV development 
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1.3.1 Photovoltaic fundamentals and theory 

Power generation by a PV cell is a process to convert solar energy into electricity. This 

section discusses how a PV cell works and how to calculate its power efficiency. The 

optical-to-electrical energy conversion process for a donor/acceptor OPV can be roughly 

considered as four steps:
104

  

1) Light absorption and exciton generation with efficiency ηA; 2) exciton diffusion, where the 

fraction of excitons reaching the D/A interface is ηED; 3) the charge-transfer reaction with 

efficiency ηCT; 4) collection of carriers at the electrodes with efficiency ηCC. The internal 

quantum efficiency ηIQE is the product of four efficiencies: 

ηIQE= ηA · ηED · ηCT · ηCC                  (1-1) 

The general way to characterize a PV cell is showing its current density curve (J-V) under 

illuminations and finding its incident photon-to-current conversion efficiency (IPCE) at a various 

irradiation light wavelengths. 

Current density-voltage (J-V) characteristics for a typical PV cell in the dark and under 

incident illumination are shown in Figure 1-3. The figure also shows the short-circuit current 

density, JSC, and open circuit voltage, VOC, under illumination. The operating range of the solar 

cell is therefore 0< V < VOC, where the device generates power. The fill factor (FF), which is 

defined as the ratio of the actual maximum obtainable power to the theoretical power, is 

calculated as 

m m

SC OC

J V
FF

J V
                       (1-2) 
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Figure 1-3. Typical current-voltage (J-V) curves of a solar cell in the dark and under 

illumination. 
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where the product JmVm corresponds to the maximum power point. Then, the power conversion  

efficiency, P , is  

0 0

m m SC OC
P

J V J V

P P
   ×FF               (1-3) 

where P0 is the incident light intensity. The incident photo-to-current efficiency (IPCE) at a 

particular wavelength can be obtained by the following expression: 

(IPCE)%= 
2

2

1240( ) ( )

( ) )

SC

mA
eV nm J

cm
mW

nm
cm

 



 

    (1-4)  

where Φ is the monochromatic light intensity.  

1.3.2 PDIs-based small molecular OPVs  

Small molecular OPVs are normally fabricated by thermal evaporation or spin coating of a 

donor and acceptor small molecular materials in either a double layer or a bulk heterojunction 

structure. Currently, the donor materials mainly include metal phthalocyanines (MePc) and 

polyacenes, such as pentacene and tetracene. For acceptors, perylene compounds like 

3,4,9,10-perylene tetracarboxylic bis-benzimidazole (PTCBI or PV) or other perylene diimides 

derivatives (PDIs) as well as fullerene (C60) and its soluble derivatives, e.g. [6, 

6]-phenyl-C61-butyric acid methyl ester (PCBM), are commonly used, see Figure 1-4. Some new 

materials have been reported, such as HBC-PhC12 working as donor
105

. Both Fullerene family 

and PDIs have suitable LUMO and HOMO energies as n-type materials and relatively high 

electron mobility. Compared to fullerene, one advantage of PDIs is that, they have a very strong 

absorption between 400-600nm, which can improve the light-absorption efficiency when  
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used in a solar cell. The following chapters will focus on the perylene-core based materials and  

their devices, we mainly discuss these PDIs-based small molecule OPVs. More information 

about perylene can be found in Chapter 4.  

As mentioned before, the first efforts to fabricate organic photovoltaic devices based on 

small molecules can date back to the middle of 1970s.
99,100,106,107

 However, the efficiencies at that 

time did not reach more than 0.01%. The cell structure normally consisted of one single organic 

dye active layer sandwiched between two metal electrodes. Around 1980, Tang
108,109

 patented the 

first p-n junction bilayer OPV with a 40 nm copper phthalocyanine (CuPc) layer and a 40 nm 

perylene derivative layer where the efficiency was at least about 0.1%. An early milestone in 

OPV design by Tang
101

 in 1986 used CuPc as p-type material (electron donor) and PTCBI as 

n-type material (electron acceptor) in a simple p-n heterojunction (HJ) bilayer structure. A high 

power conversion efficiency of 0.95% was reported, with 0.45V as the open-circuit voltage and 

65% fill factor, indicating excellent charge transport. After this, the p-n junction OPVs based on 

these two or related materials were widely investigated,
63,110-127

 including PDI material 

modifications, solar cell structure design. But most of the efficiencies were still less than 1% and 

the Voc was about 0.5 V, see Table 1-1.  

The original Tang solar cell was improved by adding a bathocuproine (BCP) as an 

exciton-blocking layer (EBL) with similar p-n semiconductor materials,
128

 a chemical with large 

optical energy gap to block electrons as well as holes and the efficiency reached to 2.4±0.3 %. 

The structure of incorporating BCP blocking layer was reported as ITO|CuPc(30nm)|- 

PTCBI(30nm)|BCP(10nm)|Ag. Another high efficiency (η=1.5%) was obtained by cosublimation 
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of CuPc and PTCBI leading to a blend structure followed by an annealing step,
129

 in which the 

cell structure was changed from p-n HJ to p-n bulk-heterojunction (BHJ) with an improved 

interfacial area. Later in 2005, a novel deposition method called vapor phase deposition (VPE) 

helped to increase the efficiency for this system further since a highly intermixed donor-acceptor 

interface could be obtained. The interfacial area was increased by a factor of four as compared to 

a bilayer structure while still maintaining n-type and p-type percolating pathways, and a power 

conversion efficiency of 2.2% was reported.
130,131

 

Like p-n structure OPVs, ones with inverted n-p structure composed of PDIs were 

investigated by many researchers and some of them were listed in Table 1-1. Tang showed that 

the reversed structure of ITO|CuPc|PTCBI|Au changes the photovoltage polarity and reduces the 

Voc somewhat.
101

 The Yokoyama group reported the same structure with similar p-n 

doped/undoped materials and they also assembled a tandem cell composed of two n-p inverted 

structure cells, which were separated by a very thin Au film.
110

 Later they modified this n-p HJ 

into ITO|n|i|p|Au three layer (detailed structure as ITO|PTCBI|PTCBI:H2Pc| H2Pc|Au or 

ITO|DMP|DMP:H2Pc| H2Pc|Au), and cell efficiency was 0.63% with Jsc=2.14 mA/cm
2
, Voc=0.51 

V and fill factor of 48%.
136

 Here DMP is dimethyl PDI. Whitlock, et al.
132

 showed for the cell 

structure ITO|DMP|ClAlPc|Ag a fill factor as high as 42%. Tsuzuki, et al.
119

 also fabricated 

similar two types of n-p HJ devices as Hiramoto’s but with a p type material of titanyl 

phthalocyanine. Breeze, et al.
133,137

 compared the p-n and n-p structure with PTCBI and p-type 

polymer, M3EH-PPV, and showed that the n-p structure had higher cell performance (ηp=0.71%). 

Nakamura, et al.
134,138

 investigated a series of n-p cells consisting of n-type perylene pigment 
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penetrated by p-type conjugated polymers (MEH-PPV, PPAV-HH-PPV and P3HT) and an 

Indium-modified ITO.   

Table 1-1 Photovoltaic properties of p-n heterojunction solar cells based on perylene and 

phthalocyanine derivatives under illumination with 100 mW/cm
2
 (1 SUN) 

 

Structure VOC (V) JSC  

mA/cm
2
 

FF ηP (%) Reference 

ITO|CuPc|PTCBI|Ag 0.45 2.3 0.65 0.95 
101

 

ITO|Me-PTCDI|co-layer|CuPc|Au 0.51 2.14 0.48 0.63 
114

 

ITO|PTCBI|CuPc|Au 0.53 1.61 0.42 0.43 
114

 

ITO| Me-PTCDI|ClAlPc|Ag 0.23 0.35 0.42 --- 
132

 

ITO|CuPc|PTCDA|In 0.55 2.0 0.35 0.77 
110

 

ITO|Me-PTCDI|H2Pc|Au 0.44 2.87 0.56 0.76 
111

 

ITO|PTCBI|Me-PTCDI|H2Pc| Au 0.35 1.27 0.40 0.24 
117

 

ITO|CuPc:PTCBI|Ag* 0.44 0.88 0.31 1.5 
129

 

ITO|CuPc|PTCBI|BCP|Ag 0.48 4.2 0.55 2.4 
128

 

ITO|PTCBI|M3EH-PPV| Au 0.56 1.96 0.63 0.71 
133

 

ITO|In|PTCBI|P3AT|Au 0.42 4.4~6.5 0.38~0.56 1.0 
134

 

ITO|In|PTCBI|MEH-PPv|PEDOT|Au 0.52~0.66 2.4~3.2 0.27~0.5 0.4~1.5 
135

 

ITO|In|PTCBI|PPAV-HH-PPV|PEDOT|Au 

 

0.5~0.64 2.5~6.5 0.3~0.5 0.3~1.9 
135

 

*The illumination source is a 7.8 mW/cm
2
 tungsten-halogen lamp. 

1.3.3 Polymeric OPVs 

Polymer photovoltaic cells are based on π conjugated conducting polymers as electron 

donors. Polythiophene and polyphenylenevinylene are two common p-type conducting polymers 

for OPV, such as poly(3-hexylthiophene) (P3HT)
139

 and poly(2-methoxy-5- (2’-ethylhexoxy)- 
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1,4-phenylenevinylene) (MEH-PPV)
34

, and polycarbazoles (PCz) have been reported as p-type 

material
140

 but this material is much less commonly than P3HT. The n-type polymers have been 

investigated less. A fullerene derivative, PCBM, has been widely used in polymer/small 

molecules systems. Detailed studies by many groups in the past several years have identified 

P3HT as the most attractive polymer donor material. Power conversion efficiencies reached 

about 5% using P3HT/PCBM. After an exhaustive research, it appears that the P3HT/PCBM 

system is approaching its limits due to the absorption range limitation of the materials. Recently, 

polythiophenes with conjugated side chains exhibiting a broader response range to solar radiation 

have been synthesized. Liang and Yu et al.
141,142

 synthesized new semiconductor polymers with 

alternating thieno [3,4-b]thiophene and benzodithiophene units which showed a cell ηP as high as 

5.6%. The low band-gap benzo(1,2-b:4,5-b’)dithiophene (BDT) based materials exhibited very 

promising properties for OPVs and the ηP value of a single BHJ cell was improved to 5.4% in 

2008 and 6.77% was achieved in 2009, which is the highest literature reported power efficiency 

for a single OPV so far.  

1.3.4 Tandem structures 

Danziger et al
143,144

 investigated the electrochemistry and photochemistry of bilayer and 

multilayer structures composed by PDI and metal phthalocyanine. They found that most of the 

photo-current was produced at the very narrow interface region. The transient photocurrent was 

directly proportional to the number of M-Pc/PTCDA interfaces, which was confirmed through 

the characterization of multilayer assemblies. This provided critical momentum for moving  

OPV research from single p-n junction to multiple hetero-junctions.  
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Cell performance was improved further by a stacked tandem type structure, especially to 

realize high open-circuit voltage. Another advantage is that tandem structures broaden the 

absorption spectra because it is not feasible to absorb the entire solar spectrum using a single 

D/A pair forming the OPV cell. Tandem structures can be formed by stacking semitransparent HJ 

components with an ultra thin metal layer in between as an internal floating electrode which acts 

as a charge recombination site. In 1990, Hiramoto et al.
111

 reported a tandem type solar cell 

comprised of two stacked, series connected sub-cells based on evaporated small molecules where 

each cell was an organic p-n junction composed of 50 nm of metal free phtholocyanine (H2Pc) 

and 70 nm of perylene tetracarboxylic acid derivatives. The Voc of tandem cell was almost twice 

the one of single HJ cell. Xue et al.
145

 described a high-efficiency CuPc/C60, two-element tandem 

cell tuned to optimize efficiency in the blue and red spectral regions. It employed a silver 

nanoparticles charge recombination layer and a pair of double-HJ cell. The output voltage of the 

tandem cell is doubled compared to a single cell element in the stack and achieved a 5.7% at 1 

Sun (AM 1.5 illumination) due to its increased thickness over a single planar-mixed element. 

Another breakthrough in solution-processed tandem cells was reported by Kim et al., 

demonstrating a high efficiency of 6.5%.
102

 This tandem device was entirely solution-processed 

except for the top evaporated electrode. For the bottom BHJ cell a 130 nm thick layer of 

poly[2,6-(4,4-bis-(2-ethyl-hexyl)-4H- cyclopenta[2,1-b;3,4-b’]- dithiophene)-alt-4,7- 

(2,1,3-benzo-thiadiazole)] (PCPDTBT):PCBM was cast from their chlorobenzene solution and 

the top cell was made of a blend of P3HT:PC70BM processed from chloroform with a thickness 

170 nm. The absorption bands of PCPDTBT and P3HT complemented each other and these two 
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materials cover the spectral region from 400 to near 900 nm.  

1.4 SUMMARY  

Conducting polymers combine mechanical properties of plastics with high electron 

conductivity. Due to the high processability, their chemical and physical properties can be 

fine-tuned by organic synthesis and electrochemical synthesis. The number of papers dedicated 

to topics related to CPs is large, including CP synthesis, analysis and application. CPs possess a 

variety of properties related to their electrochemical behavior, therefore electrochemistry and its 

coupling methods are the main tools to explore CP. It has been known for more than 30 years 

that conducting polymers may be used for electrode modification, for current rectification and 

polymeric electronic diodes. Their most recent applications include organic light emitting diodes 

and organic polymer solar cell. So far, in the field of organic solar cells, a vast variation in 

designs which combines materials selection and cell architecture, as well as fabrication methods 

have been considered, from small molecule evaporated materials to fully solution-processed 

polymer approaches. 

1.5 BACKGROUNDS AND AIM OF THIS WORK 

One of our group’s research interests is to synthesize and characterize new conducting 

polymer materials and apply these polymer materials in electrochromic and electronic devices. 

Over the years, a series of monomers with a structural motif R-X-R have been synthesized in our 

lab, see Figure 1-5. Here R is the diphenylamine (DPA) endgroup and X is an electroactive 

functional unit. Polymeric films on electrode surfaces can be obtained by electrochemical 

http://en.wikipedia.org/wiki/Polymer_solar_cell
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oxidative polymerization of monomers resulting in an alternating polymer of diphenylbenzidine 

(two para- linked diphenylamine groups) and the X unit. Generally, these conductive polymers 

contain conjugated 4n+2 Hückel aromatic rings. The big aromatic systems make it possible for 

the polymer films to have unusual electrical and optical properties. Depending on the X units 

they are promising materials for electrochromic applications, organic diodes and materials for 

organic photovoltaic cells. These polymer single thin films deposited on metal electrodes or 

indium tin oxide (ITO) have been investigated and characterized by cyclic voltammetry, 

Langmuir-Schaefer techniques, grazing angle FTIR, UV-Vis. spectroelectrochemistry and 

electrochemical quartz crystal microbalance (EQCM). Most of them are also promising as 

electrochromic materials and have been systematically investigated in our lab. 

Among these monomers, the one with X= naphthalene diimide group (DNTD, full name is 

N,N’- Di[p-phenylamino(phenyl)]-1,4,5,8-naphthalene tetracarboxylic diimide) and 

ferrocenedicarboxamido group (FD, 1,1’-bis[[p- phenylamino-(phenyl)]amido]-ferrocene), are  

easily soluble in common organic solvents such as methylene chloride, and were originally 

synthesized by Wang L. et al. Cyclic voltammetric studies of DNTD and its corresponding 

polymers were performed.
146,147

 Wang found that voltammetry of the polymer has a 1e
-
 and 

2e
-
/monomer unit oxidation consistent with the oxidation of the diphenyl benzidine unit that is 

formed during dimerization and polymerization. However, the material with X= perylene diimide 

group (DPTD, N,N’-Dip-phenylamino (phenyl)-perylene-3,4,9,10-tetracarboxylic diimide) that 

are unsubstituted at the imide nitrogens have been found to be less soluble due to their tendency 

to self-assemble and self-aggregate. It was found that substituting the PDI 
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imide positions with aromatic amines increases the solubility dramatically.
148

 Further 

substitutions at the bay positions of PDI molecules have been shown to change the rigidity of the 

perylene core to a more twisted conformation, which consequently increase the solubility as well. 

By modification of perylene rings and diphenylamine endgroups, the monomers with perylene 

core synthesized by Liang have better solubilities in methylene chloride.
149

 Liang synthesized a 

monomer (Cl4DPTD, (N,N’-Dip-phenylamino (phenyl)-perylene-1,6,7,12 tetrachloro-3,4,9,10- 

tetracarboxylic diimide)) with four Cl atoms bond to the perylene ring bay area which decreases 

the reduction potential and makes the polymer films more stable in reduced states.
149

 All of the 

chemical structures of the monomers are listed in Figure 1-5. In order to improve the natural 

solubility of monomers with a perylene core, Liang synthesized (t-BuPhO)4DPTD, 

(N,N'-di[p-phenylamino(phenyl)]-1,6,7,12-tetrakis (4-tert-butylphenoxy-3,4,9,10- 

tetracarboxilylic diimide) by replacing the chlorine group by t-BuPhO group at the perylene bay 

region. He also synthesized a monomer with a cyclohexyl-group connecting to the diimide ends 

and the perylene 1,7 positions were replaced by p-anilino-phenoxy groups, (cyclohexyl-DPTD, 

N,N'-dicyclohexyl-1,7-di-p-anilino- phenoxyperylene-3,4,9,10- tetracarboxilylic diimide). Based 

on these monomers, electrochromic devices with improved stability, high transmittance ratio and 

fast response time were developed.
149

 The chemical structures of (t-BuPhO)4DPTD and 

Cyclohexyl-DPTD are shown in Figure 1-6. 

