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Organic-Organic Semiconductor Interfaces for 
Molecular Electronic Devices  

Ji-Seon Kim1 and Craig Murphy 2 
1Department of Physics & Centre for Plastic Electronics, Imperial College London,  

2National Physical Laboratory (NPL) 
 United Kingdom 

1. Introduction 

Molecular (Plastic) electronics encompasses the materials science, chemistry and physics of 
molecular electronic materials and the application of such materials to displays, lighting, 
flexible thin film electronics, solar energy conv ersion and sensors. The field is a growth area, 
nationally and globally, evidenced by the ra pidly expanding organic display and printed 
electronics industries. Organic semiconductors combine the semiconductor properties 
traditionally associated with inorganic materials with the more desirable properties of 
plastics. Moreover, the organic syntheses of these materials allow for great flexibility in the 
tuning of their electronic an d optical properties. By combin ing these properties, organic 
semiconductors such as conjugated polymers have been demonstrated as the active material 
in light-emitting diodes (LEDs), transistors, and photovoltaic (PV) cells.  Furthermore, these 
conjugated polymers provide a new way of looking at many of the broad fundamental 
scientific issues related to using molecules for electronics. A great deal of the physics which 
governs the behaviour of molecules for electronics occurs at the organic-organic interfaces 
(heterojunctions). For example, the nature of organic interfaces determines the fate of 
excitons to be either stabilised (for efficient LEDs) or destabilised (for efficient PV cells) at 
the interfaces. Therefore, by selecting semiconductors with proper band-edge offsets 
between their conduction and valence bands, different device characteristics can be readily 
achieved.  While significant progress has been made in developing the materials and high 
performance organic devices, many fundamental aspects of organic-organic semiconductor 
interfaces remain to be understood. In particular, fundamental understanding of the 
correlation between nanostructures and interfaces of organic semiconductors in thin films 
and multilayers and associated device performance still remain to be fully explored.  In this 
Chapter, we will introduce how to  control and characterise various length-scale organic-
organic interfaces facilitating the rational de sign of materials, device architectures and 
fabrication methods via increased understanding of fundamental properties of organic-
organic interfaces and their modification due to  processing.  In particular, we will address 
the distinctive optoelectronic and charge transport properties which have been observed 
across different organic-organic interfaces depending on their length-scale (micron-scale in 
the blends down to molecular-scale in the copolymers) and nature (interchain vs intrachain), 
providing the deeper understanding of organic interfaces and their vital roles in various 
optoelectronic devices. The key advances in organic semiconductor in terfaces achieved so 
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far will provide important insight into a design rule of organic semiconductors which is 
essential for future development in molecular electronic devices. 

2. The main aim and contents of this chapter 

This chapter aims to review fundamental scientific issues related to using molecules for 
electronics down to the single-molecule scale by studying a range of well-controlled 
organic-organic interfaces, with a particular focu s on their role on electronic structures and 
electronic processes of organic semiconductors and their devices. Specific topics were: 
1. Control and characterisation of various leng th-scale organic interfaces (Section 3)  
2. Photophysical dynamics of electronic species at the organic interfaces (Section 4) 
3. Electronic processes of charge carriers across the organic interfaces (Section 5) 
4. Charge-carrier operational dynamics across the organic interfaces (Section 6) 

3. Control and characterisation of various length-scale organic interfaces 

3.1 Interfaces controlled by polymer molecular weight variation 
Polymer molecular weight (MW) (i.e. chain length) variation was used as a tool to control 
the phase separation laterally and/or vertic ally in blend films (Y im et al., 2010). The 
conjugated polymers studied are poly(9,9-di- n-octylfluorene-alt -benzothiadiazole) F8BT (Mn 

= 9 - 255 kg/mol) and poly(9,9-di- n-octylfluorene-alt -(1,4-phenylene-((4-sec-butylphenyl) 
imino)-1,4-phenylene) TFB (Mn = 3 - 102 kg/mol) (Chemical structures in Table 1). Micron-
scale lateral phase separation is observed in blend films that consist of high MW of both 
F8BT and TFB (Mn > 60 kg/mol), in which domain sizes increase with MW of each 
homopolymer. For these blend films, the micro-Raman spectroscopy study indicates that the 
higher-lying domains are F8BT-rich and the lower-lying domains are TFB-rich. In contrast, 
the blend films that consist of at least one low MW homopolymer (M n < 10 kg/mol) show 
relatively smooth surface with sub-micron or no measurable lateral phase separation. 
Using the surface-sensitive X–ray photoelectron spectroscopy (XPS) technique, it is observed 
first that, for blend films that consis t of at least one low MW polymer (M n < 10 kg/mol), 
there is a significant enrichment of the short polymer chains at the film-air interface. This 
reveals that the vertical phase segregation at the film-air interface is driven by the contrast of 
MW between the two homopolymers. On the other hand, for blend films that show micron-
scale lateral phase separation, the film-air interface is always enriched with TFB, suggesting 
the presence of TFB capping layer apart from the exposed TFB-rich domains. Second, for all 
the blend films at the film-substrate interface,  there is an enrichment of the lower surface 
energy material (TFB). The extent of TFB enrichment is found to increase with the MW of 
both polymers, possibly due to increased thickness or purity of the TFB wetting layer in 
these blend films. These observations suggest that surface energy contrast (as oppose to MW 
contrast) might be the dominant driving force in determining the vertical phase segregation 
at the film-substrate interface. Based on the morphological and compositional analyses of 
these blend films, we proposed two different mo dels of the final phase separated structures 
(Fig 1a and 1b) for blend films without and wi th micron-scale lateral phase separation, 
respectively. 
For the blend films with no visible lateral ph ase separation (in which a large MW contrast 
exists between the two homopolymers), the film -air interface is enriched with the low MW 
polymer, while the film-substrate interface is always enriched with th e lower surface energy 
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polymer TFB. For the blend films with obvious micron-scale lateral phase separated 
structures, additional nanoscale vertical phase segregation also occurs resulting in a 
continuous TFB wetting layer at the film-substrate interface and a discontinuous TFB 
capping layer at the film-air interface ( aKim et al., 2004). These remarkably different lateral 
and vertical phase separation observed in the F8BT:TFB blend films has important 
implications on LED performance. 
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Fig. 1. Left: PL images of F8BT:TFB blend films (100nm, 1:1 by weight) with different MWs 
under blue excitation. The bright regions corr espond to F8BT-rich phases while the dark 
regions TFB-rich phases. Inset: AFM images (20�ÍmX20�Ím). Right: Proposed cross sections 
(a) at least one low MW homopolymers and (b) high MW of both homopolymers 
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Fig. 2. EL efficiency-voltage characteristics of LEDs fabricated with F8BT:TFB blend films 
with different molecular weights of each  copolymer, in (a) cd/A and (b) lm/W 
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Fig. 3. (a) AFM image (15 �Ím X 15 �Ím, on 70 nm height scale) of the patterned F8BT:TFB 
blend film. Surface line scan (below) indicates that the height difference between the higher-
lying F8BT-rich and lower-lying TFB-rich phases is ~30 nm. (b) PL image of ~300 nm-thick 
patterned F8BT:TFB blend film under blue excitation (2.85 eV). The bright and dark regions 
in the PL image correspond to F8BT-rich and TFB-rich phases, respectively. Note the 
contrast between the areas with and without th e 2D pattern. (c) EL image of the patterned 
LED at 7V showing EL from enclosed TFB-rich domains. Differences in brightness between 
the TFB-rich domains might be due to thickness variation across the blend film. (d) 
Schematic drawing summarizes the proposed cross section of the patterned F8BT:TFB blend 
film based on micro-Raman compositional analys is. Both domains show increased purity of 
the corresponding polymer nearer to the patt erned substrate. (e) EL efficiency-voltage 
characteristics of LED fabricated with the patterned blend film expressed in Cd/A and 
Lm/W. F8BT:TFB blend devices (4:1 and 1:1 by weight) prepared by spin-coating are 
included for comparison 

The performance of LEDs fabricated with these blend films is found to be closely related to 
the blend thin film morphology, which varies re markably with the molecular weight of both 
polymers (Figure 2). All the devices fabricated with the blend films ex hibit sharp turn-on in 
both current and luminance at ~2 V. Two dist inctive efficiency-voltage characteristics are 
observed in these blend devices. First, blend films that exhibit micron-scale lateral phase 
separation show high initial efficiencies just  after turn-on, but decreases rapidly at high 
voltages. Such device characteristics are closely related to the blend film morphology. While 
the continuous TFB wetting layer might assist hole injection/transport and act as electron 
blocking layer at the anode interface, the discontinuous TFB capping layer might localise 
electron injection from the cathode, resulting in a high degree of spatial confinement of 
charge carriers. This then leads to high electron-hole recombination efficiency at organic-
organic interfaces (Morteani et al., 2003), which may explain the observed high initial EL 
efficiencies in these blend films.  However, at high voltages, the presence of very thin lower-
lying TFB-rich domains provide a pathway fo r holes to punch through the blend film 
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Fig. 3. (a) AFM image (15 �Ím X 15 �Ím, on 70 nm height scale) of the patterned F8BT:TFB 
blend film. Surface line scan (below) indicates that the height difference between the higher-
lying F8BT-rich and lower-lying TFB-rich phases is ~30 nm. (b) PL image of ~300 nm-thick 
patterned F8BT:TFB blend film under blue excitation (2.85 eV). The bright and dark regions 
in the PL image correspond to F8BT-rich and TFB-rich phases, respectively. Note the 
contrast between the areas with and without th e 2D pattern. (c) EL image of the patterned 
LED at 7V showing EL from enclosed TFB-rich domains. Differences in brightness between 
the TFB-rich domains might be due to thickness variation across the blend film. (d) 
Schematic drawing summarizes the proposed cross section of the patterned F8BT:TFB blend 
film based on micro-Raman compositional analys is. Both domains show increased purity of 
the corresponding polymer nearer to the patt erned substrate. (e) EL efficiency-voltage 
characteristics of LED fabricated with the patterned blend film expressed in Cd/A and 
Lm/W. F8BT:TFB blend devices (4:1 and 1:1 by weight) prepared by spin-coating are 
included for comparison 

The performance of LEDs fabricated with these blend films is found to be closely related to 
the blend thin film morphology, which varies re markably with the molecular weight of both 
polymers (Figure 2). All the devices fabricated with the blend films ex hibit sharp turn-on in 
both current and luminance at ~2 V. Two dist inctive efficiency-voltage characteristics are 
observed in these blend devices. First, blend films that exhibit micron-scale lateral phase 
separation show high initial efficiencies just  after turn-on, but decreases rapidly at high 
voltages. Such device characteristics are closely related to the blend film morphology. While 
the continuous TFB wetting layer might assist hole injection/transport and act as electron 
blocking layer at the anode interface, the discontinuous TFB capping layer might localise 
electron injection from the cathode, resulting in a high degree of spatial confinement of 
charge carriers. This then leads to high electron-hole recombination efficiency at organic-
organic interfaces (Morteani et al., 2003), which may explain the observed high initial EL 
efficiencies in these blend films.  However, at high voltages, the presence of very thin lower-
lying TFB-rich domains provide a pathway fo r holes to punch through the blend film 
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without undergoing radiative recombination wi th electrons, causing imbalance of charge 
carriers and hence an increase in leakage current and the rapid decay in EL efficiencies. 
Second, among the blend films with no observable micron-scale lateral phase separation, 
those that consist of TFB/3K show relatively  lower peak initial efficiency, comparing to 
those with micron-scale lateral phase separation. This is attributed to the lack of phase 
separated features that can assist spatial confinement of charge carriers, as discussed earlier. 
However, improved film thickness uniformity and balance of charge carriers do contribute 
to reduce leakage current at high voltages, explaining the observed slower decay in EL 
efficiencies. Furthermore, the amount of surface out-coupling of light in the forward 
direction observed in blend devices is found to be positively correlated to the distribution of 
periodicity of the phase-separated structures in the active layer. 

3.2 Interfaces controlled by patterned substrate 
The phase separation in organic blend thin films can be controlled via chemical modification 
of the substrate with a periodic contrast of the substrate surface energy by microcontact 
printing ( aYim et al., 2008). With appropriate choice of polymer molecular weight and blend 
ratio, the phase-separated structures in the blend film closely replicate the underlying 2D 
pattern since the low surface energy component TFB preferentially migrate away from 
regions of higher surface energy (Figure 3). Micro-Raman analysis revealed nanometer-scale 
vertical segregation of the polymers within both  lateral domains, with regions closer to the 
substrate being substantially pure with each of  the two polymers. This indicates the absence 
of a continuous TFB wetting layer typically formed in blend films spin-coated on non-
patterned surfaces, and has important implications on device performance. It also implies 
the formation of periodic TFB/F8BT (and reve rsed) heterojunctions structures which favour 
(and suppress) charge carrier injection from both electrodes in the TFB-rich (F8BT-rich) 
domains. As a result, charge carrier injection is confined in the well-defined enclosed TFB-
rich domains, leading to high EL efficiency. The overall reduction in the patterned blend 
film roughness as compared to reference spin-coated blend (1:1 by weight) leads to slower 
decay in EL efficiency at high voltages. The amount of surface out-coupling of light in the 
forward direction observed in blend devices is also found to be positively correlated to the 
distribution of periodicity of the phase- separated structures in the active layer. 

3.3 Interfaces controlled by thin film transfer printing technique 
The fabrication of functional multilayered conjugated polymer structures with well-defined 
organic-organic interfaces for optoelectronic device applications is constrained by the 
common solubility of many polymers in most organic solvents ( bYim et al., 2008). A simple, 
low-cost, large-area transfer printing tech nique for the deposition and patterning of 
conjugated polymer thin films has been demonstrated. This method utilises a planar 
poly(dimethylsiloxane) (PDMS) stamp, along with a water-soluble sacrificial layer, to pick 
up an organic thin film (~20nm-1 �Ím) from a substrate and subsequently deliver this film to 
a target substrate. The versatility of this transfer printing technique and its applicability to 
optoelectronic devices have been shown by fabricating bilayer structures of TFB/F8BT and 
poly(3-hexylthiophene) (P3HT)/ methanofullerene([6,6]-phenyl C 61 butyric acid methyl 
ester) (PCBM), and incorporating them into light-emitting diodes and photovoltaic cells, 
respectively (Figure 4). For both types of devices, bilayer devices fabricated with this 
transfer printing technique sh owed equal, if not superior performance to either blend 
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devices or bilayer devices fabricated by other techniques. This indicates well-controlled 
organic-organic interfaces achieved by the transfer printing technique. 
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Fig. 4. (a) Schematic depiction of the thin film transfer printing process to form a bilayered 
conjugated polymer structure. (b) A photograph of a 4-inch transfer printed F8BT thin film 
(~ 70 nm) on a flexible PET sheet. (c) EL efficiency (Cd/A) as a function of diode current (J) 
of LEDs with TFB/F8BT bilayered films (20n m/80nm) fabricated by  transfer printing 
technique (square) and cross-linker (triangle), and TFB:F8BT blend film (1:1 by weight, 
circle). (d) External quantum efficiency (EQE) of P3HT/PCBM bilayered solar cells 
fabricated by transfer printing technique, with different thicknesses of either P3HT or PCBM 
(20-70 nm), while keeping the thickness of the other material (70 nm) and other processing 
conditions constant. An EQE spectrum of a P3HT:PCBM blend device (1:0.8 by weight) is 
included for comparison 

3.4 Interfaces controlled by copolymerizat ion of electron donor and acceptor units 
The molecular-scale intrachain interfaces (heterojunctions) can be created by 
copolymerization of TFB (electron donor) an d F8BT (electron acceptor) polymers by 
covalently attaching them to a main conjugat ed polymer backbone (Kim et al., 2008) and 
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without undergoing radiative recombination wi th electrons, causing imbalance of charge 
carriers and hence an increase in leakage current and the rapid decay in EL efficiencies. 
Second, among the blend films with no observable micron-scale lateral phase separation, 
those that consist of TFB/3K show relatively  lower peak initial efficiency, comparing to 
those with micron-scale lateral phase separation. This is attributed to the lack of phase 
separated features that can assist spatial confinement of charge carriers, as discussed earlier. 
However, improved film thickness uniformity and balance of charge carriers do contribute 
to reduce leakage current at high voltages, explaining the observed slower decay in EL 
efficiencies. Furthermore, the amount of surface out-coupling of light in the forward 
direction observed in blend devices is found to be positively correlated to the distribution of 
periodicity of the phase-separated structures in the active layer. 