1.5.1 Polymers synthesized from monomer solutions 

The electropolymerization mechanism of FD, DNTD, DPTD and Cl4DPTD in organic 

solvents such as CH2Cl2 with the electrolyte tetrabutylammonium hexafluorophospate (TBAPF6) 
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was widely researched and well elucidated. During the first positive scan all compounds in 

organic solvents show an irreversible oxidation at around + 1.1 V vs. Ag/AgCl, which is assigned 

to the irreversible oxidation of the diphenylamine end groups. However, on the second and 

subsequent scans a new oxidation peak at +0.75 V appears and increases in intensity. This is 

consistent with the diphenylbenzidene (DPB) linkage being formed.
146,150

 For the 

electropolymerzation of FD, there is an overlap of the redox of DPB unit and ferrocene unit 

(+0.75~0.85V), which makes the second peak much larger than the first one (+0.55V).
150

  

Since all the polymerization processes in this dissertation are related to diphenylamine 

(DPA) end groups, it is necessary to introduce the DPA polymerization mechanism. DPA was 

first studied by Knop,
151

 and can be dimerized or polymerized chemically or electrochemically 

through a radical cation mechanism via fast reactions. Hayat et al
152

 reported that poly(DPA) was 

precipitated at a Pt electrode to form a conductive film. There are many reports of oxidative 

electropolymerization of diphenylamine in acid media.
153-155

 Yang and Bard
156

  

studied the polymerization of DPA with microelectrodes, and proposed the two possible radical 

cation coupling mechanisms, ECEC and EECC. Scheme 1-1 shows these two processes. Hao
26

 

and Wang
150

 gave a detailed explanation of the electropolymerization mechanism of DNTD and 

FD. Further, Hao
26

 showed that the DNTD polymerization process was dominated by an ECEC 

mechanism using the method of EQCM. Hao and others found out in both cases that the passed 

charges of each cycle is linear to voltammetric cycles, indicating the thin film had uniformed 

growth on the electrode surface.
26,157
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Figure 1-6 Chemical structures of (t-BuPhO)4DPTD and Cyclohexyl-DPTD 
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1.5.2 Single polymeric film in solution 

Figure 1-7 shows the cyclic voltammograms of FD, DNTD, DPTD andCl4DPTD polymer 

films in CH2Cl2 containing 0.1 M TBAPF6 supporting electrolyte with scan range from 0.0 V to 

+1.4 V at a scan rate of 200 mV/s on a 0.018 cm
2 
Au electrode. From Figure 1-7, we can see that 

in the positive scan (voltage >0 vs. Ag/AgCl), there are two separate redox species, in which the 

first corresponds to DPB/DPB
+
 and second to DPB

+
/DPB

2+
 for all four polymers. DPB/DPB

+
 

formal potential (E
0
) is found at around +0.72 V and DPB

+
/DPB

2+
 formal potential is at the value 

of +0.94 V. These two oxidation peaks in the graph show equal amounts of passed charge. At the 

negative-voltage direction scan, there are other redox species which are assigned to X/X
-
 (X is 

naphthalene diimide for DNTD and perylene tetracarboxylic diimide (PTCDI) for DPTD and 

Cl4DPTD) and X
-
/X

2-
. Further, the peak currents for the reduction and oxidation of the surface 

coated polymers vary linearly with the sweep rate, confirming the behavior expected for the 

surface-immobilized redox species for electroactive polymers on Au electrode. Importantly, for 

those very thin films at low scan rates, when the charge transfer at the interface and charge 

transport processes with the film are fast, the  

peak current Ip is linear to the corresponding scan rate, υ, with following relationship
24

:   

Ip=n
2
F

2
/(4RT)*AΓυ                              (1-5) 

here n is the number of electrons in the process, F means Faraday constant, R is the gas constant, 

T is temperature, and A represents electrode area. 

The Figure 1-7 (A), cyclic voltammogram of poly(FD) also shows that it has two uneven 

area redox peaks when scanned in positive voltage vs. Ag/AgCl. They correspond to DPB/DPB
+
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Figure 1-7. R-X-R polymeric single film electrochemistry on 0.018 cm
2
 Au electrode in CH2Cl2 

with 0.1 M TBAPF6 under scan rate of 200 mV/s at room temperature. 

 

 

A: Poly(FD) B: Poly(DNTD) 

C: Poly(DPTD) D: Poly(Cl4DPTD) 
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for the small peak, DPB
+
/DPB

2+
 and Fc/Fc

+
 overlapping peaks for the more positive wave, 

which has doubled the charge to the DPB/DPB
+
 peak. However, when poly(FD) was scanned to 

negative voltages vs. Ag/AgCl up to -1.2 V, we cannot find any reduction peak. In the 

electrochemical window of methylene chloride solvent, we cannot find the reduced form of FD. 

This confirms that the poly(FD) thin film is electro-inactive at negative potentials and is a 

unipolar material (p-type).  

Poly(DPTD) and poly(Cl4DPTD) were also easily made by the oxidative 

electropolymerization from their monomer solutions and single layer films were emersed from 

the deposition solution, rinsed with copious amounts of CH2Cl2 and immersed into a fresh 

electrolyte solution of 0.1M TBAPF6. It shows two well-separated reversible oxidative waves in 

the cyclic voltammetry consistent with previous work on the surface-confine diphenyl benzidine 

cation and dication (shown in Figure 1-7 C and D, respectively). 
146,158

 The negative scan, shows 

a multiple electron reduction with a smaller wave at more positive potential then a larger 

overlapping wave for poly(DPTD) between -0.5V and -1.0 V. Based on previous research,
26

 one 

e
-
 reduces each imide ring and a third e

-
 reduces the perylene ring. Two pair of reversible 

reductive peaks of poly(Cl4DPTD) are associated with diimide structures.
149

 Since they are 

electroactive in either positive or negative potentials, both films are bipolar materials, similar to 

poly(DNTD). 

The cyclic voltammograms of poly(cyclohexyl-DPTD) and poly(t-BuPhO)4DPTD are 

presented in Figure 1-8 A and 1-8 B. Poly(cyclohexyl-DPTD), exhibits only one redox couple at 
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negative potentials, the first half-wave reduction potential, 1

1/ 2E , is about -0.783 V vs. Ag/AgCl. 

In contrast, poly(t-BuPhO)4DPTD exhibits two redox couples at negative potentials and 3 redox 

couples at positive potentials. Its first 1

1/ 2E  is about -0.703 V and, the first half-wave oxidation 

potential, 1

1/ 2E  is about 0.805 V vs. Ag/AgCl. This is evidence of a greater electron density at 

the perylene core for (t-BuPhO)4DPTD and cyclohexyl-DPTD than for DPTD, but Cl4DPTD is 

more electron deficient than DPTD. 

Based on the previous research in our lab, we attempted to make a series of polymeric 

electronic devices with these R-X-R structured monomers. The main interest of this work 

focused on electrochemically polymerizing those compounds in a bilayer manner and exploring 

their potential as organic electronic diodes and solar cells. With evidence of bilayer current 

rectification in electrolyte solution, solid state polymeric p-n type diodes were made. This will be 

discussed in more detail in the following chapter 2. Spectroelectrochemistry was used to explore 

the electron blocking and trapping behavior in different polymeric bilayers based on 

above-discussed monomers. This technique can provide not only powerful evidence of the 

electron-blocking in bilayers with poly(FD), but can also be used to investigate the electron 

transfer within those layers that could be employed in photovoltaic cells. We also constructed p-n 

heterojunction organic solar cells by thermally evaporating p-type small molecular layers 

followed by electrochemical synthesis of different n-type polymeric layers. The cell performance 

of such devices were characterized from the current-voltage curves. 
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Figure 1-8.  Poly(Cyclohexyl-DPTD) and poly((t-BuPhO)4DPTD) single film electrochemistry 
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 Au electrode in CH2Cl2 with 0.1 M TBAPF6 under scan rate of 200 mV/s at room 

temperature. 
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CHAPTER 2 

 

BILAYER MODIFIED ELECTRODES WITH CURRENT RECTIFICATION AND ORGANIC 

DIODES BASED ON DIPHENYLAMINE POLYMERS  

 

 

2.1 INTRODUCTION 

At present, there is considerable interest in developing electronic and photonic devices with 

organic materials as active components.
1
 These photonic and electronic devices could be 

achieved through chemical modification of surfaces.
2-5

 One simple function of such molecular 

electronic devices is current rectification, where current flows only in one direction. 

Unidirectional electron flow within an ordered structure is a fundamental phenomenon, highly 

exploited in electronic technologies and by living organisms. To realize an electrochemical 

interface with rectification characteristics, it is desirable to modify the electrode surface with 

very thin films possessing good electron blocking properties and capable of exhibiting the 

desirable redox conductivity. As mentioned in Chapter 1, Murray and coworkers were the first to 

report an electrochemical approach to construct current rectification electrodes.
6,7

 Their 

rectification interface was based on an electrode modified with two different, spatially segregated 

polymers containing Ru , Os, and Fe complexes with different redox potentials. These bilayer 

electrodes were made up of two discrete sequentially deposited films of two different redox 

polymers. For example, the linear potential sweep voltammetric response of the bilayer 

Pt/poly-[Ru(4-vinylpridine)3]
3+

/poly-[Fe(vbpy)3]
2+

 in solution with electrolyte showed electron 



48 

transfer and charge trapping.
8
 Another example of polymer-based electrochemical rectification 

involved redox polymers containing quinone and viologen subunits, which demonstrated 

pH-dependent rectification.
9-11

 Other approaches towards building such thin films include 

self-assembly
4
 and Langmuir-Blodgett techniques

12,13
 that form monolayers. These monolayers 

could be further functionalized by using appropriate linking strategies to yield bilayer 

assemblies. 

Polymer bilayers sandwiched between two electrodes, or side by side construction of two 

connected polymers grown on submicrometer-spaced conducting electrodes, allow the direct 

measurement of current-voltage characteristics. Such a construction is called a solid-state organic 

p-n junction diode. With the discovery of highly conductive p-type and n-type poly(acetylene) 

(PA) ,
14

 building a p-n junction with PA has been a target. Several ways of doping PA to construct 

a p-n junction diode have been explored, including chemical doping and mechanical press 

contacting,
15

 photochemical doping,
16,17

 ion implantation
18,19

 internal ion compensation,
20,21

 and 

polyelectrolyte mediated electrochemical fabrication.
22

 

Electrochemical polymerization provides another way to fabricate air and humidity stable 

p-n junction diodes. A Pt|poly(pyrrole), PPy (anion-doped)|poly(thiophene), PT (cation-doped) 

|In p-n junction diode was electrochemically fabricated by Aizawa and Shirakawa,
23

 followed by 

controlled-potential electrochemical doping to make the PPy layer anion-doped and the PT layer 

cation-doped. Uehara et al.
24

 studied the electron transfer between electropolymerized 

poly(3-methylthiophene) (P3MT) on a gold-sputtered glass slide and thermally sublimed 

dihydrophenazine derivatives, in a series of bilayer devices of Au|P3MT|dihydrophenazines|Al. 
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The typical rectification ratio from +2.0V to -2.0V is 7-500 depending on different 

diyhydrophenazine derivatives. Some of these devices not only showed current rectification in 

the dark but also showed photovoltaic effects under illumination. 

In organic electronics, the construction of the contact between the metal electrode layer and 

organic active materials is critical for device design because the quality of the contact decides the 

performance of a device. There are currently three general techniques for forming top contacts 

for large area (i.e. more than several molecules) electrical measurements on organic molecules: 1) 

physical deposition of metals, 2) chemical or electrochemical installation of a metal layer, or 3) 

use of a liquid metal. Physical direct deposition of metals is a general way that uses thermal 

evaporation or sputtering (electron-beam) of metals and it ensures atomic-level contact but gives 

low yields of devices owing to damage to the organic monolayer by reaction with hot metal 

vapors or in the formation of metal filaments that short the junctions. Chemical or 

electrochemical preparation of a metal layer relies on electroless deposition of metal on 

insulating surfaces of fibers and polymers under redox reaction to reduce the target metal 

chemically by seeding some catalysts, normally a noble metal. Another step follows that turns 

the surface more conductive by electrochemical methods. However, the rectification performance 

of polymer-based rectifiers is limited by current leakage through imperfect polymers interfaces 

and through pinholes present within the polymers, especially when these molecular rectifiers 

were scaled up to macrosize solid-state diodes. More seriously, due to the formation of pinholes 

induced by all deposition processes, it is very easy to form electrical shorts between two 

electrodes when the top metallic electrode is coated on top of polymeric films with regular 
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methods such as sputtering, thermal evaporation or electroless deposition. A report claims that 

evaporation of metal top contacts on thin films results in about 50~90% short-circuited devices.
25

 

Thicker polymer films can minimize this problem, but may compromise the speed and lower 

rectification efficiency of such devices because the speed is also related to the rate of electron 

hopping between redox moieties in the polymer layers. Hg forms a more ideal electrode contact 

for physical-organic studies since this liquid metal (at room temperature) allows formation of 

conformal contacts. However, Hg is toxic, amalgamates with metals and measurements with Hg 

must be performed under a solvent bath to minimize vaporization.  

In this chapter we used different “soft”, ready-made methods to achieve metallic contacts 

with organic films. Specifically, we used conformal electrodes from the liquid metal eutectic, 

Ga-In, with 75% Ga and 25% In by weight, and a melting point=15.5 ºC.
26

 There are several 

advantages of eutectic Ga-In; 1) it is a liquid and can be formed into metastable, nonspherical 

structures at room temperature without any complex instruments or masks and does not 

spontaneously reflow into the shape with the lowest interfacial free energy as normal liquids 

such as water and Hg; 2) it has high electrical conductivity (3.4×10
4
 S·cm

-1
) and, 3) it tends to 

make low contact-resistance interfaces with a variety of materials. These advantages make liquid 

Ga-In eutectic useful for forming electrodes for thin-film devices. A second soft approach for 

making contacts between metallic layers and organic thin films combines wafer bonding with 

capillary interactions to develop and control, the lift-off float-on (LOFO) process. This method 

relies on capillary interactions, introduced by the liquid-solid interfaces between two solids and a 

common liquid for transferring thin solid metallic films onto a solid support.
25,27

 The details of 
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this process can be summarized as following, 1) evaporation or sputtering of a metal film (gold, 

silver) onto a solid glass slide substrate; 2) detaching the metallic layer from the glass substrate 

in a dilute HF acid solution and floating it on a sub-phase liquid as a metal leaf (lift off); 3) 

adsorbing a molecular layer onto the metal leaf to add molecular functionality to the interface; 4) 

attaching the metal leaf to the target substrate, in a liquid mediated process (float-on). 

At the same time, we also reported that a series of polymer bilayer-film modified electrodes 

show electrochemical rectification in both electrolyte solution and the solid-state. These 

polymeric thin bilayer films, poly(DNTD), poly(DPTD), poly(Cl4DPTD) and poly(FD) were 

electropolymerized on the surface of another polymer through their monomer solutions. The 

chemical structure of these monomers are shown in Figure 2-1. Based on previous research in 

our group, they are different kinds of monomers applied as electrochromic materials synthesized 

in our group.
28-30

 All these bilayer systems show current rectification characteristics because they 

contain a unipolar material, poly(FD), which yields an asymmetric electrochemical response in 

different scan directions. With the same bilayer structures grown on Au coated glass slides, 

followed by making contacts with a small drop of eutectic Ga-In liquid metal or metal leaf by the 

method of LOFO on the surface of bilayer films, we could successfully construct new types of 

organic p-n junction diode in the solid-state. The current-voltage curves of these bilayers are 

asymmetric and nonlinear, exhibiting typical diode characteristics. An electron trapping diagram 

is shown here to explain the phenomena of current rectification on bilayer modified electrodes in 

solution. The working mechanism of this type of organic diode was also explained by electron 

trapping diagrams. 
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Figure 2-1 A series of monomers synthesized in our lab with structure motif of R-X-R, 

R=diphenylamine (DPA) group and electroactive unit X. 
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2.2 EXPERIMENTAL 

2.2.1 Reagents and materials. 

  Methylene chloride (CH2Cl2, 99.9% Fisher) was freshly distilled from calcium hydride 

(CaH2, Aldrich). Tetrabutylammonium hexafluorophospate, TBAPF6 (Aldrich, 98%) was dried  

under vacuum at 100 °C for at least 48 hrs. The syntheses of DNTD, DPTD, Cl4DPTD and FD 

are described in the literature.
31-33

 Microscope glass slides (Fisherbrand) were cut into 8×25 mm 

pieces and coated with Au or Ag by sputter coating (EMS 550X). The resistance of these glass 

slides was 5-8 Ω/cm as detected by a two-probe ohmmeter. Liquid metal, Ga/In eutectic (Indium 

and Gallium were purchased from Aldrich) was used to form the circuit without destroying the 

polymeric layer. For gold and silver LOFO, 10-15 drops of HF (Fisher, 49%) were placed in a 

plastic cup with 50 ml de-ionized water. After metal leaves were floated on water surface, 

transfer these leaves to a clean bath with 5-8 drops of ethanol solution with 0.2 mM hexanethiol 

were added into 50ml the water. After 4-5 hrs, carefully place these leaves on bilayer modified 

glass slides. 

2.2.2 Bilayer electropolymerization and thin film electrochemistry. 

Cyclic voltammetry was performed on an electrochemistry working station with a modified 

AFRDE4 Bi-Potentiostat (Pine Instrument Co.) and a Universal Programmer (EG&G Model 

175). A three-electrode cell was degassed with Argon, see Figure 2-2. Voltammograms were 

recorded on a computer equipped with a National Instrument data collector. The reference 

electrode was Ag/AgCl saturated with KCl, the counter electrode was a spiral Pt wire, and the  
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Figure 2-2 Three-electrode electrochemical cell with Argon degassing inlet 
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working electrodes were typically either a 1.5 mm diameter (0.018 cm
2
) Au disk or a 

sputter-coated glass slide described above. 

DNTD oxidative electropolymerization was performed in a CH2Cl2 solution with 0.1 M 

TBAPF6 and DNTD monomer. The FD polymerization process was analogous to the DNTD 

method. DPTD and Cl4DPTD are less soluble than DNTD in CH2Cl2. They were found to be 

soluble and electro-polymerizable from CH2Cl2 with small amounts (~5% V:V) of trifluoroacetic 

acid (TFA) and triethylamine (TEA, 2.5% V:V).
29

 All of the polymeric thin film 

electrochemistry was performed with a scan rate of 200 mV/s. 

2.2.3 Electrical contact.   

This step was used to finish the circuit when measuring an I-V curve. As discussed 

previously, two methods were tried. A droplet of a Ga/In eutectic with diameter of approximately 

1.0 mm was applied to the surface of bilayer thin films. The needle probes with a diameter 

approximately 0.1 mm were gently positioned onto the sputter coated Au film at one side and 

dipped into a Ga/In droplet gently under a microscope. This arrangement is shown in Figure 2-3. 