3.2 Interfaces controlled by patterned substrate 
The phase separation in organic blend thin films can be controlled via chemical modification 
of the substrate with a periodic contrast of the substrate surface energy by microcontact 
printing ( aYim et al., 2008). With appropriate choice of polymer molecular weight and blend 
ratio, the phase-separated structures in the blend film closely replicate the underlying 2D 
pattern since the low surface energy component TFB preferentially migrate away from 
regions of higher surface energy (Figure 3). Micro-Raman analysis revealed nanometer-scale 
vertical segregation of the polymers within both  lateral domains, with regions closer to the 
substrate being substantially pure with each of  the two polymers. This indicates the absence 
of a continuous TFB wetting layer typically formed in blend films spin-coated on non-
patterned surfaces, and has important implications on device performance. It also implies 
the formation of periodic TFB/F8BT (and reve rsed) heterojunctions structures which favour 
(and suppress) charge carrier injection from both electrodes in the TFB-rich (F8BT-rich) 
domains. As a result, charge carrier injection is confined in the well-defined enclosed TFB-
rich domains, leading to high EL efficiency. The overall reduction in the patterned blend 
film roughness as compared to reference spin-coated blend (1:1 by weight) leads to slower 
decay in EL efficiency at high voltages. The amount of surface out-coupling of light in the 
forward direction observed in blend devices is also found to be positively correlated to the 
distribution of periodicity of the phase- separated structures in the active layer. 
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The fabrication of functional multilayered conjugated polymer structures with well-defined 
organic-organic interfaces for optoelectronic device applications is constrained by the 
common solubility of many polymers in most organic solvents ( bYim et al., 2008). A simple, 
low-cost, large-area transfer printing tech nique for the deposition and patterning of 
conjugated polymer thin films has been demonstrated. This method utilises a planar 
poly(dimethylsiloxane) (PDMS) stamp, along with a water-soluble sacrificial layer, to pick 
up an organic thin film (~20nm-1 �Ím) from a substrate and subsequently deliver this film to 
a target substrate. The versatility of this transfer printing technique and its applicability to 
optoelectronic devices have been shown by fabricating bilayer structures of TFB/F8BT and 
poly(3-hexylthiophene) (P3HT)/ methanofullerene([6,6]-phenyl C 61 butyric acid methyl 
ester) (PCBM), and incorporating them into light-emitting diodes and photovoltaic cells, 
respectively (Figure 4). For both types of devices, bilayer devices fabricated with this 
transfer printing technique sh owed equal, if not superior performance to either blend 
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Fig. 4. (a) Schematic depiction of the thin film transfer printing process to form a bilayered 
conjugated polymer structure. (b) A photograph of a 4-inch transfer printed F8BT thin film 
(~ 70 nm) on a flexible PET sheet. (c) EL efficiency (Cd/A) as a function of diode current (J) 
of LEDs with TFB/F8BT bilayered films (20n m/80nm) fabricated by  transfer printing 
technique (square) and cross-linker (triangle), and TFB:F8BT blend film (1:1 by weight, 
circle). (d) External quantum efficiency (EQE) of P3HT/PCBM bilayered solar cells 
fabricated by transfer printing technique, with different thicknesses of either P3HT or PCBM 
(20-70 nm), while keeping the thickness of the other material (70 nm) and other processing 
conditions constant. An EQE spectrum of a P3HT:PCBM blend device (1:0.8 by weight) is 
included for comparison 

3.4 Interfaces controlled by copolymerizat ion of electron donor and acceptor units 
The molecular-scale intrachain interfaces (heterojunctions) can be created by 
copolymerization of TFB (electron donor) an d F8BT (electron acceptor) polymers by 
covalently attaching them to a main conjugat ed polymer backbone (Kim et al., 2008) and 
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also by adding different amounts of the strongly electron accepting BT unit into the F8 
polymer backbone, F81�ïxBTx copolymers (0 �” x �” 0.5) (Winfield et al., 2009). We have 
observed that not only are excitons in F81�ïxBTx copolymers (0 �” x �” 0.5) strongly charge 
transfer (CT) in character but that the strength of this CT character increases when the 
proportion of BT units in the polymer chains is small. Incorporation of the strongly electron-
accepting BT unit, even in small proportion s, into the F8 polymer chain results in 
localization of the lowest unoccupied molecula r orbital (LUMO) on th e BT units. There are 
no significant changes in the highest occupied molecular orbital (HOMO) and LUMO 
energies with BT content leading to the same shape of the F8BT emission in the PL spectrum 
for all F81�ïxBTx copolymers. Increased coupling of the excited state to the ground state at 
higher BT content results in shorter exciton li fetime and higher PL efficiency. The increased 
CT character of the excitons in lower-BT content copolymers is also seen in the stronger 
solvent dependence of the emission spectra and excited state lifetimes of these copolymers. 

4. Photophysical dynamics of electronic species at the organic interfaces 

4.1 Photoinduced intrachain charge transfer state in copolymer 
The optoelectronic properties at the organic-organic semiconductor interfaces formed 
between polymer chains (interchain) and within a polymer chain (intrachain) are studied 
(Kim et al, 2008). These interfaces are fabricated using (TFB [F8-tfb]) (electron-donor) and 
(F8BT [F8-BT]) (electron-acceptor) conjugated polymers, by blending th em together or by 
covalently attaching them via a main polyme r backbone (copolymer) . When a bulky and 
twisted tfb molecule is incorporated into a ri gid F8BT conjugated backbone, it disturbs the 
conjugation of F8BT polymer, leading to a blue-shift in the lowest absorption transition. 
However, by acting as an effective electron donor, it assists the formation of an intrachain 
singlet exciton that has a strong CT character, leading to a red-shifted and longer-lived 
emission than that of F8BT. An extremely efficient and fast energy transfer from tfb donor to 
BT acceptor is observed in the copolymer (<1 ps) compared to transfer from TFB to F8BT in 
the blend (tens of ps). This efficient energy transfer in the copolymer is found to be 
associated with its low fluorescence efficiency (40-45% vs 60-65% for blend) because of the 
migration of radiative singlet excitons to low-en ergy states such as triplet and exciplex states 
that are nonemissive or weakly emissive. 

4.2 Dielectric switching of the nature of excited state in copolymer 
In a conjugated random copolymer (RC) composed of electron donor (TFB) and electron 
acceptor (F8BT) units, the spectral evolution of an intrachain neutral singlet exciton toward 
a CT state in solvents of increasing polarity has been monitored by time-resolved 
photoluminescence and ultrafast transient absorption spectroscopy (Petrozza et al., 2010). 
The PL spectra of the RC solutions in different polarity of solvents are shown and compared 
to the F8BT spectra (Figure 5). Very diluted solutions in o-xylene, the RC emission shows 
~16 nm red-shift with respect to that of F8BT, wi th its lifetime slightly longer than that of 
F8BT (2.6 ns for RC vs. 2 ns for F8BT). This suggests that as the TFB unit is covalently linked 
to the F8BT backbone, the emission in RC occurs from an electronic state of different nature 
compared to F8BT. The F8BT itself shows a red shift of ~30 nm in PL spectra as the polarity 
of the medium is increased from the o-xylene (dielectric constant, �H = 2.57) to the o-
dichlorobenzene (�H = 4.81) solvents underlying the polar nature of the relaxed emissive state 
resulted from the localisation of the electron wavefunction on  the BT unit. In the RC, this 
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solvatochromic effect is strongly amplified. Th ere is a significant increase in the red-shift, 
~114 nm shift going fr om the cyclohexane (�H = 2.02) to the o-dichlorobenzene (�H = 9.93) 
solution, and spectral changes in emission spectra. In addition, these spectral changes are 
accompanied by a concomitant enhancement of the luminescence lifetime (from 2.6 ns to 5.7 
ns) and reduction of the PL quantum yield when the solvent polarity increases. The 
sensitivity of the emissive state to the solvent dielectric constant supports its strong CT 
character in the relaxed configuration. 
 

 

�

� �� � � � � � �� � �� � �
� � � ��

� �
�

�����

�����

 

����

����

 
Fig. 5. PL spectra of diluted solutions of (a) F8BT and (b) RC in various solvents with 
different polarity, cyclohexane (solid line), o-xylene (dot line), chloroform (empty circles), o-
DCB (filled circles). Excitation at 470 nm 

In order to obtain further insight into the photophysical dynamics of the relaxation 
pathways, ultrafast transient absorption (TA)  experiments have been performed. The TA 
spectra of F8BT in diluted o-xylene solution (Figure 6a) present two main features. For �Ì < 
600 nm, a positive differential transmission signal ( �¦ T/T) was observed. It is assigned to 
stimulated emission (SE) originating from the first excited singlet state, since its spectral 
position matches the fluorescence of the polymer. The SE could be observed over the entire 
detection time (about 2 ns). At �Ì > 600 nm, a photoinduced absorption (PA) band occurred 
which extended into the near in frared. This arises from the S1�ÆSn excited state absorption, 
since the SE and PA bands exhibited the same lifetimes and decay dynamics. A spectral 
broadening of the SE band was observed for o-xylene solution, whereas in the polar solvents 
(chloroform and o-DCB) a distinct dynamic red-shift of the band was observed (not shown). 
This is in agreement with the solvatochromic effect observed in the steady-state PL spectra 
and confirms the presence of a relaxed emissive state, which has a small polar character and 
is intrinsically sensitive to the environment.  
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Fig. 5. PL spectra of diluted solutions of (a) F8BT and (b) RC in various solvents with 
different polarity, cyclohexane (solid line), o-xylene (dot line), chloroform (empty circles), o-
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In order to obtain further insight into the photophysical dynamics of the relaxation 
pathways, ultrafast transient absorption (TA)  experiments have been performed. The TA 
spectra of F8BT in diluted o-xylene solution (Figure 6a) present two main features. For �Ì < 
600 nm, a positive differential transmission signal ( �¦ T/T) was observed. It is assigned to 
stimulated emission (SE) originating from the first excited singlet state, since its spectral 
position matches the fluorescence of the polymer. The SE could be observed over the entire 
detection time (about 2 ns). At �Ì > 600 nm, a photoinduced absorption (PA) band occurred 
which extended into the near in frared. This arises from the S1�ÆSn excited state absorption, 
since the SE and PA bands exhibited the same lifetimes and decay dynamics. A spectral 
broadening of the SE band was observed for o-xylene solution, whereas in the polar solvents 
(chloroform and o-DCB) a distinct dynamic red-shift of the band was observed (not shown). 
This is in agreement with the solvatochromic effect observed in the steady-state PL spectra 
and confirms the presence of a relaxed emissive state, which has a small polar character and 
is intrinsically sensitive to the environment.  
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The TA spectra of RC in o-xylene solution (Figure 6b) were found to be similar to the spectra 
of F8BT exhibiting a SE band below 620 nm and a PA band at longer wavelength. However, 
compared to the TA spectra of F8BT the SE band showed a dynamic red-shift and spectral 
broadening in the first 22 ps before decaying, indicating a stronger nu clear relaxation after 
photoexcitation. Fig. 6c shows the TA spectra of RC in chloroform solution. The SE and PA 
bands were observed at very early times (hundreds of fs). However, no spectral diffusion 
could be traced and within 3 ps the SE band evolved into a broad absorption band, which 
decayed slowly over the timescale of the experiment. The broad band shows a reduced PA 
response at 590 nm, which corresponds to the spectral region where the RC PL spectrum in 
chloroform solution peaks. This is ascribed to the competition between the SE and PA signal 
of the CT state. Similar spectral features have been observed in the o-DCB solution (Figure 
6d), although they evolve considerably more slowly. Here, a complete relaxation of the SE 
band and a red-shift to about 590 nm in the first 25 ps have been observed followed by 
quenching of the SE band and the emergence of a broad absorption band to the infrared. It 
indicates that in polar solvents a charge-like absorption superimposes the region of 
stimulated emission and leads to a dramatic reduction in gain implying that CT states in the 
RC can be detrimental for light amplification and lasing.  
 