LOFO method was used to assemble gold or silver leaves on bilayer films and its procedure has 

been described in the literature.
27

  

2.2.4 I-V Characteristics. 

Two-point probe system (Signatone Model S-725) was used to acquire current-voltage (J-V) 

curves via connection to a Keithley 2400 Sourcemeter and a computer equipped with Labview® 

code programs for acquiring data. The potential moved normally as a step of 0.1 V or 0.2 V 

controlled by the program and the current-voltage data was recorded by the computer. 
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Figure 2-3. Diagram for measuring current-voltage characteristics of organic diodes 
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2.3 RESULTS AND DISCUSSION  

The structures of monomers are shown in Figure 2-1, with a structural motif of R-X-R. 

DNTD contains two types of electroactive groups, a naphthalenetetracarboxylic diimide group 

and two flanking diphenylamine groups (R). FD is a monomer containing a ferrocene group and 

two flanking diphenylamine groups linked by an amide bond. Both of these monomers have been 

synthesized and used as electrochromic materials in our group.
31,32

 DPTD was first  

synthesized by L.Wang 
28

 and further investigated by Q.Wang 
29

 and Hao.
34

 Cl4DPTD was 

synthesized and electropolymerized as an air-stable electrochromic material by Liang.
30

 All of 

these monomers are easily polymerized/copolymerized in their solutions and detailed research 

was performed by L.Wang ,
31

 Q.Wang, 
29

 and Liang.
30

   

2.3.1 Single film growth on gold electrode 

     Since FD and DNTD show good solubility in CH2Cl2, they are used to investigate single 

film growth kinetics on a gold electrode. Both FD and DNTD growth rates are concentration 

dependent and there is roughly a linear relationship based on monomer solutions with different 

concentration varying from 0.1 mM to 0.6 mM; this is consistent with Q.Wang’s results.
29

 The 

relationship between each growth cycle on a 0.018 cm
2
 Au electrode and its corresponding 

charge of 0.3 mM DNTD and 0.3 mM FD are also shown in Figure 2-4 and 2-5, respectively. 

Their typical growth cyclic voltammograms are also inserted in their deposition plots. For each 

monomer, 5 runs were performed and the average of the integrated cathodic and anodic current 

regions was used to evaluate the charge. The standard deviation is shown for the 5 runs. The plot  
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Figure 2-4 Charge vs. voltammetric cycles for the oxidative electropolymerization on a 0.018 

cm
2
 Au electrode at room temperature, with 0.1 M TBAPF6 in 0.3 mM DNTD CH2Cl2 and a 

scan rate of 200 mV/s, charge was integrated from 0.5 V to 1.2V(±0.05V). 
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Figure 2-5  Charge vs. voltammetric cycles for FD oxidative electropolymerization on a 0.018 

cm
2
 Au electrode at room temperature, with 0.1 M TBAPF6 in 0.3 mM FD CH2Cl2 and a scan 

rate of 200 mV/s, charge was integrated from 0.5 V to 1.2V(±0.05V). 
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shows that 0.829 mC of charge passed for each cycle for 0.3 mM DNTD. This is equal to 

1.19×10
-9

 mol/cm
2
 DNTD grown for each voltammetric cycle. For 0.3 mM FD, the charge for 

each cycle is about 1.08 mC, corresponding 1.03×10
-9

 mol/cm
2
 FD deposited. From the growth 

data, we can see that DNTD has slightly higher electronic conductivity than FD. FD has three 

redox species in oxidation,
31

 DPB
0
/DPB

+
, DPB

+
/DPB

2+
 and Fc/Fc

+
, but DNTD has only two 

DPB cation species for each electrochemical cycle.
32

  

2.3.2 Formation of polymeric bilayers 

Figure 2-6 and 2-8 describe cyclic voltammograms of poly(FD) grown on poly(DNTD) 

(also shown as poly(FD)|poly(DNTD)) and poly(DNTD) grown on poly(FD) 

(poly(DNTD)|poly(FD)), respectively. For poly(FD)|poly(DNTD), the first scan shows two 

separated diphenyl benzidine (DPB) redox peaks, which are similar to the peaks of poly(DNTD) 

single layers, which was shown in Chapter 1. Later scans show these two peaks overlap and 

become a big peak. The peak current increases upon scanning showing increasing amounts of the 

second layer grown on the surface of first layer. The growth of poly(DNTD) on poly(FD) (Figure 

2-8) also shows the same phenomenon as poly(DNTD)|poly(FD) (see in Figure 2-6). Moreover, 

as the calculated charge in each cycle shows the polymer thin film growth on top of another is 

still linear, as shown on Figure 2-7 and 2-9. This experiment was performed 5 times on each 

bilayer and the average and standard deviation of cathodic and anodic charge were used as the 

value of charge and error bar for each run. From the bilayer growth data, we can see that for each 

cycle, 8.9 ×10
-10

 mol/cm
2
 FD is grown on the poly(DNTD) modified electrode in 0.3 mM FD  
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Figure 2-6 Cyclic voltammogram of poly(FD) grown on poly(DNTD) on a 0.018 cm
2
 Au 

electrode at room temperature, with 0.3 mM FD and 0.1 M TBAPF6 in CH2Cl2 and a scan rate of 

200 mV/s. 
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Figure 2-7. Charge vs. voltammetric cycles in poly(FD) grown on poly(DNTD) on a 0.018 cm
2
 

Au electrode at room temperature, with 0.3 mM FD and 0.1 M TBAPF6 in CH2Cl2 and a scan 

rate of 200 mV/s, charge was integrated from 0.5 V~1.2V(±0.05V). 
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Figure 2-8 Cyclic voltammogram of poly(DNTD) grown on poly(FD) on a 0.018 cm
2
 Au 

electrode at room temperature, with 0.3 mM DNTD and 0.1 M TBAPF6 in CH2Cl2 and a scan 

rate of 200 mV/s.  
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Figure 2-9 Charge vs. voltammetric cycles in poly(DNTD) grown on poly(FD) with the same 

growing conditions of Figure 2-8, charge was integrated from 0.5 V to 1.2V(±0.05V). 
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solution and 1.14×10
-9

 mol/cm
2
 DNTD is grown on poly(FD) in 0.3 mM DNTD, which both 

have slightly slower growing rate as compared to the one grown on an Au electrode surface. 

2.3.3 Bilayer polymer films in solution 

     Figure 2-10 compares the voltammograms for the same Au electrode, modified with a 

single layer of poly(DNTD) (dash line) and then FD was deposited on top to form 

poly(DNTD)|poly(FD) bilayer (solid line) scanned in CH2Cl2 with 0.1 M TBAPF6. For the 

Au|poly(DNTD)|poly(FD) bilayer, there are two redox peaks at positive and negative potentials, 

respectively. The significant increase of the redox current in the positive potential region 

corresponds that a FD film formed on a DNTD film. However, in the negative potential region 

the area of the diimide redox is almost the same as the single poly(DNTD) film. This can also be 

verified from the integrated current at positive potentials, which is much higher than that at 

negative potentials. The Au|poly(DNTD)|poly(FD) bilayer has around 1.47× 10
-8

 mol/cm
2
 of 

poly(DNTD) and 8.65 × 10
-9

 mol/cm
2
 of poly(FD) ( the charge is about 12.50 × 10

-6
 C) 

compared to 1.47 × 10
-8

 mol/cm
2 

of poly(DNTD) single layer (6.64 × 10
-6

 C of charge), but at 

negative potentials, the charge of the bilayer is almost the same as single poly(DNTD) layer. 

Figure 2-11 also demonstrates the relationship between peak current and scan rates of this kind 

of bilayer. For poly(DNTD) and poly(DNTD)|poly(FD), the peak currents for the reduction and 

oxidation of the surface coated single or bilayer vary linearly under different sweep rates. This 

confirms the behavior expected for the surface-immobilized redox species for both, which was 

discussed in Chapter 1 and the peak current and sweep rates obey the relationship described in 

equation 1-5.  
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Figure 2-10 Electrochemistry of a bilayer (solid line) with Au|poly(DNTD)|poly(FD) vs.  

the underlying single layer Au|poly(DNTD) (dash line) scanned in  

0.1 M TBAPF6 CH2Cl2 solution at room temperature and a scan rate of 200 mV/s.  
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Figure 2-11. Linear relationship between peak current vs. scan rates based on poly(DNTD) and 

poly(DNTD)|poly(FD) bilayer in 0.1 M TBAPF6 CH2Cl2 with Γ poly(DNTD) = 1.47×10
-8

 mol/cm
2
 

and Γ poly(FD) = 8.65×10
-9

 mol/cm
2
, data shown here is from the first oxidative peak. 
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An inverted bilayer arrangment was also studied. The voltammograms for a bilayer of 

poly(FD) as inner layer and poly(DNTD) as the outer layer and the underlying poly(FD) was 

recorded and compared in Figure 2-12. When the bilayer modified Au electrode was scanned 

from -1.2 V to +1.4 V vs. Ag/AgCl, in the positive potential region, both anodic and cathodic 

peaks of the bilayer film are much larger than those of the pure poly(FD) film. The two separated 

peaks correspond to DPB
0
/DPB

+
 and on overlapping peak of DPB

+
/DPB

2+
 and Fc

0
/Fc

+
. This 

indicates that a significant amount of poly(DNTD) film (1.05 × 10
-8

 mol/cm
2
)
 
was formed on the 

poly(FD) film (1.13× 10
-8

 mol/cm
2
). At negative potentials, the diimide peaks of the DNTD film 

are not observed. This phenomenon shows that the outer layer of poly(DNTD) was insulated by 

the inner poly(FD) layer at negative potentials, since the FD film is electroactive in the positive 

potential region but electrochemical inactive at the negative scan. Transport of electrons from the 

electrode to poly(DNTD) were blocked by the poly(FD) film and finally the reduction of 

naphthalene diimide groups cannot occur at negative potentials.  

The charge transfer in bilayer film systems is illustrated in Scheme 2-1 for bilayer 

Au|poly(DNTD|poly(FD). In Scheme 2-1A, where positive potentials are applied to the bilayer 

of Au|poly(DNTD|poly(FD), when the voltage arrives near the first formal potential (~+0.81 V) 

or more, DPB
0
 will be oxidized into DPB

+
. The charge from DPB

0
 unit in poly(DNTD) will 

easily transfer to Au. DPB
0
 units of poly(FD) can then reduce DPB

+
 in poly(DNTD), resulting in 

one electron transfer to the layer of poly(DNTD). This shows that, at positive potentials, both 

layers give electrochemical responses and the charge in the whole process is the sum of both 

layers. However, as showed in Scheme 2-1B if the bilayer was scanned to negative potentials 
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Figure 2-12.  Electrochemistry of Au|poly(FD)|poly(DNTD) bilayer (solid line) vs. the 

underlying single layer Au|poly(FD) (dash line) scanned in 0.1 M TBAPF6 CH2Cl2 solution at 

room temperature and a scan rate of 200 mV/s.  
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Scheme 2-1 Electron transfer in bilayer Au|poly(DNTD)|poly(FD) scanned in solution with 

TBAPF6. 



71 

vs. Ag/AgCl, when the potential is changed to ~-0.81 V or more negative, the electrons in Au 

have enough energy to fill poly(DNTD) LUMO and form DNTD
-
 unit (first reduced form). Since 

poly(FD) has no reducible units at this potential, poly(FD) will not have any electrochemical 

response and will be an insulator at negative potentials. The passed charge at negative potentials 

for bilayer is the same as the single poly(DNTD).   

Scheme 2-2 depicts charge transfer for Au|poly(FD)|poly(DNTD). At the positive 

potentials shown in Scheme 2-2 A, since both poly(DNTD) and poly(FD) have DPB redox 

couples, and DPB
+
/DPB

2+
 and Fc

0
/Fc

+
 have closely matched oxidation potentials, those redox 

species are all electro-active, which yields a bilayer peak current higher than that of a single 

layer and acts similarly to Au|poly(DNTD)|poly(FD). However, when poly(FD) film as inner 

bilayer was scanned to negative potentials, due to the electro-inactivity of poly(FD), there is no 

reduction peak until -1.2 V. As Scheme 2-2 B shows, the electron energy is insufficient to 

transfer electrons into the LUMO energy level of poly(FD) at potential of -1.2 V. Since no 

electrons transfer from the Au electrode to the poly(FD) film, the outer poly(DNTD) layer will 

be blocked from reduction to DNTD
-
. The outer poly(DNTD) layer is isolated by poly(FD) at 

negative potential scans.  

Overall, only a unidirectional current flow is observed, showing rectifying behavior at the 

Au electrode|poly(FD) interface in electrolyte solution. Also, that current flow through 

Au|poly(DNTD)|poly(FD) at positive applied potentials is much higher than that at negative 

potentials, giving the characteristics of current rectification at same positive/negative voltage 

value. The bilayers of poly(FD)/poly(DPTD) and poly(FD)/poly(Cl4DPTD) also show the same  
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Scheme 2-2 Electron transfer and blocking in bilayer Au|poly(FD)|poly(DNTD) vs. Ag/AgCl 

scanned in solution with TBAPF6. 
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properties as poly(FD)/poly(DPTD). Their voltammograms are shown in Figure 2-13 and 2-14, 

which was recorded the bilayer voltammograms of poly(FD)/poly(DPTD) and 

poly(FD)/poly(Cl4DPTD), respectively. They also show the same characteristics as 

poly(FD)/poly(DNTD) bilayer films as compared to the poly(DPTD) and poly(Cl4DPTD) 

monolayer electro-responses described in Chapter 1 (see section 1.5.2). 

2.3.4 Organic diodes based on polymeric bilayer films 

Bilayers similar to those in section 2.3.3 were contacted with a droplet of Ga/In eutectic 

instead of an electrolyte solution to form solid state devices. Electrical characterization shows 

that the device can actually pass more steady-state current upon application of potential in one 

direction than in the other. Typical current-voltage (J-V) characteristics for bilayers consisting of 

poly(FD) grown on poly(DNTD) and poly(DNTD) grown on poly(FD) are presented in Figure 

2-15 and 2-16, respectively. The poly(DPTD)/poly(FD) bilayers also show the similar J-V 

characteristics at the same structure arrangement of bilayer as poly(DNTD)/poly(FD) system, 

their J-V curves are shown in Figure 2-17 and Figure 2-18. Rectification of current was observed 

in films made from these polymer bilayers. The system of Au|poly(DNTD)|poly(FD)|GaIn 

exhibits a positive turn-on voltage at around +0.53 V where a negative turn on voltage (forward 

bias) of -2.5 V is detected for Au|poly(FD)|poly(DNTD)|GaIn. Both organic diodes have high 

break-down voltages (reverse bias), of around +9.2 V for Au|poly(DNTD)|poly(FD)|GaIn and 

around -6.4 V for Au|poly(FD)|poly(DNTD)|GaIn. The rectification ratio (RR=Iforward/Ireverse) is 

as high as 260 at ±4.8 V for poly(DNTD) as inner layer and 650 for poly(FD) as inner layer at 

±1.5 V, respectively, see Figure 2-19. Here, poly(FD) plays a role of p-type semiconductor and  
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Figure 2-13. The cyclic voltammograms of poly(FD)/poly(DPTD) bilayers on 0.018 cm
2
 Au 

electrode, performed in CH2Cl2 with 0.1 M TBAPF6 at room temperature and a scan rate of 200 

mV/s. 
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 Figure 2-14. The cyclic voltammograms of poly(FD)/poly(Cl4DPTD) bilayers 

on a 0.018 cm
2
 Au electrode, performed in CH2Cl2 with 0.1 M TBAPF6 at room temperature and 

a scan rate of 200 mV/s. 

 



76 

 

-0.002

-0.001

0

0.001

0.002

0.003

0.004

0.005

-10 -8 -6 -4 -2 0 2
10

-6

10
-5

0.0001

0.001

0.01

|C
u
rre

n
t d

e
n
s
ity

|

Voltage Applied,   V

C
u
rr

e
n
t 

D
e

n
s
it
y
  

 A
/c

m
2

0.53 V

-6.4 V

 

Figure 2-15. I-V characteristics of a Au|poly(FD)|poly(DNTD)|Ga-In organic diode with 

Γpoly(DNTD)=6.19×10
-9

 mol/cm
2
 and Γpoly(FD)=3.65×10

-9
 mol/cm

2
 under air and at room 

temperature. 
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Figure 2-16.  I-V characteristics of an Au| poly(DNTD)|poly(FD)|Ga-In organic diode with 

Γpoly(DNTD)=8.5×10
-9

 mol/cm
2
 and Γpoly(FD)=4.82×10

-9
 mol/cm

2
 under air and at room temperature. 
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Figure 2-17.  I-V characteristics of an Au|poly(FD)|poly(DPTD)|Ga-In organic diode with 

Γpoly(DPTD)=2.43×10
-9

 mol/cm
2
 and Γpoly(FD)=3.22×10

-9
 mol/cm

2
 under air and at room 

temperature. 
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Figure 2-18.  I-V characteristics of an Au|DPTD|FD|Ga-In organic diode with 

Γpoly(DPTD)=2.22×10
-9

 mol/cm
2
 and Γpoly(FD)=3.76×10

-9
 mol/cm

2
 under air and at room 

temperature. 
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Figure 2-19 Rectification ratio of poly(DNTD)/poly(FD) diodes 
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the other polymer, poly(DNTD), poly(DPTD) or poly(Cl4DPTD) works as n-type material. 

Here, we use the Au|poly(DNTD)|poly(FD)|GaIn structure as an example, shown in 

Scheme 2-3 to explain the electron blocking process of these organic diodes in the solid-state. As 

shown in Scheme 2-3A, when a negative voltage was applied to the Au-coated side and positive 

voltage applied to poly(FD) side, a relatively small negative potential can reduce poly(DNTD) 

(low reduction formal potential of poly(DNTD)) and an electron will fill the LUMO. At the same 

time, the poly(FD) also exhibits a low oxidation formal potential, which induces the HOMO of 

poly(FD) to lose an electron. The energy difference between LUMO of poly(DNTD) and HOMO 

of poly(FD) allows electrons to transfer from the LUMO of poly(DNTD) and fill the HOMO of 

oxidized poly(FD). The electrons move forward (current flows) at the small voltage difference 

between poly(DNTD) and poly(FD), which produces a small forward bias in the diode. Scheme 

2-3B shows the opposite situation for the same diode structure. When a positive voltage was 

applied to the poly(DNTD) side and a negative voltage applied to poly(FD), only a small positive 

voltage to oxidize the poly(DNTD). Due to the high energy level LUMO of poly(FD), a large 

negative potential is required to provide an electron with enough energy to fill LUMO of 

poly(FD), then transfer to the empty LUMO of poly(DNTD). Here, only a large voltage 

difference between poly(DNTD) and poly(FD) can make electron move from poly(FD) to 

poly(DNTD), resulting in a large reverse bias.  