 
Fig. 6. Femto- to picosecond TA spectra of (a) F8BT in o-xylene solution and RC in (b) o-xylene, 
(c) chloroform, and (d) o-DCB solutions. TA spectroscopy was used to study the evolution and 
dynamics of the excited states on a timescale of hundreds of femtoseconds to milliseconds by 
probing the relative change in transmission (�¦ T/T) after photoexcitation at 490 nm 
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4.3 Intrachain versus intermolecular interactions at high pressure 
The optical spectroscopy studies of F8BT polymers at high pressure have been performaed 
in order to disentangle the intr amolecular and intermolecular e ffects of hydrostatic pressure 
(Schmidtke et al., 2007). The PL spectrum of F8BT in a dilute solid state solution in 
polystyrene redshifts by ~320 meV over 7.4 GPa, while that of a F8BT thin film redshifts 
~460 meV over a comparable pressure range. We attributed the redshift in solution to 
intrachain pressure effects, principally confor mational planarization (i.e. a reduction in the 
torsional angle between the F8 and BT subunits of F8BT at high pressure). The additional 
contribution from interchain �S-electron interactions accounts for the larger redshift of films. 

4.4 Dynamic emission polarization anisotropy for aligned polymer films  
Time-integrated and femtosecond time-resolved PL spectroscopy has been used to study the 
dynamic emission polarization anisotropy for a ligned F8BT thin films (Schmid et al., 2008). 
The results indicate a high degree of chain alignment, with the presence of a small fraction 
of unaligned chain domains in film regions far from the imprinted surface. The time-
averaged emission from aligned domains is found to be slightly shifted to higher photon 
energies compared to that from more disordered film regions. This effect is attributed to a 
subtly different chain packing geometry in the more aligned regions of the film, which leads 
to a reduced exciton diffusivity and inhibits energetic relaxation of the exciton in the 
inhomogeneously broadened density of states. While for an unaligned reference film, 
exciton migration results in a nearly complete depolarization of the emission over the first 
300 ps. For the aligned films, interchain exciton hopping from unaligned to aligned domains 
is found to increase the anisotropy over the same time scale. In addition, excitons generated 
in aligned film domains were found to be slightly more susceptible to nonradiative 
quenching effects than those in disordered regions deeper inside the film, suggesting a 
marginally higher defect density near the nanoimprinted surface of the aligned film. 

5. Electronic processes of charge carriers across the organic interfaces 

5.1 Effects of polymer packing stru cture on optoelectronic properties 
Spin-coated F8BT films of different molecular weights (M n = 9 - 255 kg/mol), both in the 
pristine and annealed state, were studied in an effort to elucidate changes in the polymer 
packing structure and the effects this structure has on the optoelectronic and charge transport 
properties of these films (Donley et al., 2005; Zaumseil et al., 2006). A model based on quantum 
chemical calculations, wide-angle X-ray scattering, atomic force microscopy, Raman 
spectroscopy, photoluminescence, and electron mobility measurements was developed to 
describe the restructuring of the polymer film as a function of polymer chain length and 
annealing. In pristine high molecular weight films, the polymer chains exhibit a significant 
torsion angle between the F8 and BT units, and the BT units in neighboring chains are close to 
one another. Annealing films to sufficiently high  transition temperatures allows the polymers 
to adopt a lower energy configuration in which the BT units in one polymer chain are adjacent 
to F8 units in a neighboring chain (“alternatin g structure”), and the torsion angle between F8 
and BT units is reduced. This restructuring, di ctated by the strong dipole on the BT unit, 
subsequently affects the efficiencies of interchain electron transfer and exciton migration. Films 
exhibiting the alternating struct ure show significantly lower elec tron mobilities than those of 
the pristine high molecular weight films, due to a decrease in the efficiency of interchain 
electron transport in this structure (Figure 7a). In addition, interchain exciton migration to low 
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energy weakly emissive states is also reduced for these alternating structure films, as observed 
in their photoluminescence spectra and efficiencies (Figure 7b).  
 

 

 

 

Fig. 7. Schematic illustrations showing (A) the in itial packing structure of the high molecular 
weight pristine films. The BT units exhibit a re latively high torsion angle with respect to the 
F8 units, and in neighboring polymer chains, the BT units are adjacent to each other. (B) The 
packing structure for the low molecular weight pristine films or annealed films. Adjacent 
polymer chains have been translated with respect to one another, so that the BT units in one 
chain are adjacent to the F8 units in the neighboring chain (termed “alternating structure”). 
This structure forces the BT units into a geometry that is more planar with the F8 units. (C) 
PL efficiencies for pristine and annealed film s. The sample with a molecular weight of 62 
kg/mol is known to have some inorganic impurities and shows a low PL efficiency. (D) 
Electron mobilities calculated in the saturation region for F8BT films annealed to different 
temperatures. Decreases in mobility were observed upon annealing and for the shorter 
molecular weights. “Pristine” films are those that were heated only to 100 °C to remove 
residual solvent trapped in the films before further processing steps 

5.2 Enhanced charge transport properties of aligned F8BT films by nanoconfinement 
The uniaxial alignment of a liquid-crystallin e conjugated polymer F8BT, by means of 
nanoconfinement during nanoimprinting has been demonstrated (Zheng et al., 2007). The 
orientation of the conjugated backbones was parallel to the nanolines imprinted into the 
polymer film. Polarized UV-vis absorption and photoluminescence spectra were measured to 
quantify the degree of alignment, showing that the polarization ratio and uniaxial molecular 
order parameter were as high as 66 and 0.97, respectively. The aligned F8BT film was used as 
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the active layer in a PLED, which resulted in po larized electroluminescence with a polarization 
ratio of 11. Ambipolar polymer FET in a top-gate configuration with aligned F8BT as the active 
semiconducting layer showed mobility enhancemen t when the chains were aligned parallel to 
the transport direction. Mobility anisotropies for hole and electron transports were 10-15 and 
5-7 respectively, for current flow parallel and perpendicular to the alignment direction. 

5.3 Intrachain versus interchain electron transport  
F8BT displays very different charge-transport  properties for holes versus electrons when 
comparing annealed and pristine thin film s and transport parallel (intrachain) and 
perpendicular (interchain) to the polymer axes. We have performed a quantum-chemical 
calculation focusing on the electron-transport properties of F8BT chains and compared the 
efficiency of intrachain versus interchain transport in the hopping regime (Van Vooren et al., 
2008). The theoretical results rationalize significantly lowered electron mobility in annealed 
F8BT thin films and the smaller mobility anisotropy ( �P�` / �P�A) measured for electrons in 
aligned films (i.e. 5–7 compared to 10–15 for holes). 