Upon further investigation of the J-V curves of these diodes, it is found that the current 

density flowing through the structure of Au|poly(FD)|poly(DNTD)|GaIn is much higher,  
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Scheme 2-3. Electron transfer in bilayer Au|poly(DNTD)|poly(FD)|Ga-In in the solid state. 
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(around 300~500 times) than the one of Au|poly(DNTD)|poly(FD)|GaIn, we believe this is 

because of the conductivity difference between the two polymers and the small contact area 

between the Ga/In droplet and the surface of the polymers. Figure 2-20 depicts measured current 

density flowing through single layers of poly(DNTD) and poly(FD) sandwiched betweena 

Au/GaIn electrodes. The poly(FD) device in current density is several hundred times less than 

that of poly(DNTD), which is consistent with the differences of the bilayer devices. These single 

layer devices also show current rectification consistent with those of metal-semicondutor-metal 

Schottky diode. As poly(DNTD) is a bipolar material, it shows high current flow once applied 

voltages larger than ± 4 V are applied and where poly(FD) exhibits the same phenomenon at this 

voltage. Another reason may be that the surface density Γ of Au|DNTD|FD is about 30% higher 

than the one of Au|FD|DNTD (see Table 2-1), which makes the later bilayer much thicker. 

Thinner organic film are characterized by a lower resistance and faster electronic switching, 

which is also consistent with the observed current density data.  

According to the Shockley theory of diodes,
35

 a p-n junction occurs when a piece of n-type 

Ge or Si is in contact with a p-type material so that a transition from p-type to n-type occurs in a 

continuous solid specimen. In such a p-n junction, the total current I flowing across the junction 

barrier can be expressed via the general Shockley equation as follows: 

exp( ) 1a
s

qV
I I

nkT

 
  

 
                        (2-1) 

 Here Is, the saturation current, is the current flowing in reverse bias, Va is the applied 

voltage (positive value of Va being forward) across the junction itself, q is the electric charge, n is  
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Figure 2-20 Current-voltage responses of a single layer device at room temperature with 

Γpoly(DNTD)=9.14×10
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the ideality factor and kT is the thermal energy, k is the Boltzmann constant and T is the  

temperature. In the Shockley theory for p-n junctions, n is unity in the absence of recombination. 

By plotting ln I vs. Va , the ideality factor and the saturation current can be obtained from the 

slope and intercept, where n is equal to 
ln

a

kT I

q V




 for aqV nkT and the lnIs is the intercept. 

We used the data for each diode device in conjunction with the above relationships, the results 

are summarized in Table 2-1.  

It is somewhat challenging to compare the diode quality of junctions fabricated with 

different active materials, approaches, electrode materials and geometric configurations. The 

saturated current of our devices typically ranges from 0.8-40 μA/cm
2
, which are much larger 

than those of doped p-n junction devices made via thermal evaporation
36

 but closer to those of 

devices based on polymers.
24

 The ideality factor, n of these devices is about 10-16, which is 

much larger than silicon-based inorganic p-n junction (n=1-2),
35

 doped organic p-n junction 

(n=2-4)
36

 and polyacetylene p-n junctions fabricated from polyelectrolyte-mediated 

electrochemistry (PMEC) (n=5.5).
22

 The rectification ratio (RR) of different devices is also 

different, but typical maximum RR at 80-600, which is comparable to others.
22-24,36

 The J-V 

behavior of these devices shows two general deviations from the ideal diode behavior. The first 

is the inevitable deviation from an exponential behavior at large forward bias due to the finite 

resistance of the materials, which is also very different from the doped p,n materials. The second 

is the common existence of electrical shunt that prevents the reverse current from saturating. The 

origin of this shunt appears to be related to imperfections in fabrication, such as the pin-holes 
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existing in these polymers, which also makes the reverse bias behavior not as reproducible as the 

forward bias behavior.  

 

Table 2-1 Summary of organic diode devices characteristics 

 

Device 

Γn-type 

/×10
-9

mol/cm
2
 

Γp-type 

/×10
-9

mol/cm
2
 

Ideality 

factor(n) 

Saturation 

current 

(A/cm
2
) 

Diode 

drop 

(V) 

Rectification 

ratio 

Au|DNTD|FD|Ga-In 8.5 4.82 15.53 1.4×10
-7

 2.8(-), 

14.1(+) 

260 (±4.8V) 

Au|FD|DNTD|Ga-In 6.19 3.65 15.90 4.1×10
-5

 0.5(+), 

7.5(-) 

650(±1.5V) 

Au|DPTD|FD|Ga-In 4.35 3.71 17.92 8.2×10
-7

 3.1(-), 

16.5(+) 

99 (±4.8V) 

Au|FD|DPTD|Ga-In 2.22 3.43 16.88 1.3×10
-6

 1.1(+), 

7.0(-) 

411 (±2.0V) 

Au|FD|DPTD|Au 2.76 3.22 10.07 2.5×10
-5

 1.8(+), 

5.6(-) 

84.6 (±2.4V) 

Au| FD|DPTD |Ag 2.27 3.46 13.22 7.5×10
-7

 1.0(+), 

6.9(-) 

151 (±1.0 V) 

 

Devices obtained using different methods for establishing the back electrode contacts to 

organic materials were also fabricated and compared in Table 2-1. Here, the Ga-In eutectic liquid 

drop, Au and Ag metallic leaves were assembled on the surface of Au|FD|DPTD bilayer devices. 

All of these devices showed I-V characteristics similar to that of Au|FD|DNTD|Ga-In (compare 

Figure 2-17, Figure 2-21 and Figure 2-22). With similar surface concentration (Γ) of organic 

active layers, the data in Table 2-1 show that the device with an Au leaf electrode exhibits better 

conductivity although the rectification ratio is similar. This result could be due to the fact that 

both Ag and Ga-In exhibit lower work functions, which leads to a metal-to-organic charge 
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transfer and formation of covalent-bond-like states at the DPTD-on-metal interface.
37

 The 

rectification ratio (RR) of each device is also plotted in Figure 2-23. It shows very different 

responses RR for of p-n type devices as compared with those of n-p type ones. A large current 

was observed when a positive potential was applied to the FD layer even at around +1 V. A 

possible reason is that DPTD and metal establish a better resistance contact than FD layer and 

metal. This may be due to the electropolymerization process forming a less resistive contact to 

poly(FD) compared to the physical deposition process. Since this contact shows lower current 

density, it appears to be the limiting factor in these devices. 
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Figure 2-21.  I-V characteristics of Au|poly(FD)|poly(DPTD)|Au organic diode with 

Γpoly(DPTD)=2.43×10
-9

 mol/cm
2
 and Γpoly(FD)=3.22×10

-9
 mol/cm

2
 under air and at room 

temperature. 
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Figure 2-22.  I-V characteristics of Au|FD|DPTD|Ag organic diode with Γpoly(DPTD)=2.27×10
-9

 

mol/cm
2
 and Γpoly(FD)=3.46×10

-9
 mol/cm

2
 under air and at room temperature. 
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Figure 2-23 Rectificaiton ratio plot of poly(DPTD)/poly(FD) devices 
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2.4 CONCLUSIONS 

Bilayer modified electrodes were prepared and characterized, using thin film polymers that 

were successfully electropolymerized from DNTD, DPTD, Cl4DPTD and FD monomer solutions. 

These bilayers showed current rectification characteristics in solutions containing supporting 

electrolyte. The current rectification of bilayer modified electrodes were consisted of poly(FD) 

—a natural p-type material and a bipolar material, poly(DNTD), poly(DPTD) or poly(Cl4DPTD). 

Poly(DNTD)/poly(FD) and poly(DPTD)/poly(FD) bilayer systems were also fabricated 

electrochemically on macroscopic electrodes and act as organic diodes when Ga/In eutectic and 

LOFO metallic leaf establish soft contacts on their surfaces. The typical maximum rectification 

ratio is between 80~650 at a certain voltage. Reversing the bilayer order changes the direction of 

rectification. 
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CHAPTER 3 

 

VISIBLE SPECTROELECTROCHEMICAL STUDY ON ELECTRON BLOCKING AND 

TRAPPING BEHAVIOURS IN DIFFERENT BILAYERS  

 

 

3.1 INTRODUCTION 

Mixed conductor polymeric materials are rarely used for rectifying devices.
1,2

 By virtue of 

their bipolar nature, dominance by electron transport or hole transport depends on the connecting 

electrode material and the applied potential. When these materials are in contact with a unipolar 

material, the potential for rectification exists depending on the charge state of all the materials. 

Electrical properties of conducting polymers and their controllability by a doping/dedoping 

process have been an important issue in the field of organic electronics. For this reason, 

electrochemical techniques emerged first as a major tool for studying conducting polymers and 

their electrical, as well as electrochemical properties. However, these techniques are not by 

themselves suitable to identify unknown species that are formed as intermediates or as products 

in a redox reaction. The combination of electrochemistry with some other techniques can solve 

this problem and allow for a more complete analysis of electron transfer processes and 

complicated redox reaction. 

   The coupling of electrochemical and spectroscopic techniques is intensively used in the 

characterization of electroactive films.
3,4

 Spectroelectrochemistry (SEC) has been a powerful 
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technique in following the spectral changes of conducting polymer films during their 

electrochemical growth and doping/dedoping processes for determining energy levels since the 

late 1960s.
5
 Several spectroscopic techniques such as UV-Visible and near-infrared absorption 

(UV-Vis-NIR) or reflection spectroscopy, infrared spectroscopy (IR), Raman spectroscopy and 

X-ray absorption or scattering, have been combined with electrochemical methods for study of 

redox processes that occur within thin layers on electrode surfaces and in solution.
6
 UV-Vis-NIR 

spectrometries have become routine methods for investigations of conducting polymer films, 

where they are used to monitor the chemical changes occurring in the surface film. Optically 

transparent electrodes (OTEs) are usually employed, which are normally either indium–tin oxide 

(ITO) or a very thin (less than 100 nm) layer of gold or platinum on a glass or quartz substrate. 

Our group also designed a spectroelectrochemical cell (see Figure 3-1) for UV-Vis-NIR 

spectroelectrochemical experiments. Teflon was used to build the cell body. There are two 

windows (front and rear window) in this cell. Three small holes on the top were made so that 

counter and reference electrodes could be set up inside the cell, the third hole is for Argon 

degassing and is relatively small. The glass that was chosen to cover the rear window is partially 

transparent to UV radiation, as well as transparent to visible and near IR radiation. ITO coated 

transparent glass slides were used as working electrode and covered the front window. Both 

aqueous and non-aqueous solution can be used in this cell system, offering a wide potential range. 

This cell system can be set up in the sample compartment of a UV-Vis. spectrophotometer and is 

connected to a potentiostat, enabling detection of species absorbing in UV-Vis-NIR regions of 

the spectrum following the oxidation or reduction of an electroactive material on the surface of 
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the working electrode. 

As mentioned in Chapter 1, a series of monomers with a structural motif R-X-R have been 

synthesized in our lab over the years.
7-10

 Polymeric films on electrode surfaces can be obtained 

by electrochemical polymerization of monomers resulting in an alternating polymer of 

diphenylbenzidine (two para- linked diphenylamine groups) and the X unit. The 

spectroelectrochemistry of single thin films on ITO has been investigated for many of these 

materials.
10,11

 For convenient comparisons of the bilayer spectra data, monolayer electrospectra 

especially from the reduced form of poly(FD), poly(DNTD), poly(DPTD) and poly(Cl4DPTD) 

are shown in Figures 3-2 to 3-5.  

In this chapter, we study the electron blocking and trapping behavior of bilayers, which are 

sequentially electrochemically polymerized in the same manner as single layered materials. 

Figure 1-5 depicts the chemical structures of the monomers from which we synthesized our 

bilayer materials: DNTD, FD, DPTD, and Cl4DPTD. Because of their intense absorption bands 

in the UV-Visible region, poly(DPTD) and poly(Cl4DPTD) have the potential to be used in 

photovoltaic cell devices.
12

 Due to the natural unipolar native of poly(FD), which can only be 

oxidized at a certain potential, electron blocking is anticipated to happen when poly(FD) is 

placed between the ITO and another bipolar polymeric film such as poly (DNTD) or 

poly(DPTD). Trapping of carriers is expected to take place when two films with different 

reductive potentials are contacted. 
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Figure 3-1 The diagram of spectroelectrochemical cell  
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3.2 EXPERIMENTAL 

The synthesis of diphenylamine endgroup monomers (DNTD, DPTD, Cl4DPTD and FD, 

see Figure 1-5) have been previously described in the literature.
7-11,13

 Methylene chloride 

(CH2Cl2, 99.9% Fisher) was freshly distilled from CaH2 (Aldrich Chemical Co.). 

Tetrabutylammonium hexafluorophosphate, TBAPF6 (Aldrich, 98%) was dried prior to use in 

vacuo at 100 °C for at least 48 hrs. Cyclic voltammetry in solution was performed under the 

same conditions as described in Chapter one. Indium tin oxide (ITO, Delta Technologies, Ltd.) 

70Ω/◻ coated glass slides were used as working electrodes to electrooxidatively polymerize 

different monomers onto the front windows of the SEC cell. The procedures for the 

electrochemical polymerization of the monomers has been described elsewhere.
10,11

 Microscope 

glaslides (Fisherbrand) were chosen to cover the rear window of SEC cell. The reference 

electrode was Ag/AgCl in saturated KCl and Pt mesh was used for the counter electrode. The 

long pathlength spectroelectrochemical cell has been described elsewhere.
10

 The UV-Vis 

measurements were performed on an Agilent 8453 UV-Visible spectrophotometer coupled with  

a CV-27 potentiostat for applying electrochemical potentials. Solutions in the electrochemical 

cell were bubbled with Ar for at least 15 mins. Each spectrum was taken when the 

electrochemical cell current decayed to zero and was integrated for 2 seconds. At each applied 

potential, a minimum of 2 spectra were taken to verify consistency.  
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3.3 RESULTS AND DISCUSSION  

3.3.1 Electrochemistry and spectroelectrochemistry of a single layer 

All the compounds, FD, DNTD, DPTD and Cl4DPTD can be electropolymerized from their 

monomer solutions in CH2Cl2. Cyclic Voltammegrams of poly(FD), poly(DNTD), poly(DPTD) 

and poly(Cl4DPTD) thin film on Au electrode in CH2Cl2 with 0.1 M TBAPF6 at a scan rate of 

200 mV/s were shown in Chapter 2. Poly(DNTD), poly(DPTD) and poly(Cl4DPTD) show 

similar voltammograms, all these thin films deposited on electrodes exhibit two redox species 

either at the positive potential or negative potential regions, which correspond to DPB
0
/DPB

+
, 

DPB
+
/DPB

2+
 and the X group redox species, respectively. Poly(FD) only exhibits DPB

0
/DPB

+
, 

DPB
+
/DPB

2+
 two redox species at positive potentials. Table 3-1 shows the oxidation and 

reduction data of the resulting polymer films. Each material is oxidized at nearly the same 

positive potential but they have very different reductive potentials. The oxidation wave has been 

assigned to the diphenylbenzidine linkage which is common to all four polymers.
10,11,13

 

The spectroelectrochemistry of poly(DNTD), poly(FD), poly(DPTD) and poly(Cl4DPTD) 

single layer films was also investigated and discussed by our former group members. In order to 

have a better understanding of the bilayer electron behaviors, some spectroelectrochemical 

results of single layer films are presented in Figures 3-2 to 3-5. Also, some characteristic 

absorption peaks from several single films are listed in Table 3-2. 

We have previously postulated that an important intermediate species in these films is the 

π-stacking diphenylbenzidium cation dimer.
7
 The ability to form this dimer may, in part, be 
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Table 3-1 Electrochemical data of different polymers 
10,11,13

 

Polymers DNTD DPTD Cl4DPTD FD 

E1/2 Oxidation (1st) 

            (2nd) 

0.722 V 

0.938 V 

0.700 V 

0.904 V 

0.705 V 

0.899 V 

0.608 V 

0.880 V 

E1/2 Reduction (1st) 

            (2nd) 

-0.596 V 

-1.015 V 

-0.592 V 

-0.825 V 

-0.413 V 

-0.577 V 

N/A 

Longest wavelength 

absorbed (nm) at 0.0 V 

384 490, 535 522, 488 <350 

Potentials vs. Ag/AgCl; 0.1 M TBAPF6, CH2Cl2, scan rate=200mV/s. 

 

 

Table 3-2  Visible absorption bands for reduced polymer films
10,11,13

 

Polymer  FD DNTD 

Anion Dianion Anion Dianion 

Absorbance 

bands (nm) 

- - 482, 528, 613, 

701, 782 

762 

Polymer DPTD Cl4DPTD 

Anion Dianion Anion Dianion 

Absorbance 

bands (nm) 

490, 529, 722，

810，970 

490, 526, 577, 

654 

763，923，1015 485, 523, 688 
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Figure 3-2.  Poly (FD) spectroelectrochemistry at potentials vs. Ag/AgCl 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

400 500 600 700 800 900 1000 1100

0 V
-0.5 V
-0.8 V
-1.0 V
0.9 V
1.4 V

A
b
s
o
rb

a
n
c
e
 

Wavelength (nm)
 

Figure 3-3.  Poly(DNTD) spectroelectrochemistry at potentials vs. Ag/AgCl 
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Figure 3-4.  Poly(DPTD) spectroelectrochemistry at negative potentials vs. Ag/AgCl 
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Figure 3-5. Poly(Cl4DPTD) spectroelectrochemistry at negative potentials vs. Ag/AgCl 
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determined by the steric bulk of the -X- group as well as by interchain interactions between -X- 

groups. One important difference is that poly(FD) is based on an amide linked diphenylbenzidine 

where the other polymers are imide linked. Also poly(FD) contains a dicarboxyferrocenyl group 

which has a third accessible oxidation based at the Fe center. The result of these two differences 

is that the first oxidation signal of poly(FD) is ~0.1V more negative as compared to that of the 

imide based polymers.  

 

3.3.2 Electron blocking in bilayers 

We used poly(DNTD)/poly(FD) and poly(DPTD)/poly(FD) bilayers to investigate the 

electron blocking behavior. Figures 3-6A and 3-8B depict spectroelectrochemical results for  

both bilayer films of ITO|poly(FD)|poly(DNTD) with ΓFD=1.56×10
-9

 mol/cm
2
 and 

ΓDNTD=1.24×10
-9

 mol/cm
2
 and ITO|poly(DNTD)|poly(FD) with ΓDNTD=2.93×10

-9
 mol/cm

2
 and 

ΓFD=0.77×10
-9

 mol/cm
2
, respectively. Results for ITO|poly(FD)|poly(DPTD) are shown in 

Figure 3-7A, ΓFD is 2.29×10
-9

 mol/cm
2
 and ΓDPTD is 0.33×10

-9
 mol/cm

2
; for bilayer 

ITO|poly(DPTD)|poly(FD) in Figure 3-7B, ΓFD is 0.72×10
-9

 mol/cm
2
 and ΓDPTD is 1.86×10

-9
 

mol/cm
2
. 

Neither poly(DNTD) nor poly(FD) bilayer films show any significant absorbance at 

wavelengths >400 nm but poly(DPTD)/poly(FD) films exhibit signals at 490 nm and 535 nm 

(the same as poly(DPTD) single film) at 0.0V vs. Ag/AgCl. When positive potentials are applied, 

e.g. +0.8V, a broad band which peaks ~1100 nm appears in all bilayers and if a greater potential 

is applied (+1.2-1.4V), this band disappears, and is replaced by an intense peak between 600-800 
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nm. This corresponds to the oxidation of diphenylbenzidine group in the polymer units.
7
 

Individual films of poly(FD), poly(DNTD) and poly(DPTD) cations show intense absorptions at 

840 nm,
7
 610 nm

8
 and 682 nm,

9
 respectively. Since absorptions due to the full oxidation of both 

films is observed, an oxidized inner film of poly(FD) will oxidize the outer layer of poly(DNTD) 

and an oxidized inner film of poly(DNTD) will oxidize the outer layer of poly(FD), The same 

phenomenon also happens in the case of poly(DPTD)/poly(FD) bilayer films. Based on 

half-wave potentials (E1/2) of poly(DPTD)/poly(FD) bilayers, the HOMO energies of these 

materials are closely matched and facile electron transfer between layers occurs. Upon reduction 

back to the neutral state the absorption of both bilayers reverses to the original spectra consistent 

with a complete reduction of the inner and outer layers. 

At potentials more negative than 0.0V, the optical and electrochemical behavior of the two 

orientations of bilayer films is different. Previously, we showed that poly(FD) is electroinactive 

at negative potentials to at least -1.2V vs. Ag/AgCl; the spectroelectrochemistry of poly(FD) 

shows the same spectra across this range. For the bilayer of ITO|poly(FD)|poly(DNTD) (Figure 

3-6A), the spectra of this bilayer film is similar to that of a single layer of poly(FD) showing the 

same absorbance from 0.0 to -1.0V, which is similar to the case of ITO|poly(FD)|poly(DPTD), 

shown in Figure 3-7A. Reversal of the potential to 0.0V results in no changes. However, for the 

bilayer of ITO|poly(DNTD)|poly(FD) (Figure 3-6B) or ITO|poly(DPTD)|poly(FD) (Figure 3-7B), 

at potentials more negative of 0.0V a series of absorbance peaks (482, 613, 701, 782 nm for 

poly(DNTD) and 722, 810, 970 nm for poly(DPTD) or 577, 654 nm appear at more negative 

potentials e.g. -1.0 V vs. Ag/AgCl and are indicative of the poly(DNTD) and poly (DPTD) 
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anions (Table 3-2). Upon reversing the potential, the spectrum returns to the original one 

recorded at 0.0V. It is clear that the inner poly(FD) layer blocks electron transfer to outer 

poly(DNTD) or poly(DPTD) layers, but when the direction of electron transfer is reversed, the 

inner poly(FD) does oxidize the outer layer .  

 

3.3.3 Electron trapping in bilayers based on bipolar conducting polymers 

For polymer bilayers where both layers are bipolar conductors, differences in their energy 

levels can lead to interesting charge localizations. For example, an 

ITO|poly(DNTD)|poly(Cl4DPTD) bilayer, with ΓDNTD=4.21×10
-9

 mol/cm
2 

and 

ΓCl4DPTD=1.88×10
-9

 mol/cm
2 

, was electrochemically polymerized and investigated using 

spectroelectrochemistry. Both poly(DNTD) and poly(Cl4DPTD) show two redox couples at 

negative potentials and each shows changes in their spectra in response to different potentials. 

Figure 3-8 shows the reduced form of the bilayer as the potentials increase from -0.9 to 0.3V. At 

-0.9V, absorbances at 482, 613 and 782 nm are indicative of poly(DNTD) anion
9
 and at the same 

potential, the absorbance peak ~688 nm can be assigned to poly(Cl4DPTD) dianion.
10

 When the 

potential increases from -0.9V to -0.3V, the peaks for poly(DNTD) anion and poly(Cl4DPTD) 

dianion disappear and poly(Cl4DPTD) anion absorbance peaks at 763 and 923 nm appear. In 

single layer films of poly(Cl4DPTD) the oxidation of the poly(Cl4DPTD) anion occurs at -0.4V, 

but in the bilayer films, the absorbances assigned to the poly(Cl4DPTD) anion do not disappear 

until +0.3V.  
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Figure 3-6A Spectroelectrochemistry of ITO|poly(FD)|poly(DNTD). 
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Figure 3-6B. Spectroelectrochemistry of ITO|poly(DNTD)|poly(FD). 
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Figure 3-7A Spectroelectrochemistry of bilayers with poly (DPTD) grown on poly (FD).  
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Figure 3-7B Spectroelectrochemistry of bilayers with poly (FD) grown on poly (DPTD).  
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Figure 3-8.  Electron trapping shown by spectroelectrochemistry in 

ITO|poly(DNTD)|poly(Cl4DPTD) bilayers at negative potentials. 
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Figure 3-9.  Electron trapping shown by spectroelectrochemistry in 

ITO|poly(DPTD)|poly(Cl4DPTD) bilayers at negative potentials. 
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Scheme 3-1. Electron trapping in bilayers of ITO|poly(DNTD)|poly(Cl4DPTD) and 

ITO|poly(DPTD)|poly(Cl4DPTD). 
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The oxidation occurs as poly(Cl4DPTD) dianion becomes the poly(Cl4DPTD) anion at 

-0.4V, while at the same potential the poly(DNTD) anion transforms into the neutral insulating 

form. Upon further oxidation up to +0.3V, poly(Cl4DPTD) anion is trapped between the 

electrolyte and the neutral poly(DNTD) polymer. Slightly more than +0.6V are needed to 

overcome this electron barrier. From Table 1, the first reduction potential of poly(Cl4DPTD) is 

more positive than poly(DNTD) by +0.18V. This +0.18V uphill barrier requires the application 

of +0.6V to allow electron transfer. It is important to note that at +0.3V, poly(DNTD) has not 

accessed the p-doped, oxidized form which starts to occur at +0.6V. This result shows that 

electrons can be trapped in the poly(Cl4DPTD) layer at potentials 0.6V more positive of their 

thermodynamic potential. 

From Table 3-1, the first reduction potential of poly(DPTD) is nearly identical to that of 

poly(DNTD), while the second reduction of poly(DPTD) is more positive than that of 

poly(DNTD). The implication is that the same +0.18V barrier should exist for electron trapping 

in a bilayer composed to ITO|poly(DPTD)|poly(Cl4DPTD) as in ITO|poly(DNTD)|- 

poly(Cl4DPTD). The spectroelectrochemical responses for this bilayer for increasing potentials 

from -1.0V to 0.2V are shown in Figure 3-7B. At a potential of -1.0V, both of polymer films are 

reduced to their dianion forms and with increasing in potential, the poly(DPTD) dianion is 

oxidized by one electron becoming the anion, as evidenced by the absorption peak at 577 nm 

disappearing and peaks at 810 nm and 970 nm appearing while the peak at 688 nm remained 

unchanged.
9
 The absorption peaks of poly(DPTD) anion start decreasing at -0.5V and vanishes at 

-0.4V. At the same potential, the poly(Cl4DPTD) dianion spectroelectrochemical response 
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follows that of the poly(DPTD) anion where the peak at 688 nm starts to decrease at -0.5V and 

disappears at -0.3V. At a potential of -0.4V, the absorption bands at 763 and 923 nm 

corresponding to the poly(Cl4DPTD) anion are most intense.
9
 As above, single layer films of 

poly(Cl4DPTD) anion are completely reoxidized at -0.4V but poly(Cl4DPTD) anions exist in the 

bilayer even at +0.1V. This shows that electron trapping also occurs in the outer bilayer, but the 

positive potential required to overcome the barrier (0.4V) is less than in the poly(DNTD) case. 

The reasons for this are unclear. We speculate that either poly(DNTD) is a better insulator with 

fewer defect sites due to more efficient packing, or that the larger dispersion in energy levels for 

poly(DPTD) from additional defect sites reduces the barrier. When the inner layer is reoxidized 

to the neutral form cations are expelled into the outer layer.
14

 For the outer layer to reduce the 

inner layer, energetic contributions from cation exchange must be accounted for. The important 

conclusion is that while the thermodynamic barrier may be relatively small, the actual barrier to 

electron transfer between layers can be much larger. The electron trapping diagrams for both 

bilayers are also shown in Scheme 3-1, in which the energy level of the poly(Cl4DPTD) anion is 

0.18 eV smaller than those of the poly(DNTD) or poly(DPTD) anions. 
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3.4 CONCLUSIONS  

The electron blocking and trapping behavior of a series of electrochemically polymerized 

bilayer materials have been studied by visible spectroelectrochemistry. Electron blocking could 

be achieved when the inner material of the bilayer has no energetically available electrochemical 

response. Electron trapping occurs when the bilayer is fully doped (in this case reductively) but 

the inner material is oxidized to the insulating form before the outer layer and the energetics for 

electron exchange is not favorable. A larger potential for overcoming that barrier is required than 

the one predicted by thermodynamics. 
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CHAPTER 4 

 

EFFECT OF STRUCTURAL MODIFICATIONS IN THE SPECTRAL PROPERTIES OF 

PERYLENE DIIMIDE DERIVATIVES AND P-N JUNCTION ORGANIC SOLAR CELLS 

BASED ON PERYLENE-CORE POLYMERS  

 

4.1 INTRODUCTION OF PDIs AND THEIR OPVs  

Fast progress in the efficiency of OPVs will potentially make them a competitive 

alternative to inorganic solar cells due to the low-cost of materials and fabrication processes. 

After more than 30 years of research, different types of materials for OPVs have been reported 

based on small molecules,
1,2

 polymers
3,4

 or combinations of both.
5,6

 The highest literature 

reported power conversion efficiency (PCE) reported so far for a single cell is close to 7.4% in 

the case of poly[4,8-bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4- 

substituted-thieno[3, 4-b]thiophene-2,6-diyl] (PBDTTT)-derived polymers
4
 and p-type 

semiconducting polymers such as thieno[3,4-b]thiophene and benzodithiophene units.
7,8

 The cell 

concepts here also include different cell structures, including single active layer,
9
 p-n 

heterojunction bilayer,
1
 bulk-heterojunction

3
 and tandem cells,

10-12
 as well as inverted p-n 

junction with a structure of ITO|n-type|p-type|metal.
5,6,10,13

 In order to improve the PCE of OPVs, 

many aspects should be considered, such as the absorption coefficients of the materials, the 

exciton dissociation rates and the charge-carrier mobilities. Due to the low electron mobilities of 

organic materials, the active layer thickness should normally be limited to below 100 nm. Most 
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of the electron acceptors such as fullerene derivatives and TiO2 nanoparticles for OPVs have 

relatively low light absorption coefficients in the visible region and do not π-π stack in any 

direction. However, perylene diimide (PDIs) deriviatives are a group of very interesting 

acceptors because they have large molar absorption coefficients, good electron accepting 

properties, show high electron mobility along the π-π stacking axis as well as being easily made 

and exhibit chemical and thermal stability.
14

 

Perylene tetracarboxylic acid diimides (PDIs), perylene diimides for short, are well-known, 

widely available, typical n-type organic semiconductor materials. Perylene dyes (PDs) were first 

discovered and synthesized by Kardos and Weitzenbock in 1913,
15,16

 and since then have been 

extensively studied for a variety of purposes, including pigments,
17

 laser dyes,
14,18

 electronic 

devices
19

 and more recently solar cells.
1,20

 Early uses included vat dyes, primarily because of 

their resistance to fading after being exposed for a long time to light, as well as for industrial dye 

pigments. It was not until much later, in 1959, that PDIs were found to be extremely 

fluorescent.
17

 The main reason for this late discovery was a result of their poor solubility in most 

organic solvents. The parent PDIs give a strong yellow-green luminescence.
14

 PDIs are 

characterized by high fluorescence quantum yields and photo-stabilities that have enabled them 

to serve as fluorescent standards, sensors,
18

 and laser dyes.
21

 The advantageous fluorescent 

properties have also enabled researchers to use these compounds as optical sensors.
22

 The use of 

PDs as laser dyes has also increased substantially over the years because of their greater 

photostability than most other dyes.
23-25

 

The parent structure of PDI is showed as Figure 4-1, exhibiting flat π-systems when R’ is 
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sterically small, as confirmed by X-ray diffraction of several single crystals.
26-29

 According to the 

observed bond lengths, perylene diimide can be thought in terms of two naphthalene half units, 

connected by two single bonds.
30

 PDI structures have been shown to display several distinct 

properties; ones that affect their solubility,
14

 electronic structure,
31

 self-aggregation
30

 and 

solid-state color.
32

 The molecular structure of a substituted PDI is also shown in Figure 4-1. The 

rigid, perylene core is made up of benzene rings that act as a stabilizing feature, while the N-R 

single bond at each end of the molecule is known as the imide position. The bay positions are 

located on the edges of the benzene rings and are represented by R’. Different substitutions have 

been made at both the R and R’ positions and have lead to the discovery of different 

characteristic properties of PDI molecules.  

Like perylene itself, PDIs that are unsubstituted at the imide nitrogens have been found to 

be insoluble. Langhals contributed much in the area of PDI solubility
14

 and found that 

substituting the PDI at the imide positions with aromatic amines increases the solubility 

dramatically. Further substitutions on the N-amide aromatic ring with either tert-butyl groups or 

long chain primary and secondary alkyl groups increases the solubility of the perylene diimide 

even more.
14,30

 Substitutions at the bay positions of the PDI molecule have shown to change the 

rigidity of the perylene core to a more twisted conformation, which consequently increases the 

solubility as well. Also, substituents in the bay area have a pronounced effect on the respective 

redox potentials.
32

 

Analysis using electrochemistry and UV-Visible spectroscopy reveals that the PDI parent 

LUMO and HOMO energies are at -3.8 eV and -6.0 eV,
33

 respectively. The LUMO energy 
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Figure 4-1 The parent structure of perylene diimide, R’=R=H.  
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is very close to the one of C60 and its derivative, PCBM, another n-type material used in 

photovoltaics. In order to match the energy levels of p-type materials, especially for those 

materials with higher HOMO and lower LUMO energy levels, it is necessary to modify the 

HOMO and LUMO energy levels of PDI’s. PDIs are very conducive to modifications that 

change their LUMO and HOMO energy level to fit different p-type semiconductors. Normally, 

the chemical modifications at 1,6,7,12-perylene bay area positions (as shown in Figure 4-1) or 

the imide regions can fulfill the purpose. When electron-withdrawing or donating functional 

groups were added to these positions, the LUMO and HOMO of PDI could be modified. For 

example, when the 1,6,7,12-perylene bay area H-atoms were replaced by Cl-atoms, the PDI 

LUMO changes from -3.8 eV to -3.9 eV;
33

 on the other hand, when the same positions were 

replaced by phenoxyl groups, the LUMO increases to -3.7 eV. If stronger electron donors or 

acceptors were added, both LUMO and HOMO would be affected, e.g. if the perylene bay area 

1,7 –positions were replaced by the stronger donor, pyrrolidinyl groups, the PDI’s LUMO and 

HOMO would change to -3.4 eV and -5.0 eV, respectively.
34

 If cyano groups were added, which 

are stronger e
-
 acceptors than Cl-groups, the LUMO and HOMO energies changed to -5.0 eV and 

-6.04 eV, respectively.
34

 

Along with appropriate energy levels, another important property for good n-type 

semiconductors is their electron mobility. Due to the high electron density and flat structure of 

the perylene core, it is very easy for PDIs to form π-π stacks, which contributes to enhanced 

electron mobility.
30

 Also, increasing electron affinity of PDIs can be achieved by introduction of 

electron-withdrawing functional groups such as halogens or cyano groups in the bay area, which 
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lowers the LUMO energy.
34,35

 As an example, when the 1,6,7,12-perylene bay area positions 

were replaced by Cl-atom, the electron mobility improves from 0.039 to as high as 0.14 

cm
2·V

-1·s
-1

.
33

 The replacement with Cl-atoms makes PDIs more electrophilic, which 

facilitates electron transfer in the solid-state. Currently, the highest reported mobility of a PDI 

derivative is 0.6 cm
2·V

-1·s
-1 

with N,N’-dioctyl-3,4,9,10-perylene tetracarboxylic diimide 

(PTCDI-C8H).
36

 Higher mobility allows excitons to reach an interface in a shorter time before 

they are quenched, increasing charge separation efficiency. This is favorable to improving the 

power efficiency of a solar cell. 

The photo-induced charge separation between PDI and metal phthalocyanine has been 

widely investigated by femtosecond transient spectroscopy. The Wasielewski group found that a 

donor-acceptor radical will form under laser excitation in a few picoseconds for the dendrimer 

molecules including PDI and ZnTPP.
37,38

 Also PDI
-∙
 radicals interact strongly with adjacent PDI 

molecules in the dendrimer molecular column stack.
37-39

 They also found that it takes about 3.2 

ps to form the ZnTPP
+
-PDI

-
 radical ion pair resulting in charge separation.