5.4 Controlled electrical properties via a solution-based �S -type doping 
We have controlled p-doping of P3HT, PFB, TFB and F8BT conjugated polymers by co-
blending with F 4TCNQ in a common organic solvent (cYim et al., 2008). Doping leads to 
significant increase in the bulk conductivity and hole current of the polymers with gradual 
disappearance of turn-on voltage. The effectiveness of doping increases as the HOMO level of 
the polymers becomes smaller, from F8BT (5.9eV) to P3HT (4.8eV), indicating that p-doping 
occurs via electron transfer from the HOMO level of the polymers to the LUMO level of 
F4TCNQ (Figure 8). F4TCNQ appears as a promising candidate to p-dope a wide range of 
conjugated polymers. This solution-based doping process will be one of the most effective and 
desirable ways to control the electrical proper ties of organic materials, in particular for 
solution processable organic semiconductors and their associated devices. In particular, a 
single polymer material can be used as both semiconductor and conductor in a single device.  
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Fig. 8. Measured conductivity of the conjugated polymer films doped with different 
concentrations of F4TCNQ. Polymer films were deposited on  substrates with inter-digitated 
ITO structures. The applied electric field was �d 4 x 10-4 V/nm. The conductivity of PEDT:PSS 
film typically used in organic devices is included for comparison 
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5.5 Improved PLED efficiency by inserting a thin polymer interlayer  
It is demonstrated that adding a thin ( 10 nm) conjugated polymer interlayer between 
PEDT:PSS and an emissive semiconductor prevents the exciton quenching at the PEDT:PSS 
interface, resulting in a significant improvem ent in the device efficiency of polymer LEDs 
(Kim et al., 2005). For PLEDs with the TFB interlayer, the external quantum efficiency (EQE) 
increases from 0.7% (0.4 CdA at 3.7 V) to 1.9% (1.0 CdA at 3.3 V) at 100 Cd/m2 for red LEDs 
and from 1.9% (6.2 Cd/A at 3.4 V) to 3.0% (10.1 Cd/A at 3.0 V) at 1000 Cd/m2 for green 
LEDs. An EQE of 4.0% is also observed in blue LEDs (35% increase). The increase in the 
efficiency is accompanied by a large increase in the device lifetime (up to five times for red 
LEDs and four times for green LEDs). This thin-conjugated polymer interlayer is spin-
coated from TFB solution directly on top of the PEDT:PSS layer. TFB is a triarylamine-based 
large-band-gap semiconductor (3.0eV) often used as a hole transporter due to its low 
ionization potential (5.33 eV) and high hole mobility. One of the main roles of this TFB 
interlayer is considered to be a blocking layer that prevents the radiative excitons from 
direct quenching by PEDT:PSS and thus to remove a nonradiative decay channel introduced 
by PEDT:PSS. This exciton blocking property of the TFB interlayer contributes to 
improvement of the device performance. We demonstrate this by directly measuring the 
exciton lifetime, the time taken for an excited state to decay radiatively, of F8BT emissive 
semiconductor in direct contact with PEDT:PSS and TFB interlayer, using time-correlated 
single-photon counting technique (Figure 9). 
 

 
Fig. 9. Exciton lifetime of (a) F8BT, (b) PEDT:PSS/F8BT,  (c) PEDT:PSS/TFB/F8BT films as a 
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6. Charge-carrier operational dynamics across the organic interfaces 

6.1 Effects of charge balance on transient electroluminescence 
Charge balance inside the active layer has been studied by applying a pulse-mode electrical 
excitation to the device. The transient response of the devices under pulsed excitation yields 
important information related to charge injection and transport pathways (Seeley et al., 
2004), in addition to its obvious use in high-bri ghtness pulsed devices.  In this study, a 
constant voltage pulse (4 �Ps pulses with a repeat rate of 30 Hz) was sent to the devices and 
their transient EL characteristics were monitored (Kim et al., 2008). The device fabricated 
with a TFB (50nm)/ F8BT (50nm) bilayer was added for the pulse measurements in order to 
address the important role of different leng th-scale polymer-polymer interfaces in the 
charge-carrier transport and recombination processes.  The pulsed measurements revealed a 
remarkably clear trend through the appearance of a “turn-on” spike in the EL output of the 
devices (Figure 10a).  This “turn-on” spike was strongest in th e bilayer device and gradually 
decreases as the length-scale of the organic interfaces decreases, starting with micron-scale 
in the blend and ending with molecular-scale in the RC.  Therefore, no turn-on spike was 
observed in the RC.  The turn-on spikes were not observed either in the neat F8BT or neat 
TFB devices. 
 

 
Fig. 10. (a) Pulsed measurements of TFB:F8BT LEDs fabricated with bilayer (50 nm TFB/50 
nm F8BT), polymer blend, and RC. A constant voltage pulse (5.5 V for the blend and 11-12 V 
for others) with the duration of 4 �Ís and 30 Hz repeat rate was used. (b) Pulsed 
measurements of the RC LED with an increase in the voltage from 6.5 V to 14.5 V 

This turn-on spike can be understood by associating it with charge balance inside the active 
layer after an initial electrical excitation, alth ough its exact origin has not yet been clearly 
established.  An ohmic contact is formed at the cathode interface between F8BT and Ca 
electrode since the F8BT energy level for electron injection (i.e. LUMO level, ~2.95 eV) lies 
very closely to the work function of Ca electr ode (~2.9 eV).  Hence once a contact is made, 
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there is no injection barrier for electrons and this provides a barrier-free injection of 
electrons into the F8BT layer even before the driving voltage is applied. Inside the bilayer 
device, this would lead to an accumulation of electrons at the interface between TFB and 
F8BT layers due to the energy barrier for electrons induced by the relatively low LUMO 
level of TFB (~2.25 eV).  When a voltage pulse is applied, holes are injected into the TFB 
layer and meet the high density of electrons already accumulated at the TFB/F8BT interface 
to recombine and give rise to light emission, thus a sudden spike can appear in the EL. As 
time passes, the accumulated electrons quickly run out and th e flow of opposite charges 
becomes more balanced and thus produces more constant EL.  
In the blend device, �Pm length-scale TFB-rich phases are dispersed in a F8BT-rich matrix.  
This F8BT-rich matrix may provide a reasonable pathway for the electron injection and 
transport, leading to accumulation of barrier -free injected electrons upon contact with Ca 
cathode.  Once the voltage pulse is applied, the flow of holes into the active layer would 
cause a similar but smaller turn-on spike as that seen in the bilayer. The smaller turn-on 
spike in the blend device can be understood since freely injected electrons are distributed 
more evenly throughout the whole active layer,  differently from the bilayer device in which 
high density accumulation of electrons occurs at the abrupt TFB/F8BT interface.  As the 
length scale of the TFB/F8BT interfaces decreases in the copolymer, no accumulation of 
electrons is expected. In the RC device, where no continuous pathway for the electron 
transport is present due to randomly distributed TFB and F8BT interfaces at a molecular-
scale, no turn-on spike is observed.  Note that the absence of the turn-on spike in the RC 
does not depend on the voltage applied (Figure 10b).  This observation agrees well with the 
single-carrier device data, confirming a better charge balance in the RC which produces 
more stable characteristics of LEDs in terms of device efficiencies. 

6.2 Intrinsic and extrinsic degradation mechanisms  
Understanding the diversity of steady-state  operational mechanisms focusing on the 
electrochemical reaction pathways of injected charges across the organic semiconductor 
interfaces is very important to improve device  efficiency and stability. However, there has 
been little work to address intrinsic and ex trinsic mechanisms governing the electrical 
stability of these devices primarily due to the challenge of tracking minute chemical 
reactions in-situ in the 100-nm-thick buried active laye rs of polymer LEDs during operation. 
Work with micro-Raman spectroscopy has give n very encouraging results in this field 
(Winfield et al., 2010; Ballantyne et al., 2010), in particular for degradation of the active layer 
of PLED devices (Kim et al., 2002; bKim et al., 2004). 
We have also monitored in-situ changes to the chemistry of the polymers and their 
interfaces in the devices using non-destructive Raman spectroscopy. Fig. 11(a) shows an 
optical micrograph of an encapsulated polymer LED. It shows a 2- �Pm-wide pinhole defect 
surrounded by a diffusion disk on the ITO ar ea. The pinhole and associated disk (which 
appears black under EL and therefore termed “black spot”) are marked by an optically 
distinct boundary. Fig. 11(b) shows the Raman spectra taken across this black spot. Our 
results confirm that the black spots are associated with cathode pinhole defects and caused 
by electrochemical activity between the cathode and hole-transport conducting polymer 
PEDT:PSS layer. We have also performed in-situ Raman measurements in hole-only 
poly(9,9-dioctylfluorene-co-bis-N,N-(4-butyl phenyl)-bis-N,N-phenyl-1,4-phenylenediamine) 
(PFB) diodes to study a hole mediated interfacial reaction pathway during electrical 
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operation. The results suggest that a primary reaction pathway of the electrical properties of 
these diodes is the slow quasi-irreversible interfacial electrochemical oxidation (doping) of 
PFB adjacent to the PEDT:PSS layer (Figure 11c). Understanding such failure mechanisms 
under device operational conditions leads to the development of materials  and devices that 
are intrinsically more resistant to degradation. 
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Fig. 11. (a) Enlarged optical micrograph of the black spot (ITO area), (b) Raman spectra 
taken across this black spot along the dotted line. All the spectra were normalised to the 
1609 cm-1 peak of the EL polymer blend. Reference spectra for the EL polymer blend, doped-
PEDOT:PSS and dedoped-PEDT:PSS, and (c) Raman spectra of the ITO/PEDT:PSS (60 
nm)/PFB (100 nm)/Al (400 nm) diode after the J–V te st at each point in Fig. 1A (excitation, 
633 nm; objective NA, 0.7; spectra accumulation, 10_20 s). Reference spectra of (1) PFB, (2) 
electrochemically oxidised PFB, and (3) doped PEDT:PSS thin films are also shown. All the 
spectra except PEDT:PSS are normalised to the PFB Raman intensity at 1602 cm_1. The 
chemical structure of PFB is also shown 