37
 The radical 

recombination time is 3.0~4.8 ns.
38

  

The PTCBI-CuPc based OPV was first investigated by Tang and its efficiency was close to 

1%.
1
 The original Tang OPV efficiency was improved by the Forrest research group. In 2000, 

they added an exciton-blocking layer, bathocuproine (BCP), to the Tang cell and the efficiency 

reached 2.4%.
40

 They also used PTCBI-CuPc co-sublimation followed by annealing to build a 

bulk-heterojunction structure, resulting in cell efficiency of about 1.5% in 2003.
20

 A new vapor 

phase deposition (VPE) helped to increase the efficiency for this system further to 2.2 %.
41,42
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In order to improve the efficiency of OPVs, another approach is to yield increased optical 

absorption and photocurrent generation in the photoactive layer by inducing surface plasmons 

through careful control of nanoparticle properties. Metallic nanoparticles incorporated in OPVs 

can exhibit strong scattering of the incident light when the frequency of the incident photon 

matches the surface plasmon resonance of the metallic nanoparticles.
43-45

 Some metallic 

nanoparticles exhibit a broad absorption spectrum depending on types of metal, particle size and 

shape, which dictate the corresponding surface plasmon resonances.
43

 Kulkarni, et al.
46

 also 

showed that silver nanoparticles can enhance optically produced polaron charge generation three 

fold over pure 3-hexylthiophene. Silver and gold nanoparticles incorporated with organic 

photoactive layers have been shown to improve cell performance 20-40% compared to the 

devices without nanoparticles.
47-50

  

To date, most of the applications for OPVs with perylene derivatives were performed with 

DSSC,
51,52

 layered structures through vapor deposition with insoluble PDIs,
1,5,13

 as well as spin 

coating with those soluble ones.
34

 The inverted p-n structure with PDI related materials has 

proven to work as well as normal p-n structures without any further modification of the ITO 

glass, see Chapter 1, Table 1-1.
1,5,6,10,13,53-57

 However, applications of polymers with perylene 

units are quite limited
58,59

 and to the best of our knowledge, here we report OPVs fabricated from 

the electropolymerization of PDI-core monomers solution for the first time. Thus, in this chapter 

we have undertaken a systematic study on various PDIs, which have different functional groups 

in the polymer units, to find a solution fabrication method and the most promising PDI acceptor 

structure for OPVs. Four different PDI-core monomers were chosen: DPTD, 
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N,N’-Dip-phenylamino (phenyl)-perylene-3,4,9,10- tetracarboxylic diimide; Cl4DPTD, 

(N,N’-Dip-phenylamino (phenyl)-perylene-1,6,7,12 tetrachloro-3,4,9,10-tetracarboxylic 

diimide); (t-BuPhO)4DPTD, N,N'-di[p-phenylamino(phenyl)]- 1,6,7,12-tetrakis 

(4-tert-butylphenoxy-perylene-3,4,9,10-tetracarboxylic diimide; and cyclohexyl-DPTD, 

N,N'-dicyclohexyl-1,7-di-p-anilino- phenoxy-perylene-3,4,9,10- tetracarboxylic diimide. The 

structures of DPTD, Cl4DPTD, (t-BuPhO)4DPTD and cyclohexyl-DPTD structures are shown in 

Figure 4-2. All of these monomers have the same chemical structure motif of R-X-R. Based on 

previous research, all of them can be electropolymerized on transparent ITO electrodes.
60,61

 This 

leads to an inverted p-n structure with ITO|n-type|p-type|metal when followed by vacuum 

thermal evaporation of CuPc and then silver metal.  

Copper phthalocyanine (CuPc, structure shown in Figure 4-3), which is known to show 

high hole mobility, has been chosen as a electron donor by many researchers.
62-65

 Using CuPc as 

a hole transporting layer and varying the electron acceptor PDI-core polymers, we can assume 

that the observed properties differences in devices are mainly derived from the different 

structural and physical properties of the PDIs.  

4.2 EXPERIMENTAL 

4.2.1 Reagents and materials 

Methylene chloride (CH2Cl2, 99.9% Fisher) was freshly distilled from calcium hydride 

(CaH2, Aldrich) and used as a solvent for electropolymerization. Tetrabutylammonium 
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Figure 4-2 Chemical structures of four different monomers that produce perylene-core polymers. 
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hexafluorophosphate, TBAPF6 (Aldrich, 98%) was dried under vacuum at 100 °C for at least  

48hrs. The PDI-core monomers were previously synthesized in our lab
60,61

 and their 

corresponding polymers were investigated as electrochromic materials. PTCBI was synthesized 

using published procedures.
66

 All polymers were polymerized via electro-oxidation in a standard 

three-electrode cell in their solutions with 0.2 mM monomer concentration and 0.1 M TBAPF6; 

details of the electropolymerization process have been published previously.
61

 Indium Tin Oxide 

(ITO) coated glass slides were purchased from Delta Technologies Inc. with a sheet resistance of 

70Ω/□. Copper phthalocyanine, CuPc (Aldrich, 99%) was used as p-type material for the OPVs.  

4.2.2 Analytical instruments 

UV-Visible and fluorescence spectra were measured using a Shimadazu UV-VIS-NIR 

double beam spectrometer (UV-3600) using 1 nm slit width and Perkin Elmer LS55 

Luminescence Spectrometer, respectively. The transmission baseline of the optical spectra were 

referenced to a blank ITO glass substrate and data was recorded in slow scan mode with a slit 

width of 2 nm. Diffuse reflection visible spectra were obtained from Shimadazu UV-2501 PC 

UV-Visible double beam spectrometer with an ISR-240A diffuse reflectance attachment with a 5 

nm slit width. The baseline of diffuse reflectance spectra was also based on a blank ITO glass in 

the 400-800 nm range. 

4.2.3 OPV fabrication 

All photovoltaic devices were fabricated as sandwich structures with two active layers 

between ITO and a backside Ag electrode, see Figure 4-4. ITO coated glass was sonicated   
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Figure 4-4 PDI-polymers-CuPc photovoltaic devices configuration. 
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in methanol for 30 mins., then cleaned in a mixture of hydrogen peroxide (H2O2, 30.9%, Fisher),  

ammonium hydroxide (NH4OH,37% , Fisher) and de-ionized water in volume ratio of 1:1:10.
67

 

The surface of cleaned ITO glass with size of 11×25 mm was modified by oxidative 

electropolymerization of different polymers. The modified ITO glass was removed from the 

monomer solution and rinsed thoroughly with CH2Cl2 to remove the electrolyte. CuPc (Aldrich, 

99%) was deposited onto dry glass slides modified with PDI-core polymer in vacuo (base 

pressure < 2.0 ×10 
-5

 Torr) using our home-made thermal evaporation system with turbo and 

mechanical pumps, see Figure 4-5. A typical evaporation process consists of: 1) maintain 

chamber under vacuum for about 30 mins; 2) turn on the power supply connected to heater and 

the CuPc-contained basket; 3) set current to 32 A where the voltage will increase slowly to about 

3.5 V. The CuPc will sublime and deposit on cold polymer surface in 60 seconds after the heater 

becomes red. In order to get a CuPc film of proper thickness (20-25 nm), the evaporation time is 

about 110-120 seconds. After adding a layer of CuPc on the polymer, an Ag top electrode was 

deposited by the same procedure on top of the organic layers through a shadow mask. The 

current for Ag sublimation is 110 A and voltage is about 4.8 V. The pixel size as defined by the 

overlap of ITO and Ag back electrode was 1.1-2.0 mm
2
, see Figure 4-5 for the mask size.  

4.2.4 Nanoparticle deposition 

The Au nanoparticles were purchased from Aldrich Chemicals with a mean particle size of 

8-12 nm. The nanoparticles were deposited dropwise on the polymeric film surface and baked in 

a 90 ºC oven to evaporate the water from the gold nanoparticle solution before deposition of the 

CuPc layer and the Ag electrode. All other device fabrication and all measurements were 
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Figure 4-5 Diagram of home-made thermal evaporation system. 
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performed at ambient atmosphere as using the same procedure as described in part 4.2.3.  

4.2.5 OPV characterization 

All electrical measurements were performed at ambient atmosphere. The current-voltage 

curve of the photovoltaic device was measured in dark and under illumination of light with an 

intensity of ~100 mW/cm
2
 (Newport Oriel Apex Illuminator, AM1.5), calibrated by a 

powermeter (Newport powermeter 1815-C). Electrical data were taken using a Keithley 6487 

picoammeter/voltage source unit communicating with a Labview 8
®
 (National Instrument) 

programmed computer.  

4.3 RESULTS AND DISCUSSION 

Fabrication of organic photovoltaic cells and electronic devices requires better soluble 

PDI-core semiconductor materials in order to enable utilization of solution processes, although 

insoluble and high-melting PDIs like PTCBI are easily obtained by the reaction of perylene 

tetracarboxylic acid dianhydride with a multitude of aromatic or aliphatic amines.
66

 There are 

two proven, successful approaches to prepare soluble PDIs: introducing of solubilizing 

substituents at the imide nitrogen, and substitution of such groups into the bay area. In order to 

make oxidative electropolymerizable PDI monomers, it is necessary to introduce 

electropolymerizable groups in either imide nitrogen or the bay area. In our case, we introduce 

diphenylamine groups for DPTD, Cl4DPTD and (t-BuPhO)4DPTD at the imide nitrogen position. 

DPTD contains H-atoms in the bay area and to decrease the LUMO energy, four Cl-groups were 

introduced to generate Cl4DPTD. To increase the LUMO energy, four p-tert-butyl phenoxyl 
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groups were introduced into the same bay area positions to form (t-BuPhO)4DPTD. Cyclohexyl 

groups have been shown to increase solubility of macromolecules. In order to provide an 

electropolymizable linkage, two p-anilino-phenoxyl groups replaced the H-atoms at the bay area 

to make the product electropolymerizable, see Figure 4-2. Among these four monomers, 

(t-BuPhO)4DPTD and cyclohexyl-DPTD have much better solubility in CH2Cl2 than the other 

two. The steric bulk of the t-butyl phenoxy group introduced to the bay region and the steric 

strain in the bay area can lead to twisting of the two naphthalene half units of the parent PDI core 

from the flat π-system, and the cyclohexyl group at the imide position also minimizes π-π 

aggregation in solution.
32

 

4.3.1 Work function of PDI-core polymeric films 

The electrochemical properties of PDIs have been investigated by many researchers.
33,68

 

Their data show that PDIs are fairly electron deficient dyes, which are easily reduced and rather 

difficult to oxidize, leading to enhanced air stability. For the parent PDI, two reversible reduction 

waves are found via cyclic voltammetry. The first reduction potential is very comparable to that 

of C60. The redox properties of the electroactive PDI-core polymers and molecules were 

determined by cyclic voltammetry measurements at room temperature in CH2Cl2. In Liang’s 

work,
61

 as well as depicted in Figure 1-8 A, poly(cyclohexyl-DPTD)’s CV exhibits only one 

redox couple at negative potentials, the first half wave reduction potential, 1

1/ 2E , is about -0.783 

V vs. Ag/AgCl. Figure 1-8 B shows that poly(t-BuPhO)4DPTD displays 2 redox couples at 

negative potentials and 3 couples at positive potentials. The first half-wave reduction potential 
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1

1/ 2E  is at about -0.703 V and, the first half wave oxidation potential, 1

1/ 2E  is at about 0.805 V 

vs. Ag/AgCl. This shows the greater electron density at the perylene core for (t-BuPhO)4DPTD 

and cyclohexyl-DPTD than for DPTD, but Cl4DPTD is more electron deficient than DPTD. 

With the information of redox properties of each compound, the relative LUMO energy 

levels could be evaluated. In order to estimate the absolute energies of LUMO levels, the redox 

data are standardized to the ferrocene-ferricenium couple, which is calculated at an absolute 

energy of -4.8 eV.
69

 Here, Ag/AgCl vs. Fc/Fc
+
 is about -0.35 V.

34
 The LUMO energy levels then 

can be calculated using equation (4-1). In the same manner, the HOMO energy levels of all four 

polymers can be also estimated by their first half-wave oxidative potentials with equation (4-2). 

The LUMO and HOMO energy levels of these compounds obtained from equation (4-1) and (4-2) 

are listed in Table 4-1:  

 

 

Table 4-1. Electroactive data and work function of different polymers/compounds 

 

Polymers/ 

Compounds 

DPTD Cl4DPTD (t-BuPhO)4

DPTD 

Cyclohexyl-

DPTD 

CuPc 

1
st
 Half-wave 

Oxidative data 
1

1/ 2E  (V) 

 

0.700 

 

0.705 

 

0.771 

 

0.717 

 

N/A 

1
st
 Half-wave 

Reductive data  
1

1/ 2E  (V) 

 

-0.592 

 

-0.413 

 

-0.708 

 

-0.775 

 

N/A 

Longest 

wavelength 

absorbed (nm) at 

0 V 

 

530  

(2.340 eV) 

 

524 

(2.366 eV) 

 

581 

(2.134 eV) 

 

552 

(2.246 eV) 

 

695 

HOMO (eV) -5.150 -5.155 -5.221 -5.167 -2.65
70

 

LUMO (eV) -3.858 -4.037 -3.742 -3.675 -4.85
70

 

Note: All electrochemical potentials derived from CV in CH2Cl2 with 0.1M TBAPF6 at a scan 

rate of 200 mV/s and at room temperature.  
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ΦLUMO = - first reduction voltage (vs. Ag/AgCl) – (4.8-0.35) eV             (4-1). 

 

ΦHOMO = - first oxidation voltage (vs. Ag/AgCl) – (4.8-0.35) eV             (4-2). 

 

The work function of each PDI-polymer and CuPc is illustrated in Figure 4-6. 

 

4.3.2 Spectral studies in solution and solid-state films 

UV-Visible spectroscopy experiments were performed on the organic materials DPTD, 

Cl4DPTD, cyclohexyl-DPTD, and (t-BuPhO)4DPTD in CH2Cl2 solutions and solid state films. 

Figure 4-7 presents the absorption spectra of these perylene-core monomers in solution. Several 

authors have studied the absorption and fluorescence properties of the perylene derivative films 

in detail.
14,21,30,32,34

 These monomers, similar to other PDIs, have intense absorption bands in the 

400-600 nm region. In our case, the maximum absorption of DPTD, Cl4DPTD, cyclohexyl- 

DPTD and (t-BuPhO)4DPTD are 530, 524, 552 and 581 nm, respectively. For the unsubstituted 

PDI-core compound—DPTD, an absorption at 530 nm with a strongly pronounced vibronic fine 

structure is observed which has been assigned to the electronic S0-S1 transition, with a transition 

dipole moment along the long molecular axis.
30

 Pronounced changes in the absorption and 

emission bands take place if the parent PDIs are substituted at the aromatic core in the bay area. 

With two phenoxy groups attached at positions 1 and 7, the maximum shifts to longer 

wavelengths by about 20 nm (cyclohexyl-DPTD at 552 nm) and with four phenoxy groups the 

peak shifts by almost 50 nm ((t-BuPhO)4DPTD) as compared to the unsubstituted parent PDI. 

This is in a good agreement with previous results.
71-73

 According to AM1 calculations and the 

crystal structure of a related dye, two phenoxy substituents induce a 
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Figure 4-6 Energy level diagrams of ITO|PDI-core polymer|CuPc|Ag devices, the ITO and 

silver work functions were obtained from references.
74,75
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 Figure 4-7 UV-Visible spectra of different PDI-core monomers in dichloromethane, 

(Concentration of DPTD is 4×10
-6

 M and other three are 6×10
-6

 M). 
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twisting of the two naphthalene subunits in the perylene core by about 15º, and a 25º twisting 

results for four substituents.
30

 The resulting loss of planarity and rigidity of the PDI core causes 

considerable absorption band broadening. In our case, the absorption spectra of Cl4DPTD, 

(t-BuPhO)4DPTD and cyclohexyl-DPTD are all broadened as compared to that of DPTD. 

The optical properties of these four monomers in CH2Cl2 are also summarized in Table 4-2. 

Because of the rigidity of the perylene core in DPTD, this molecule exhibits a higher absorption 

coefficient than the other monomers and its quantum yield of fluorescence is close to 1, which is 

higher than the others too. The wavelength of maximum fluorescence intensity for each 

compound in solution is also listed in Table 4-2. 

 

Table 4-2 Optical properties of perylene-core monomers in CH2Cl2 

Compounds λabs/nm ε/M
-1

·cm
-1

 λem/nm 

DPTD 530 6.55×10
4
 537 

Cl4DPTD 524 4.66×10
4
 550 

Cyclohexyl-DPTD 552 4.38×10
4
 576 

(t-BuPhO)4DPTD 581 4.67×10
4
 602 

Note: λabs: maximum absorption wavelength; λem: maximum emission wavelength 

Solid state polymeric films of these compounds were also characterized and their visible 

spectra are shown in Figure 4-8. From these results, it is evident that when PDI films were 

electropolymerized from dichloromethane solution to form solid state films, the full width of at  
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Figure 4-8 UV-Visible spectra of different PDI-core polymeric thin films on ITO. 
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half maximum absorption of solid films becomes much broader than in solution. The maximum 

absorption peaks of poly(DPTD) and poly(Cl4DPTD) in solid films show a bathochromic shift (a 

change in band position to a longer wavelength) relative to those of the monomers after 

electropolymerization. This red shift is believed to be caused by the H-aggregation of perylene 

moiety, consistent with face to face aggregation.
37

 The extended H-aggregation in the acceptor 

polymers could give rise to a charge transport channel along the π-π stacking axis. However, the 

transmission visible spectra of cyclohexyl-DPTD and (t-BuPhO)4DPTD polymeric thin films 

shows the same absorption maximum, which implies that they do not form extended aggregates 

as much as poly(DPTD) and poly(Cl4DPTD) undergo in the solid state. The reason, at least 

partially, could be that the steric hindrance of the phenoxy groups in the bay area twists the 

perylene core, preventing a close approach of the two rings. 

Transmission visible spectra of PDI-core polymer/CuPc solid-state bilayers are presented in 

Figure 4-9. As shown in this Figure, the peaks at 690 nm and 617 nm are assigned to CuPc 

absorptions. Spectra for DPTD-CuPc, Cl4DPTD-CuPc and Cyclohexyl-DPTD-CuPc cover the 

region from 490~700 nm. The Cl4DPTD-CuPc spectrum shows a weaker absorption at about 

570±20 nm but depicts a sharp absorption at 536 nm. However, because of the red shift in the 

absorption of (t-BuPhO)4DPTD relative to that of DPTD, the PDI signal partially overlaps the 

CuPc’s absorption at 619 nm. The spectrum of a (t-BuPhO)4DPTD-CuPc bilayer shows a very 

strong absorption peak at 590 nm but with a smaller absorption coefficient than the other three 

polymers in other regions. The visible diffuse reflectance spectra of single layers and bilayers 

containing CuPc are also depicted and compared with their respective visible absorption spectra 
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in Figure 4-10. As we can see, the reflectance and absorption spectra are similar but the 

reflectance spectra shows less scattering, narrower absorption bands and they resemble closely to 

the spectra of these compounds obtained in CH2Cl2 solutions. 