6.3 In-situ identification of a luminescence quencher in OLEDs 
In-situ Raman spectroscopy was also used to identify a luminescence quencher formed 
during  OLED operation. Raman spectroscopy revealed that oxo-bridged  dimerization 
occurs during the operation of [Ru(bpy) 3]2+(PF6�ï)2 devices, where bpy is 2,2’-bipyridine. 
Photoluminescence spectroscopy showed that oxo-bridged dimers such as [Ru(bpy)2(H2O)]2 

O4+(PF6�ï)4 effectively quench photoluminescence. Comparison of the Raman spectra from 
devices with the spectra from pr epared blended films of [Ru(bpy) 3]2+ (PF6�ï)2 and 
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there is no injection barrier for electrons and this provides a barrier-free injection of 
electrons into the F8BT layer even before the driving voltage is applied. Inside the bilayer 
device, this would lead to an accumulation of electrons at the interface between TFB and 
F8BT layers due to the energy barrier for electrons induced by the relatively low LUMO 
level of TFB (~2.25 eV).  When a voltage pulse is applied, holes are injected into the TFB 
layer and meet the high density of electrons already accumulated at the TFB/F8BT interface 
to recombine and give rise to light emission, thus a sudden spike can appear in the EL. As 
time passes, the accumulated electrons quickly run out and th e flow of opposite charges 
becomes more balanced and thus produces more constant EL.  
In the blend device, �Pm length-scale TFB-rich phases are dispersed in a F8BT-rich matrix.  
This F8BT-rich matrix may provide a reasonable pathway for the electron injection and 
transport, leading to accumulation of barrier -free injected electrons upon contact with Ca 
cathode.  Once the voltage pulse is applied, the flow of holes into the active layer would 
cause a similar but smaller turn-on spike as that seen in the bilayer. The smaller turn-on 
spike in the blend device can be understood since freely injected electrons are distributed 
more evenly throughout the whole active layer,  differently from the bilayer device in which 
high density accumulation of electrons occurs at the abrupt TFB/F8BT interface.  As the 
length scale of the TFB/F8BT interfaces decreases in the copolymer, no accumulation of 
electrons is expected. In the RC device, where no continuous pathway for the electron 
transport is present due to randomly distributed TFB and F8BT interfaces at a molecular-
scale, no turn-on spike is observed.  Note that the absence of the turn-on spike in the RC 
does not depend on the voltage applied (Figure 10b).  This observation agrees well with the 
single-carrier device data, confirming a better charge balance in the RC which produces 
more stable characteristics of LEDs in terms of device efficiencies. 
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electrochemical reaction pathways of injected charges across the organic semiconductor 
interfaces is very important to improve device  efficiency and stability. However, there has 
been little work to address intrinsic and ex trinsic mechanisms governing the electrical 
stability of these devices primarily due to the challenge of tracking minute chemical 
reactions in-situ in the 100-nm-thick buried active laye rs of polymer LEDs during operation. 
Work with micro-Raman spectroscopy has give n very encouraging results in this field 
(Winfield et al., 2010; Ballantyne et al., 2010), in particular for degradation of the active layer 
of PLED devices (Kim et al., 2002; bKim et al., 2004). 
We have also monitored in-situ changes to the chemistry of the polymers and their 
interfaces in the devices using non-destructive Raman spectroscopy. Fig. 11(a) shows an 
optical micrograph of an encapsulated polymer LED. It shows a 2- �Pm-wide pinhole defect 
surrounded by a diffusion disk on the ITO ar ea. The pinhole and associated disk (which 
appears black under EL and therefore termed “black spot”) are marked by an optically 
distinct boundary. Fig. 11(b) shows the Raman spectra taken across this black spot. Our 
results confirm that the black spots are associated with cathode pinhole defects and caused 
by electrochemical activity between the cathode and hole-transport conducting polymer 
PEDT:PSS layer. We have also performed in-situ Raman measurements in hole-only 
poly(9,9-dioctylfluorene-co-bis-N,N-(4-butyl phenyl)-bis-N,N-phenyl-1,4-phenylenediamine) 
(PFB) diodes to study a hole mediated interfacial reaction pathway during electrical 
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operation. The results suggest that a primary reaction pathway of the electrical properties of 
these diodes is the slow quasi-irreversible interfacial electrochemical oxidation (doping) of 
PFB adjacent to the PEDT:PSS layer (Figure 11c). Understanding such failure mechanisms 
under device operational conditions leads to the development of materials  and devices that 
are intrinsically more resistant to degradation. 
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Fig. 11. (a) Enlarged optical micrograph of the black spot (ITO area), (b) Raman spectra 
taken across this black spot along the dotted line. All the spectra were normalised to the 
1609 cm-1 peak of the EL polymer blend. Reference spectra for the EL polymer blend, doped-
PEDOT:PSS and dedoped-PEDT:PSS, and (c) Raman spectra of the ITO/PEDT:PSS (60 
nm)/PFB (100 nm)/Al (400 nm) diode after the J–V te st at each point in Fig. 1A (excitation, 
633 nm; objective NA, 0.7; spectra accumulation, 10_20 s). Reference spectra of (1) PFB, (2) 
electrochemically oxidised PFB, and (3) doped PEDT:PSS thin films are also shown. All the 
spectra except PEDT:PSS are normalised to the PFB Raman intensity at 1602 cm_1. The 
chemical structure of PFB is also shown 

6.3 In-situ identification of a luminescence quencher in OLEDs 
In-situ Raman spectroscopy was also used to identify a luminescence quencher formed 
during  OLED operation. Raman spectroscopy revealed that oxo-bridged  dimerization 
occurs during the operation of [Ru(bpy) 3]2+(PF6�ï)2 devices, where bpy is 2,2’-bipyridine. 
Photoluminescence spectroscopy showed that oxo-bridged dimers such as [Ru(bpy)2(H2O)]2 

O4+(PF6�ï)4 effectively quench photoluminescence. Comparison of the Raman spectra from 
devices with the spectra from pr epared blended films of [Ru(bpy) 3]2+ (PF6�ï)2 and 
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[Ru(bpy) 2(H2O)]2O4+(PF6�ï)4 demonstrated that sufficient dime rization occurs in the device to 
account for the luminescence quenching observed upon device driving. Dimerization 
occurred particularly where oxygen and moisture could penetrate the organic film. 
Dimerization could be a  general failure mode of organic electroluminescent devices that 
incorporate metal complexes. Understanding failure under device-relevant conditions can 
lead to the development of materials and devices that are intrinsically more resistant to 
degradation (Slinker et al., 2007; Soltzberg et al., 2006). 

7. Conclusion 

In this chapter, we have reviewed our recent work carried out to understand the role of 
different length-scale organic-organic interfaces with an important focus on molecular-scale 
electronic structures and electronic processes across these interfaces. We have fabricated 
various length-scale interchain and intrachain organic interfaces using polymer blends with 
different molecular weight homopolymers an d copolymers. We have also used surface 
patterning and transfer printing techniques to control length-scale of the organic interfaces. 
At these various interfaces, we have studied in depth the photophysical processes and 
dynamics of electronic species including intrachain charge transfer states and the transport 
and recombination of charge carriers. The distinctive optoelectronic and charge transport 
properties have been observed across different organic-organic interfaces depending on 
their length-scale (micron-scale in the blends down to molecular-scale in the copolymers) 
and nature (interchain vs intrachain), prov iding the fundamental understanding of these 
interfaces and their vital roles in various opto electronic devices. Furthermore, based on the 
studies of charge carrier operational dynamics at these organic interfaces, we have been able 
to identify failure mechanisms of organi c devices including in trinsic and extrinsic 
degradation mechanisms. The key advances in organic-organic semiconductor interfaces 
achieved so far will provide important insight into a design rule of organic semiconductors 
which is essential for future development in molecular electronic devices. 
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1. Introduction     

The use of plastic film substrates for organic electronic devices promises to enable new 
applications.  
Plastic substrates have several advantages, such as ruggedness, robustness, ultra lightness, 
conformability and impact resistance over glass substrates, which are primarily used in flat 
panel displays (FPDs) today (Imparato et al., 2005). However, high transparency, proper 
surface roughness, low gas permeability and highly transparent electrode conductivity of 
the plastic substrate are required for commercial applications (Choi et al., 2008) (Mannifacier 
et al., 1979) (Adhikari & Majumdar, 2004). 
Polyesters, both amorphous and semicrystalline, are a promising class of commercial 
polymers for optoelectronic applications.  
Despite the best premises, the adoption of polymers for electronic applications has been 
slowed by their limited compatibility with semiconductor fabrication processes, at least 
during the first stage of the transition to wards all-polymeric functional devices. In 
particular, the relatively high linear expansion coefficient, �Â, and low glass transition 
temperature, Tg, of most polymers limit their use to temperatures above 250°C. Therefore, 
the high-temperature process leads to considerable mechanical stress and difficulties in 
maintaining accurate alignment of fe atures on the plastic substrate. 
The availability of suitable polymeric functional materials, with reliable and durable 
performances, will eventually results in development of fully polymeric devices, with 
milder processing requirements in term of high temperature exposure. 
At the present stage, inorganic materials are used as buffer, conductive and protective layers 
for functional organics and high performance polymer substrates.  
Several high-Tg polymers (Tg >220°C) with opti cal transparency, good chemical resistance 
and barrier properties have recently been developed for applications in organic display 
technology, and these latest developments have motivated the present research. 
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technology, and these latest developments have motivated the present research. 
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Ferrania Imaging Technologies, has developed amorphous polyester material, AryLite TM, 
with high glass transition temperature (Tg �§ 320ºC) and good optical transparency 
(Angiolini & Avidano, 2001). 
Substrates for flexible organic electronic devices are multilayer composite structures 
comprising a polymer-based substrate on which are deposited a number of functional 
coatings, with specific roles: 
�x chemical protection from the host ile environment du ring processing; 
�x mechanical protection, such as improvement of the scratch resistance; 
�x a diffusion (or permeation) barrier. A po lymer based permeation barrier may be 

sufficient for protection during, for instance, processing during display manufacturing; 
�x electrical connections. 
Taking into account that for a number of these functions transparent coatings are required, 
silicon dioxide (SiO 2) layer has been deposited on AryLite™ substrate at temperatures 
below 50°C in an Electron Cyclotron Resonance (ECR) plasma reactor from H2, SiH4, and 
N2O gas mixture. Silicon dioxide possesses excellent physical and chemical properties, such 
as transparency from ultraviole t to infrared, good thermal stab ility, chemical inertness, wear 
and corrosion resistance and low gas permeation.  
In a multilayer structure, the adhesion between organic/inorganic layer plays an important 
role in determining the reliability of the optoelectronic devices.  
As a matter of fact, the effort is focused on the improvement of adhesion between organic-
inorganic materials, and the use of nanocomposite (hybrid) substrates (Amendola et al., 
2009). 
Adhesion properties can be varied by modifyin g the surface, by means of several chemical 
and/or physical processes (Goddard & Hotchkiss, 2007).  
The most common techniques include plasma-ion beam treatment, electric discharge, 
surface grafting, chemical reaction, metal vapour deposition, flame treatment, and chemical 
oxidation. In this way it’s possible to change hydrophobic polymer surface into a 
hydrophilic one without affect ing the bulk properties.  
Adhesion can be improved also by using an adhesion promoter such as a silane on the 
polymer surface. In this work the surface of  polyester films was modified via chemical 
solution. Afterward, samples have been tr eated with (3-Aminopropyl)triethoxysilane 
(APTEOS) that function as an adhesion promoter between organic substrate and SiO2 layer. 
In particular, SiOH silane functional gr oups are suitable for coupling with SiO 2 layer. 
Contact angle and roughness measurements, surface free energy calculation and attenuated 
total reflectance Fourier transform infrared sp ectroscopy (ATR-FTIR) were used to monitor 
the effects of silane treatments on the physical and chemical characteristics of pristine and 
modified polyester surfaces. Infr ared spectroscopic analysis has been performed in order to 
study the reaction between amino group present on the organosilane backbone and 
carbonilic group of polyester substrate.   
Conventional characterization techniques are not appropriate for the measurement of 
mechanical and adhesion properties of thin func tional layers on substrate. Nano-indentation 
and nano-scratch testing are alternative approaching methods. Both techniques have 
become important tools for probing the mechanic al properties of small volumes of material 
at the nano-scale.  
Indentation measurements has been used to evaluate the hardness and Young’s modulus of 
films. The film adhesion was determined by the nano-scratch test. 
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2. Materials 

AryLite™ (supplied by Ferrania Imaging Technologies S.p.A.) characterised by very high 
glass transition temperature, has been selected due to its outstanding thermo-mechanical 
and optical properties. Polymer films of 10 cm x 10 cm and of 100 µm in thickness have been 
used. 
Silicon dioxide (SiO2) layers were deposited at temperatures below 50 °C in an electron 
cyclotron resonance (ECR) plasma reactor from N 2O, SiH4, and H2 gas mixture. 
Coupling agent with amino functional group (3-Aminopropyl)triethoxysilane (APTEOS) has 
been supplied by Aldrich and used  without further purification. 

3. Method 

3.1 Thermo-Mechanical properties of substrates 
Thermal properties of substrates under investigation have been evaluated in order to 
determine glass transition temperature Tg and degradation temperature by differential 
scanning calorimetry (DSC) and thermograv imetric analysis (TGA) respectively. 
The glass transition (Tg) was investigated by DSC-Q1000 (TA Instruments). The DSC 
thermal analysis technique measures heat flows and phase changes on a sample under 
thermal cycles. Since the Tg of AryLiteTM is overlaid by an enthalpic relaxation 
phenomenon, deeper investigations were performed with Modulated DSC (MDSC).  
Enthalpic relaxation is an endothermic process that can vary in magnitude depending on the 
thermal history of the material. Traditional DS C measures the sum of all thermal events in 
the sample. When multiple transitions occur in the same temperature range, results are often 
confusing and misinterpreted. MDSC eliminates this problem by separating the total heat 
flow signal into two separated contribution, namely “Reversing” and “Non Reversing”. The 
reversing signal provides information on heat capacity and melting, while the non reversing 
signal shows the kinetic process of enthalpic recovery and cold crystallization. 
In MDSC analysis, the samples were heated from 150 °C to 400 °C, at heating rate of 2.5 
°C/min, with a modulated temperature amplitud e of 0.5 °C and a period of 60 sec under a 
nitrogen flow. 
The degradation temperature and thermal stability were investigated by thermogravimetric 
analysis TGA-Q5000 (TA Instruments). The weight loss due to the formation of volatile 
products caused by the degradation at high temperature was monitored as a function of 
temperature. The heating occurred both under a nitrogen and oxygen flow, from room 
temperature up to 900°C with a heating rate of 10 °C/min.  
Elastic modulus and ultimate properties were  investigated according to UNI EN ISO 527-3 
on rectangular specimens with 150 mm length, 25 mm width and 0.1 mm thick using a 
mechanical dynamometer SANS 4023 with a 30 kN loading cell and a traverse speed of 
20mm/min. 

3.2 Surface treatments 
3.2.1 Surface modification by coupling reactions  
Polymer films were preliminary immersed in an alcohol/water (1/1, v/v) solution for 2 h in 
order to clean the surface and then rinsed with a large amount of distilled water. They were 
dried under reduced pressure for 12 h at 25 °C. 
AryLite TM samples have been functionalized with (3-Aminopropyl)triethoxysilane. 
Untreated AryLite TM samples have been used as substrate for the sake of comparison. 
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Prior to AryLite TM surface treatments, the SiOR groups of the silane were transformed to 
active SiOH groups for the subsequent condensation reactions. The transformation is 
realized by hydrolyzing the silane in a aqueous solution. 7.5 wt % silane solution were 
prepared by adding the silane to a mixture of  70:30 ethanol and distilled water. The pH of 
the solution was adjusted to 5.5 by inclusion of a few droplet of acetic acid. The solution was 
stirred for 10 minutes and the system was kept 1 h at room temperature for hydrolysis 
reaction and silanol formation. Subsequently the films were dipped into the solution for 30 
minutes at room temperature.  
These silane-treated specimens were rinsed with distilled water to eliminate the unreacted 
silane and dried under reduced pressure at 25°C overnight.  
Reaction path is reported in figure 1.  
The reaction proceeds through a nucleophilic attack of NH 2 nitrogen atom to the carbon 
atom of carbonilic group generating an amide group. 
 

 
Fig. 1. Scheme of nucleophilic addition of NH 2 group to the polyester carbonilic group 

3.2.2 Electron Cyclotron Resonance (ECR) deposition 
The deposition process was performed by ENEA Portici research centre (Naples) using 
Multichamber System MC5000, a Ultra High Va cuum Multichamber for Plasma Enhanced 
Chemical Vapour Deposition.  
Thousand nm thick SiO2 layer was deposited by Electron Cyclotron Resonance (ECR) on a 
single face of AryLite TM substrate. During deposition process gas flows are kept constant at 
2 sccm (standard cubic centimeters per minute) for SiH4, 70 sccm for H2 and 40 sccm for 
N2O. 
Deposition was performed for 13 minutes setti ng magnetron power to 400 W. Samples were 
heated at 50°C under hydrogen flow for 5 minutes before SiO2 deposition. Films were 
purged under nitrogen flow for 5 mi nutes at the end of the treatment.  