Table 4-3 summarizes the optical properties of solid state perylene-core polymer films on 

ITO. The absorbance coefficient of the solid films is somewhat lower than that of to the 

monomers in solution. Fluorescence of the solid films was not detected when examined with a 

fluorescence microscope; most likely the fluorescence of solid film being quenched by the ITO 

layer present on the glass, or self-quenching. 

 

Table 4-3 Visible properties of solid state perylene-core polymer film 

 

Compounds λabs/nm Absorbance coefficient 

(/M
-1

·cm
-1

) 

Surface density Γ, 

(×10
-9

mol/cm
2
) 

DPTD 544 5.33×10
4
 2.14 

Cl4DPTD 534 3.75×10
4
 2.46 

Cyclohexyl-DPTD 550 3.41×10
4
 3.18 

(t-BuPhO)4DPTD 575 3.87×10
4
 3.05 
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Figure 4-9 Visible Spectra of different PDI-core polymer-CuPc bilayers on ITO glass, the peaks 

at ~619 nm and 690 nm are assigned to CuPc absorption. 
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Figure 4-10 Diffuse reflectance spectra of polymeric single layers (A,B) and bilayers with CuPc 

(C, D). 
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4.3.3 Thickness determination of CuPc 

The thickness of the CuPc film cannot be directly determined in the process of thermal 

evaporation with our vacuum chamber system. As CuPc forms soft organic thin films, it is 

difficult to measure the exact thickness using profilometry. An alternate approach is to measure 

the CuPc films absorbance intensity and use the Beer’s law to determine the thickness, 

A=ε·Γ                                     (4-3) 

Absorbance is linear with film thickness over a certain range. Table 4-4 lists literature results of 

thickness of CuPc films and their corresponding transmission value at ~617 nm. Figure 4-11 

gives the plot of these data. The data from Tang and Kim will not be considered as their results 

are inconsistent with others measurements.
1,65

  

Table 4-4 List of CuPc thin films thickness and their corresponding absorbance at 617 nm 

Thickness of 

CuPc 

Absorbance at 617 nm 

(or converted from ε) 

Reference 

20 nm 

20 nm 

25 nm 

50 nm 

0.36 

0.17 

0.52 

0.48 

65
65

 

76
76

 

1
1
 

54
54

 

50 nm 0.42 76
77

 

70 nm 0.54 78
78

 

100 nm 0.75 79
79

 

Using the above data, we derive the relationship between the CuPc thickness and visible 

absorption as:                A=0.0079(nm
-1

)·CuPc thickness (nm)              (4-4) 

where 0.0079 nm
-1

 is the slope of the straight line shown in Figure 4-11. Thus, the CuPc 

thickness can be estimated as:   CuPc thickness (nm) = 125 nm· A                 (4-5) 
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Figure 4-11 The relationship between the transmission absorption at 617 nm of CuPc films and 

their thickness based on literature values. 
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4.3.3 Solar cell characterization 

Photovoltaic measurements of cells from bilayer films were performed using an AM 1.5 

solar simulator where the incident light intensity was 100 mW/cm
2
. The polymeric PDI thin 

layers were 15-20 nm thick and for CuPc layer, the selected thickness was 20-25 nm, based on 

UV-Vis absorption and profilometry measurements, as well as published results.
1,54,65,80

  

The typical dark and illuminated I-V characteristics for our devices are shown in Figure 

4-12, here the ITO|poly(t-BuPhO)4DPTD)|CuPc|Ag device is used as an example. From the I-V 

characteristics, the device shows significant photo current under illumination. For this particular 

device, the short circuit current density Jsc is 1.13 mA/cm
2
 and open circuit voltage Voc is about 

0.50 V. The forward bias direction corresponds to a positive voltage on the Ag backside electrode. 

The dark J-V curve (dashed line) in the forward bias can be described by the general Shockley 

equation as follows: 

exp( ) 1a
s

qV
I I

nkT

 
  

 
                              (4-5) 

The values of the reversed saturation current Is and ideality factor n are ~3×10
-7

 A/cm
2
 and ~5, 

respectively.    

   Results of the device performance under illumination for the different PDI-core polymers and 

CuPc are presented in Figure 4-13. The fill factor (FF) and PCE of the solar cell device were also 

calculated from the values of Voc and Jsc using the equation (1-2) and (1-3) and summarized in 

Table 4-5. All four of different monomers can be used as n-type materials in OPV. However, 

there are significant differences in their cell performance. Poly(DPTD) is characterized by the  
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Figure 4-12 The I-V characteristics of an ITO|poly((t-BuPhO)4DPTD)|CuPc|Ag device in 

the dark and under illumination. 
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lowest surface coverage (Γ) and correspondingly these films are the thinnest ones due to 

relatively poor monomer solubility in CH2Cl2. Thinner film thickness causes a larger leakage 

current which is known to decrease the fill factor and to lower Voc .
81

 The cell with poly(DPTD) 

has the lowest Voc in these four devices, although poly(DPTD) has a larger HOMO-LUMO 

difference than poly(Cl4DPTD). We can see from the Figure 4-13, there is a large increase in 

current at reverse bias for the poly(DPTD) device. Both poly(cyclohexyl-DPTD) and 

poly((t-BuPhO)4DPTD) devices show larger Voc but smaller short-circuit currents than 

poly(Cl4DPTD) devices. The reason is at least partially related to the energy difference (ΔE) 

between LUMO of n-type and HOMO of p-type materials. Literature results suggest that the Voc 

is linearly correlated to ΔE with offset (Voc = ΔE -0.3)
82

 or without an offset.
83

 Cl4DPTD exhibits 

the lowest ΔE among the four polymers and its device correspondingly has the second lowest Voc, 

but still higher than the device made with poly(DPTD). The reason might be that the thickness of 

the poly(Cl4DPTD) film is higher than that of the poly(DPTD) film, leading to less current 

leakage. As discussed in the introduction and in Liang’s work,
61

 chlorinated molecules behave 

better in terms of electron mobility and ambient stability than the parent compound. Also from 

Figure 4-6, based on the LUMO-HOMO energy levels of these different polymers, we can see 

the chlorination of PDI core results in lower LUMOs and HOMOs for the PDI-core, increasing 

the electron mobility and facilitating electron conduction. The J-V curve of 

poly(Cl4DPTD)-CuPc cell shows that Jsc and PCE almost 

double as compared to values for poly(DPTD)-CuPc’s. The typical cell resistance ranges 

between 5-10 kΩ for a film area of 0.0113 cm
2
. The specific series resistance (RsA), defined by  
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Figure 4-13 The I-V characteristics of different PV devices based on PDI-core polymer and CuPc 

under illumination. 
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the slope of the J-V curve at J= 0 mA/cm
2
 is estimated to be about 128 Ωcm

2
, 76 Ωcm

2
,  

143 Ωcm
2
 and 174 Ωcm

2
 for the cells based on poly(DPTD), poly(Cl4DPTD), poly(cyclohexyl- 

DPTD) and poly(t-BuPhO)4DPTD, respectively. The cell with poly(Cl4DPTD) has the lowest 

series resistance and corresponding to best cell performance. The specific sheet resistance (RshA), 

defined by the slope of the J-V curve at V=0 V, of these cells based on poly(DPTD), 

poly(Cl4DPTD), poly(cyclohexyl-DPTD) and poly(t-BuPhO)4DPTD amount to 1100 Ωcm
2
, 

1650 Ωcm
2
, 345 Ωcm

2
, and 2000 Ωcm

2
, respectively. The smallest sheet resistance of 

poly(cyclohexyl-DPTD) resulted in the lowest fill factor.    

One point to be noted is that, as is evident from Figure 4-9, the average absorbance value 

between 450-700 nm for each polymer-CuPc bilayers is about 0.135. This implies that almost 

73% incident light has not been absorbed by these bilayers. If a device could be made to absorb 

all the incident light ( for example, by using vertical alignment of films), then the real energy 

efficiency will be tripled or quadrupled more than the cell PCE, as calculated in Table 4-5. 

Table 4-5 Photovoltaic cell performance results for ITO|PDIs-polymer|CuPc|Ag devices. 

Compounds Γ n-type  

/(mol/cm
2
) 

Jsc/mA.

cm
-2

 

Voc/

V 

Rseries 

Ωcm
2
 

Rsheet 

Ωcm
2
 

FF 

(%) 

PCE 

(%) 

η(%) 

=PCE/Pligh

t absorbed 

Poly(DPTD) 2.76×10
-9

 1.05 0.42 128 1100 38.1 0.168 0.62 

Poly(Cl4DPTD) 3.05×10
-9

 2.23 0.45 76 1650 51.3 0.515 1.91 

Poly(cyclohexyl-DPTD) 3.46×10
-9

 1.92 0.48 143 345 30.1 0.277 1.03 

Poly((t-BuPhO)4DPTD) 3.18×10
-9

 1.13 0.50 174 2000 39.5 0.223 0.83 
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4.3.4 Gold nanoparticle effects on cell performance 

Recent progress in manipulating nanoparticles has boosted the effectiveness of organic 

solar cells. The power conversion efficiency of organic solar cells has been enhanced by around 

2 percent in cell efficiency through the use of quantum dots (CdSe)
84

 and the use of nanoclusters 

doubled the PCE.
85

 Also, by adding 20 nm gold nanoparticles on ITO, followed by casting a 

PEDOT:PSS layer, an MEHPPV and fullerene bulk heterojunction layer, the cell power 

efficiency was improved 40%
48

 and bigger nanoparticles showed more effects than the smaller 

ones in the range of 5-20 nm.
49

 Metallic nanoparticles change the optical properties, resulting 

from electrodynamics effects and modification of the dielectric environment. The plasmon 

resonance or surface plasmon resonance (SPR) is localized near the boundary between the metal 

nanostructure and surrounding dielectric and electromagnetic field at the interface.
43

 In larger 

nanoparticles, the surface plasmon peak is red-shifted and in the case of extremely small 

nanoparticles (for gold, <25 nm), this shift is small but a broadening of the plasmon peak is 

observed.
86-88

 So, addition of gold nanoparticles between the polymer and CuPc layers should 

increase the light absorption at short wavelengths and improve the cell performance. Also, these 

particles will produce plasmon resonance on surface with irradiation. Figure 4-14 shows the 

absorption spectra of bilayer with and without incorporation of Au nanoparticles. As we can see 

from Figure 4-14, the spectral results show that maximum absorption of Au nanoparticles in the 

solid-state is red-shifted as compared to the signal of Au particles in solution. The reason for 

choosing gold nanoparticles is they are not easily oxidized in air and also due to its  
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Figure 4-14 UV-Visible Spectra of different polymer Cl4DPTD-CuPc bilayers with and without 

gold nanoparticles sandwiched between the p-n heterojunction. 
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Surface plasmon resonance band.  

Figure 4-15 depicts the J-V curve of poly(Cl4DPTD) (Γ=2.56×10
-9

 mol/cm
2
)-CuPc (35 nm) 

with and without Au nanoparticles measured in the dark. Here, the cell resistance is not 

significantly different in the forward bias with 50-60 Ωcm
2
; the RsA for the cell without Au 

nanoparticles is 10 Ωcm
2
 higher than the one without Au nanopartcles. Figure 4-16 shows the 

cell performance of ITO|Cl4DPTD|CuPc|Ag with and without gold nanoparticles on an ITO 

substrate. The J-V curve shows that the short circuit current, Jsc for the cell with Au nanoparticles 

increases by a factor of 2. The Voc for both cells are comparable as shown in Table 4-6, which 

also summarizes other characteristics of the OPVs with and without Au nanoparticles. The cell 

performance is improved by ~ 35% from an efficiency of 0.42% to 0.58% when incorporating 

Au nanoparticles. The series resistance is close to the one measured in the dark. The sheet 

resistance is 313 Ωcm
2
 and 1429 Ωcm

2
 with and without Au nanoparticles, respectively. And the 

fill factor for both cells is close to 50%.  

 

Table 4-6 Photovoltaic cell performance for ITO|Cl4DPTD|CuPc|Ag devices with and without Au 

nanoparticles and 35 nm CuPc 

Structure 
Γ n-type 

/(mol/cm
2
) 

Jsc 

/mA.cm
-2

 

Voc 

/V 

RseriesA 

(Ωcm
2
) 

Rsheet 

(Ωcm
2
) 

FF 

(%) 

PCE 

(%) 

η(%) 

=PCE/Plight 

absorbed 

W/O Au 2.56×10
-9

 1.47 0.46 51.4 1429 52.8 0.42 1.19 

With Au 2.56×10
-9

 2.66 0.48 64.6 313 48 0.58 1.53 
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By integrating the transmittance spectra of these devices with and without Au nanoparticles, 

the absorption spectra has increased about 11% in the wavelength region between (500-800 nm) 

as compared to the one without Au particles. However, Jsc increased by 80% and the cell 

efficiency was improved by about 35%. In principle, the Au particles can affect the behavior of 

the solar cells in several ways. The Au nanoparticles sandwiched between poly(Cl4DPTD) and 

CuPc layers induce light scattering along the organic active layers and increase the absorption 

pathlength. As mentioned in Chapter 1, the efficency of an OPV generally depends on several 

steps: light absorption, exciton diffusion, charge separation, and charge collection. Among these 

steps, the exciton diffusion and charge separation are the limiting steps.
89

 Nanoparticles can not 

improve exciton diffusion in a solar cell, which is determined by the properties of bulk organic 

materials. Therefore we postulate that the Au nanoparticles plasmon resonance increasedthe local 

electric field for facilitating charge separation.
43

 Different mechanism of local surface plasmonic 

resonance (LSPR) on cell performance have been proposed. Shen et al. concluded that the 

maximum enhanced electric field exists in the vicinity of those metal nanoparticles and 

absorption enhancement is mainly due to the enhanced near field rather than the scattering.
90

 

Kim et al. believed that LSPR might induce more photogenerated charge carriers by strong 

absorption of an active layer.
91
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Figure 4-15 The I-V characteristics of PV devices based on Cl4DPTD polymer and CuPc 

with or without Au nanoparticles in the dark. 
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Figure 4-16 The I-V characteristics of PV devices based on Cl4DPTD polymer and CuPc 

under illumination. 
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4.4 CONCLUSIONS 

Perylene bay area substitution with different groups can change the perylene core 

HOMO-LUMO energy level and show different spectral characteristics depending on the 

incorporated groups. Polymer films made from perylene core monomer solutions via 

electropolymerization on ITO can work as n-type materials in organic photovoltaic cells. The 

perylene diimides that are substituted with Cl at bay positions showed a lower HOMO-LUMO 

gap and provided no significant steric hindrance that twists the conjugated core as compared to 

its counterpart containing phenoxy groups. This material exhibits similar spectral properties as 

perylene diimide but possesses higher electron affinity and mobility. Chlorination of the 

compound is a general route for improving electron transport and cell performance in organic 

photovoltaic cells. The highest cell efficiency of the organic solar cell is 0.515% and theoretical 

efficiency of 1.9% based on poly(Cl4DPTD)-CuPc. Gold nanoparticles incorporated between p-n 

junction of an OPV can transfer absorbed incident light to the polymer components and may also 

enhance charge separation, which can boost cell performance. 
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CHAPTER 5 

 

SURFACE METALLIZATION AND ITS MECHANICAL STRENGTH EFFECTS ON   

KEVLAR
®

 AND ZYLON
®
 HIGH PERFORMANCE FIBERS  

 

 

5.1 INTRODUCTION 

The research described in this chapter is based on proposed lightweight, high-strength, and 

flexible tethers equipped with electrically conductive elements for maneuvering satellites 

enabling in-space propulsion. This work aims at establishing methods for the deposition of thin 

metallic coatings that will protect high performance fibers (in the form of tethers) from 

degradation in the harsh environment (typified by the presence of atomic oxygen (AO), UV 

photons and hard radiation) encountered at low Earth orbits (LEO). Such coatings are also 

anticipated to provide electrical conductivity to the polymeric materials.   

Poly-paraphenylene terephthalamide (Kevlar
®

) and polybenzobisoxazole (Zylon
®
) yarns 

were selected as high performance substrates based on their tensile strength/weight ratios and 

their commercial availability, widely used in space for ultra long duration balloon
1,2

 and 

separation technologies.
3
 Their chemical structures are shown in Scheme 5-1. Due to their 

inherent insulating properties and their susceptibility to chemical degradation in the space 

environment, application of conductive, protective coatings is needed to preserve the integrity of 

the yarns. An important requirement is that the coating procedures must result in crack-free 

coverage both on the exterior and interior of the yarns. To this end, adherent thin layers of Ni, Al, 

and Au were deposited onto the fibers. Samples of the coated yarns were then selected for testing 
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under conditions (AO together with UV photons) that simulate those found in the corrosive 

environment of LEO. 

NH
H
N

O

O

N

O O

N

Kevlar

Zylon

n

n

 

Scheme 5-1 Chemical structures of Kevlar
®
 and Zylon

®
 

 

 

Kevlar® and Zylon® were selected based on their superior strength to weight ratios and 

their surface chemical functionalities. These polymers form strong bonds with Lewis acidic 

metals making adherent metal-based films realistic goals.  

 

5.2 EXPERIMENTAL 

 

Two metallic coatings are proposed to protect the fibers in the harsh environment.  

Au deposition:  

In order to achieve strongly adherent metal coatings on macromolecular surfaces, a 

multi-step procedure is required.
4
 Clean fiber surfaces are treated first with Sn

2+
 ions, which bind 

irreversibly to the polymeric substrates. Addition of Pd
2+

 ions yields deposition of Pd particles 

strongly bound to the fiber surface. The Pd particles act as catalysts for the reduction of Ni
2+

 on 
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the fiber surface, forming nickel islands.
4
 Gold ions are then reduced from aqueous solutions 

onto the Ni metal, generating Au deposits that grow along the fiber surface electrochemically.  

Al deposition:  

 The coating methods are based on Al deposition technology using both electroless and 

electrolytic baths to form smooth hard coatings on the outside of polymer fibers. Electroless Al 

plating was accomplished from solutions of LiAlH4 and AlCl3 in tetrahydrofuran (THF, Fisher) 

at room temperature.
5,6

 Alternatively, Al was electroplated using a bath composed of an ionic 

liquid.
7
 Because successful deposition of Al coatings requires rigorous exclusion of air and water, 

all experiments with aluminum were performed inside a glove box filled with nitrogen. 

5.2.1. Fiber cleaning procedure 

Kevlar 49
®
 was obtained from DuPont, whereas Zylon® (273 dtex HM) was provided by 

Toyobo Corporation, Japan. Kevlar
®
 and Zylon

®
 fibers were cleaned with organic solvents in an 

ultrasonic bath via the following steps: 

(1) Immersion in methanol (Aater), exposure to ultrasonic clean for 10 minutes, then air-dried. 

(2) Immersion in hexane (Sigma Aldrich), exposure to ultrasonic clean for 10 minutes, then 

dried in air. 

(3) Immersion in chloroform (Fisher), exposure to ultrasonic clean for 10 minutes, then vacuum 

dried. 

5.2.2 Surface sensitization 

Electroless deposition was carried out on cleaned Kevlar and Zylon fibers by first seeding 

the fiber surface with Sn
2+

 ions, which then are oxidized by Pd
2+

 ions producing palladium metal 
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particles anchored to the surface of polymers. This process yields nucleation sites for the 

electroless deposition of metals such as Ni or Au on the surface of the polymeric materials. 

Sn
2+

 + Pd
2+

   Sn
4+ 

+ Pd
0
 

Sensitizing and activation of fibers consist of two immersion steps.
8
 Immersion times for 

SnCl2 (Fisher) then K2PdCl4 (Aldrich Chemicals) varied depending on the bath type. Fibers were 

immersed in the SnCl2 solution for 40-60 seconds and then washed with deionized water. This 

was followed by immediate immersion in the K2PdCl4 solution and gently washing with 

de-ionized water. The concentrations of the sensitizing agents are listed in Table 5-1. 

5.2.3. Nickel electroless deposition 

Kevlar
®
 and Zylon

®
 fibers were first pretreated via surface sensitizing procedure as 

described previously with 30 second immersions in each sensitizing agent (i.e. Sn
2+

 then Pd
2+

). 

The fibers were kept in the Ni electroless bath at 60 C for 2-3 minutes, numerous bubbles 

emerge from the solution, this being a sign that the chemical reaction occurs on the substrate 

surfaces. To promote the deposition process, a glass rod was used to remove the bubbles from the 

fiber surface. Table 5-2 summarizes the composition of the electroless Ni bath. 

 

 

Table 5-1 Sensitizing agents for cleaned fibers 

 

Sn
2+

 sensitizing solution 0.1g of SnCl2·2H2O in 100ml DI water 

 

Pd
2+

 sensitizing solution 

 

0.2g of PdCl2+KCl (molar ratio 1:1) in 

100ml DI water 
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Table 5-2 Nickel electroless bath composition 

Chemical   Concentration (g/L) 

NiCl2·6H2O (Fisher)                                                                                                   30 

Citric Acid (Alfa Aesar) 60 

NaH2PO2·H2O (Aldrich)                  10 

NH4Cl (Fisher, 37%) 50 

pH 9.0~9.4 

     *pH was adjusted with NH4OH 

 

5.2.4. Aluminum electroless deposition 

Several plating methods, described in references,
5,6

 were explored. The most successful 

procedure involved immersion of the fibers into a diethyl ether (Fisher) solution containing 0.87 

g/L (0.0046M) TiCl4 (Aldrich) for 1 min. After rinsing gently with THF, the resulting fibers were 

placed into a solution containing LiAlH4 + AlCl3 (anhydrous, Alfar Aesar) for 5 min. The 

composition of the solution is described in the Table 5-3 shown below. Al deposition occurred 

concurrently with bubble formation on the surface of the fibers. The coated materials cleaned and 

dried in a vacuum oven for 30 min at 98 C. 

 

Table 5-3 Al electroless bath composition 

Chemical Concentration (g/L) 

AlCl3 53.4 

LiAlH4 15.2 

Diethyl ether                  solvent 

Note: All experiments were performed in a glove box. 

 

 

5.2.5 Aluminum electrochemical deposition 

The plating procedure was adapted from somewhere else,
7
 employing an ionic liquid bath 
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at room temperature for depositing Al on nickel coated fibers in a glove box. Highest Al 

depositing rates were obtained in a solution with a molar ratio of AlCl3 (Anhydrous, Alfa Aesar): 

Benzyl Tri-Methyl Ammonium Chloride (BTMAC, Alfa Aesar, 97%) = 2:1; the bath 

composition is described in Table 5-4. An Al wire served as the anode and Ni-coated fibers 

operated as the working electrodes. Plating conditions: T = 50 C, Voltage = -0.40 V and I = 

1.60-2.0 μA.    

   

Table 5-4 Al ionic liquid electrodeposition bath composition 

 

Chemical Mass (g) 

AlCl3 10.2 

BTMAC 14.3 

Note: All experiments were performed in a glove box. 

 

5.2.6. Gold electrochemical deposition in Au-cyanide solution 

A commercial gold cyanide bath from SMC Inc. was employed (bath composition is 

proprietary information), which was diluted by a factor of 10 times with deionized water.  

Operating conditions were: Voltage =-1.09 V and I = -2.5 mA. As anticipated, the net current 

output increased during the coating process because the deposited Au decreases the resistance of 

the fibrous material and facilitates further metal deposition. An Au wire served as the anode and 

Ni-coated fibers operated as the working electrodes.  

5.2.7 Instrumental analysis 

Zylon and Kevlar fibers coated with Ni, Al, Au were characterized in terms of mass gain, 

conductivity, tensile strength and adhesion of the deposited layers. Mass changes were monitored 
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throughout the coating steps with analytical balances. Alterations in the resistance of the fibers 

after metallization were followed by means of a two point method using an ohm-meter. Adhesion 

of the deposited coatings was tested via exposing fibers immersed in purified water to ultrasound 

waves, which dislodge any material not firmly bonded to the surface of the polymeric materials. 

Exposure to ultrasound lasted for 10 min; the samples were then air-dried and weighed to 

determine mass losses. 

Surface morphology was examined with optical microscopy, scanning electron microscopy 

(SEM) together with energy dispersive x-ray spectroscopy (EDS), and transmission electron 

microscopy (TEM). SEM measurements were performed on a Zeiss DSM 940 microscope 

equipped with an EDS detection system and Zeiss EVO 50 Variable Pressure Scanning Electron 

Microscope. TEM analysis was carried out on a Zeiss EM 10CR instrument using thin slices of 

fibers prepared via microtoming. X-ray diffraction (XRD) studies, conducted to confirm that 

metallization of the fibers occurred, employed a Brucker Smart APEX CCD diffractometer using 

Mo K radiation. The tensile strength of the coated fibers was determined on an Instron 

1122-4400R test machine.  

5.3. RESULTS AND DISCUSSION 

Conductive modified surface polyimide fibers have been studied for the use of circuit 

patterns.
9
 Controlled nanoparticle deposition onto heterocyclic-aromatic fibers for electrical 

conduction has also been tried in the literature.
10

 However, neither application requires 

uniformed surface electroless deposition. Here, we have to make the metallic coating layer with a 

minimum of defects as possible. Also, Nickel and its alloy electroless deposition have been 
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widely investigated in the past decades.
11-14

 In order to get smooth, uniformed Ni layer, the 

sensitization of the surface needs to be uniform, so the fiber cleaning treatment is critical. 

5.3.1 Fiber cleaning treatment 

Depicted in Figure 5-1 is a SEM image of Kevlar fibers, “as received”. An image obtained 

after cleaning the fibers as described in section 5.2.1 is shown in Figure 5-2 for Kevlar, and in 

Figure 5-3 for Zylon. Comparison of Figures 5-1 and 5-2 reveals that the cleaning process 

eliminated most of the material adsorbed on the Kevlar surface, which is clearly observed in 

Figure 5-1. In contrast, Figure 5-3 shows that the cleaning procedure is not as effective in the 

case of Zylon. 

5.3.2 Mass change of metallized fibers  

The results of mass increases obtained from coating experiments are compiled in Table 5-5. 

For the Au-cyanide electroplating method the deposition time was 60 min (Kevlar-Ni fiber 

samples were coated for 120 min). Not satisfactory means that the deposits exhibited deficiencies 

detected upon visual inspection (see section 5.3.7). Deficient or non uniform coatings were 

obtained when the fiber surfaces were not fully exposed to the plating solutions. All efforts to 

generate Al coatings using the electrochemical method failed, electroless deposition of aluminum 

produced metal films but their quality was poor.  

5.3.3 Conductivity of treated fibers  

Table 5-6 depicts values of resistance for metallized fibers. The data shows that 

metallization with Ni and Au increases the conductivity of the fibers significantly. Ni coating 

increase the conductivity of the fibers; further decreases in the resistance of Ni-coated fibers can  
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Figure 5-1. SEM image of “as received” Kevlar fibers with 500X 

 

 

Figure 5-2. SEM image of cleaned Kevlar fibers with 500X. 

 

 



174 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 5-3. SEM images of “cleaned” Zylon fibers. 
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be achieved via gold deposition. Lower concentrations of the Au-cyanide deposition solution 

yields better electro-conductivity. In contrast, deposition of Al onto Ni-coated fibers increases the 

resistance most probably due to oxidation of aluminum by air forming insulating Al2O3 layers. 

An important observation is that electroless and electrolytic formation of Au layers is not 

possible in the absence of the Ni deposits. 

Table 5-5. Mass change of different fiber treatment processes 

Fiber                                          Treatment Mass change    Results 

Blank Kevlar Ni-electroless coating 13.9% S 

Blank Zylon Ni-electroless coating 14.8 % S 

Kevlar-Ni-Al Al-electroless 38.5% NS 

Zylon-Ni-Al Al-electroless 40.5% NS 

Kevlar-Ni
a
 for: Al-electroless 38.7% Not uniform 

Zylon-Ni
 a
 for: Al-electroless  NS 

Kevlar-Ni
 a
 for: Al-ionic liquid bath  NS 

Zylon-Ni
 a
 for: Al-ionic liquid bath 39.8% Not uniform 

Kevlar-Ni
 a
  for: Au-Cyanide electrodep. 113.23% S 

Zylon-Ni
 a
  for: Au-Cyanide electrodep. 21.13% S 

Zylon-Ni (1:3)
a,b

 for: Au-Cyanide electrodep. 37.12% S 

* NS = not satisfactory; S = Satisfactory.  

a) Ni deposition to prepare precursors for subsequent Al or Au coating; electrodep. = 

electrodeposition.  b) plating employed the commercial gold cyanide bath diluted 3 times with 

DI water. 

 

Table 5-6 Fiber resistance of different fiber treatment processes 

Fiber Treatment Resistance     (ohm/cm) 

Kevlar-Ni Ni-electroless coating 31.0 

Zylon-Ni Ni-electroless coating 5.0 

Kevlar-Ni-Al Al-electroless High: 1.35~14.6 KΩ 

Zylon-Ni-Al Al-electroless High: ~ 1 KΩ 

Kevlar-Ni-Au  Au-Cyanide electrodeposition 0.93 

Zylon-Ni-Au Au-Cyanide electrodeposition 0.92 

Zylon-Ni-Au (1:3)
a
 Au-Cyanide electrodeposition 0.24 

a) the Au content of the cyanide bath was diluted by a factor of 3. 
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5.3.5 SEM analysis of metallized fibers 

The SEM images presented in Figure 5-4 demonstrate that electroless deposition of Ni on 

Kevlar fibers yields uniform coatings. Also, presented in Figure 5-5 are SEM images of 

Ni-coated Zylon fibers obtained via electroless deposition. As in the case of Kevlar fibers, 

uniform coatings were obtained. Figures 5-6 and 5-7 depict SEM images of Ni-coated Kevlar 

and Zylon fibers metallized with Al using the electroless metallization procedure. In all cases, the 

resulting coatings appeared to be non-uniform, and also exhibited fractures.  

SEM samples were prepared by sectioning the fibers with a sharp knife, which induced 

significant damage to the coating including the formation of fractures. Presented in Figure 5-8 

are  images of Ni-Al coated Zylon fibers depicting sectioned polymeric material, which 

illustrates the damage induced by the sectioning process. However, a comparison with the 

images shown in Figures 5-6 and 5-7 reveals that the morphological features noticed in the case 

of Al coated fibers are not a result of the sectioning procedure. The non-uniform coatings 

depicted in Figures 5-6 and 5-7 are attributed to the oxidation of the Al layers upon exposure to 

air. Support for this interpretation is provided by the increases in resistance that occurred when 

Ni-coated fibers were metallized with Al (see Table 5-6).  

  Presented in Figure 5-9 and Figure 5-10, are the SEM images of Au-plated Kevlar and 

Zylon fibers with Nickel treated with the gold cyanide procedure. Some cracks can be found in 

both fibers due to the imperfection of Ni coating layer. In general, the reproducibility of the 

coatings in terms uniformity and surface coverage was higher in the case of the electrodeposition 

methods. Both fibers in this electrochemical procedure yielded similar coatings. The 
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reproducibility of the coatings in terms of uniformity was high for electrodeposition by means of 

the gold-cyanide system. 

5.3.6 Tensile strength testing 

In table 5-7 are summarized the tensile strength data (given as maximum load) collected for 

untwisted fibers. The values are plotted for the different samples in Figure 5-11. Preliminary data 

obtained with fibers coated with Ni and Au yielded tensile strength values similar to those 

obtained for samples coated only with Ni. These results indicated that coating of Zylon fibers 

with Ni (or Au) decreases the tensile strength by a factor of two. A further decrease in tensile 

strength by the same factor resulted after Al was deposited on top of the Ni coating. In contrast, 

only slight decreases in the tensile strength of Kevlar fibers were noticed after surface 

metallization; the largest drop was again observed after depositing Al. Overall, these results 

suggest that either metal or unreduced metal ions are able to penetrate the surface of the Zylon 

fibers, decreasing their strength. 

 

Table 5-7 Maximum loads of different modified fibers 

sample Maximum loads (lbf)  Sample names 

1 141.5 blank zylon 

2 77.96 Zylon-Ni 

3 35.09 Al-Ni-zylon 

4 18.67 blank Kevlar 

5 16.33 Kevlar-Ni 

6 15.97 Kevlar-Ni-Al 

Note: Maximum load number is an average of four data points per sample number. 

 

 

 



178 

 

  

Figure 5-4. Kevlar fibers coated with Ni after electroless treatment; magnification:200x for left 

image, 1000x for right image. 

 

 

       

Figure 5-5. SEM images of Zylon fibers coated with Ni using electroless metallization; 

magnification: 500x for left image, 2300x for right image. 
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Figure 5-6. SEM images of Ni-coated Kevlar fibers metallized with Al via electroless deposition; 

magification: 200x for left image, 1000x for right image. 

 

     

Figure 5-7. SEM images of Ni-coated Zylon fibers metallized with Al using the electroless 

method (magification: 300x for left image, 2000x for right image). 
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Figure 5-8. SEM image of Ni then Al coated Zylon fibers showing the region where sectioning 

took place (magnification = 550X). 

 

 

 

Figure 5-9 Surface image of Kevlar coated with Ni then electrodeposited gold 
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Figure 5-10. SEM image of Ni-coated Zylon fibers coated with gold using the Au-cyanide 

electrochemical deposition method. 
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Figure 5-11. Plot of maximum load as a function of sample number in Table 5-7. 
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5.3.7 EDX, XRD and TEM results  

EDX experiments performed using coated fibers confirmed that the deposited elements (Ni, 

Al, Au or Ti) were present on the substrate surface. No diffraction signals were obtained for 

Al-coated fibers, supporting the assumption that the deposited aluminum is oxidized to 

amorphous Al2O3 by air. XRD data of the Ni powder coated on Zylon fibers shows that the 

coating materials have a broad peak at 45º in Figure 5-12. The most probable explanation for 

such findings is that the electroless Ni bath yielded amorphous nickel phosphides instead of the 

pure metallic phase. Efforts to characterize the Ni-coated Zylon and Ni-Au coated Kevlar fibers 

by means of TEM were depicted in Figure 5-13 and 5-14. Microtoming induced separation of the 

coatings from the polymeric substrates. In the case of nickel coating, dark spots can be found, 

showing nickel was non-uniformly distributed in the amorphous Ni-P compounds. However, the 

coating obtained via Au electrodeposition onto Ni treated Kevlar is relatively uniform, which 

also decreases the resistance as compared to the fibers only via electroless Ni deposition. 

Surprisingly, only reflections corresponding to metallic Au were detected, but signals due to fcc 

Ni were missing when Ni-Au-coated fibers were analyzed. This was unexpected given that the 

employed coating procedure is widely used for Ni deposition.
4
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Figure 5-12 XRD of the Ni powder coated on Zylon fibers 
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Figure 5-13 TEM of Ni coated on Zylon  

 

Figure 5-14 TEM of Ni-Au coated on Kevlar  
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5.4. CONCLUSIONS  

Ni deposition using electroless method is both successful for Kevlar and Zylon and it 

shows uniform and good adhesion on fiber surface, which results in relatively low resistance 

values. However, the use of sodium hypophosphite as reducing agent inevitably forms Ni-P 

mixtures or compounds (probably amorphous Ni-phosphides) and such deposits on the fibers 

surfaces may inherently yield non-uniform coatings, affecting in an adverse way the uniformity 

of the subsequent Au (and Al) coating. Further efforts should be devoted to achieving uniform 

metallic Ni coatings by means of electroless processes free of reducing agents based on 

phosphorus compounds.  

All efforts to produce uniform Al coatings on Kevlar and Zylon fibers were unsuccessful. 

Although electroless deposition yielded Al coatings, oxidation of the metal films by air resulted 

in alumina, which exhibited poor adhesion to the substrates and decreased substantially the 

tensile strength of Zylon fibers. The conversion of Al into an alumina with enhanced adhesion 

may be possible via controlled oxidation of the metal surface under low oxygen pressures. 

Gold electrodeposition procedures were superior as compared to electroless methods in 

terms of reproducibility, and yielded higher mass gains, better adhesion and lower resistance. 

Further analysis should be carried out on the two Au electrodeposition methods with SEM/EDX 

to compare surface morphology. Also, tensile strength measurements should be completed to 

quantify the effect of the two gold treatment processes on the fiber strength. Inconsistencies 

encountered during Au electrodeposition onto the surface of long fiber samples (1 m and longer) 

is a system design problem that needs to be addressed in order to improve the uniformity of the 
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coatings. Improved design of the coating procedures should be addressed for treating larger 

fibers if this project is to be continued in the near future. 
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