3.3 Spectroscopic analysis FTIR-ATR 
Infrared spectroscopic analysis has been performed by Nicolet Nexus 670 FTIR equipped 
with attenuated total reflection (ATR) smart ARK HATR accessory. 
In ATR, the sample is placed in optical contact on a zinc selenide (ZnSe) crystal. The IR 
beam penetrate a short distance into the sample. This penetration is termed the evanescent 
wave. The sample interacts with the evanescent wave, resulting in the absorption of 
radiation by the sample, which closely resembles the transmission spectrum for the same 
sample. However, the ATR spectrum will depend upon several parameters, including the 
angle of incidence (�É) for the incoming radiation, the wavelength of the radiation ( �Ì), and 
the refractive indices of the sample (n2) and the ATR crystal (n1). The penetration depth (dp) 
of the evanescent wave, is defined by equation 1. 
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In the 400 – 4800cm-1 wavenumber investigated range, dp varies from 5 �Ím to 15 �Ím for 
measured substrates (Zuwei et al., 2007). 
A spectroscopic investigation has been performed, also, by using a transmitted infrared 
analysis to verify the kind of chemical reac tion that occurs between polymer substrate and 
organosilane. 
The sample for FTIR analysis has been prepared by adding the amminosilane in a 
polyarilate solution in dichloro methane solvent. In this way After treatment, films have 
been obtained by solvent casting technique. They have been heated at 100 °C for 1 h in order 
to remove the whole solvent. Treated films fine ly divided, were ground and dispersed in a 
matrix of KBr (300 mg), followed by compression  at 700 MPa to consolidate the formation of 
the pellet for FTIR measurements. 
All spectra were recorded in the range of 4000–800 cm-1. 

3.4 Contact angle measurements 
Contact angle measurements have been used to verify chemical surface modification. The 
surface wettability was evaluated by contact angle measurements using the sessile drop 
method (Mack, 1936) considering the shape of the small liquid drop to be a truncated 
sphere. Prior to contact angle measurement, samples were washed in ethanol and deionised 
water.  
Contact angles were obtained using a Dataphysics OCA-20 contact angle analyzer with 1 �PL 
of liquid. A digital drop image has been pr ocessed by an image analysis system, which 
calculated both the left and right contact angles from the shape of the drop with an accuracy 
of ±0.1°. Drop contact angle were used to assess efficiency of surface modification suffered 
by the polymer films. Each solid sample was measured ten times with liquid at room 
temperature. The contact angle data were obtained at room temperature using two different 
liquids: water and ethylene glycol  (Ozcan & Hasirci, 2008). The contact angle is a method for 
evaluation of the solid surface free energy (SFE) (van Oss et al., 1988). 

3.5 Evaluation of surface free energy (SFE) 
The values of SFE were obtained at room temperature using two liquids (Cantin et al., 2006) 
with known surface tension (tab le 1). Two liquids with different polarity (P) have been 
selected: water and ethylene glycol. The liquids, supplied by Aldrich, were used without 
further purification. 
Surface free energy of the polymer substrates was calculated using the methods proposed 
by Owens and Wendt (1969) which divi de the total surface free energy (�Ä) in 2 parts: 
dispersive (�Äsd) and polar (�Äsp). The dispersive component accounts for all the London forces 
such as dispersion (London–van der Waals), orientation (Keesom–van der Waals), induction 
(Debye–van der Waals) and Lifshitz–van der Waals (LW) forces. The polar component is 
affected by hydrogen bonding components. 
The theory of contact angle of pure liquids on  a solid was developed nearly 200 years ago in 
terms of the Young equation (1805): 

 SLSL �J�J�T�J ��� cos  (2) 
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Prior to AryLite TM surface treatments, the SiOR groups of the silane were transformed to 
active SiOH groups for the subsequent condensation reactions. The transformation is 
realized by hydrolyzing the silane in a aqueous solution. 7.5 wt % silane solution were 
prepared by adding the silane to a mixture of  70:30 ethanol and distilled water. The pH of 
the solution was adjusted to 5.5 by inclusion of a few droplet of acetic acid. The solution was 
stirred for 10 minutes and the system was kept 1 h at room temperature for hydrolysis 
reaction and silanol formation. Subsequently the films were dipped into the solution for 30 
minutes at room temperature.  
These silane-treated specimens were rinsed with distilled water to eliminate the unreacted 
silane and dried under reduced pressure at 25°C overnight.  
Reaction path is reported in figure 1.  
The reaction proceeds through a nucleophilic attack of NH 2 nitrogen atom to the carbon 
atom of carbonilic group generating an amide group. 
 

 
Fig. 1. Scheme of nucleophilic addition of NH 2 group to the polyester carbonilic group 
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by Owens and Wendt (1969) which divi de the total surface free energy (�Ä) in 2 parts: 
dispersive (�Äsd) and polar (�Äsp). The dispersive component accounts for all the London forces 
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 Surface tension [mJ/m2] and Polarity 
 �Ä �ÄLd �ÄLp P 
Distilled Water 72.8 21.8 51 0.70 

Ethylene Glycol 48 29 19 0.40 

Table 1. Surface tension data of test liquids (Ozcan & Hasirci, 2008) 

where �ÄL is the experimentally determine d surface tension of the liquid, �É is the contact 
angle, �ÄS is the surface free energy of the solid and �ÄSL is the solid–liquid interfacial energy. 
In order to obtain the solid surface free energy �ÄS an estimate of �ÄSL has to be done. Fowkes 
(1962) pioneered a surface free energy component approach. He divi ded the total surface 
free energy in 2 parts: dispersive part and non-dispersive (or polar) part. Owens and Wendt 
(1969) extended the Fowkes equation and included the hydrogen bonding term. They used 
geometric mean to combine the dispersion force and hydrogen bonding components: 
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Dispersion force and polar components are indicated respectively by superscript d and p. 
From the Young equation it follows that: 
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In order to obtain �ÄSd and �ÄSp of a solid, contact angle data for a minimum of two known 
liquids are required. If two liquids are used, then, one must be polar and the other is non-
polar.  

3.6 Topography measurements 
Topography measurements were performed in this studies in order to investigate the 
roughness of polyester films before and after surface treatment. The apparatus used in this 
work was NanoTestTM Platform by Micro Materials Ltd.  This instrument monitors and 
records the load and displacement of a diamond three-sided pyramidal indenter tip with a 
radius of curvature of about 100 nm. A constant load of 10 �ÍN has been applied. Scans (200 
�Ím) were collected with the tip in close prox imity to the surface, but not in contact. 
Nanoindenter is able to achieve sub-nanometric depth resolution in the horizontal plane. 
This resolution allows for the detection of changes to topography and providing valuable 
information on contribution of surf ace roughness to adhesion strength. 
Two specimens of each film were randomly selected for recordings 20 measurements per 
sample. Average surface root means squared roughness (RRMS) was calculated from 
equation 5 (Faibish et al., 2002). 
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Where xn is the height of a random location on the scanned profile, x is the mean height of 
all measured heights and L is the sampling scan length. 
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3.7 Nano-indentation 
Nano-indentation and nano-scratch techniques have been used in order to investigate the 
adhesion between organic substrate and inorganic layer.  
Hardness and elastic modulus are calculated from the load vs. displacement data obtained 
by nano-indentation on coating at twenty diff erent indentation depths ranging from 20m to 
300 nm. NanoTestTM Platform, already described in section 3.6, monitors and records the 
dynamic load of a three-sided pyramidal diamon d indenter. Berkovich tip with a radius of 
about 100 nm has been used. 
In a indentation test, a Berkovich diamond tip is  driven to indent the surface of the coating 
from the SiO2 side. Tests were carried out in depth controlled mode, selecting  a minimum 
and a maximum depth of 20 nm and 300 nm respectively. The experiments were performed 
with an initial load of 10 �ÍN at loading and unloading rate of 10 µN/sec. The hold time of 30 
sec at peak load was kept constant. Additional hold at 90% unload in all tests was set for 
thermal drift correction. 
The indenter needs to be held at the constant indentation load for a certain amount of time 
in order to eliminate the dynamic effect and reach the quasi-steady flow state.  
Each successive indent was displaced by 50 �Ím in order to avoid overlapping of plastic 
deformation zone onto neighbouring indents. 
All data were corrected for thermal drift and instrument compliance and subsequently 
analysed with the Oliver and Pharr method (1992). 
During the course of the instrumented inde ntation process, a record of the depth of 
penetration is made, and then the area of the indent is determined using the known 
geometry of the indentation tip. Indentin g parameters, such as load and depth of 
penetration, can be measured. A record of these values can be plotted on a graph to create a 
load-displacement curve. 
Figure 2 shows a typical loading and un loading displacement curves during a 
nanoindentation cycle on AryLite TM. A power law curve was fit to the unload data points.  

 
Fig. 2. Typical loading and unloading displace ment curves during a nanoindentation cycle 
on AryLite TM substrate 
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The slope dP/dh at the maximum load data poin t is used to calculate the elastic modulus 
(Er). Hardness is calculated by dividing the lo ading force by the projected residual area of 
the indentation. Hardness and the Young’s modulu s of elasticity can be obtained from the 
slope of the unloading curve. The hysteresis indicates that the deformation is not fully 
elastic and partially inelastic. 

3.8 Nano-Scratch test 
In nano-scratch studies a conical indenter is drawn over the sample surface with ramping 
up of the load until damage occurs. The load corresponding to this damage provides a 
measure of scratch resistance or adhesive strength of a coating and is called the “critical 
load” (Park & Kwon, 1997). The definition of da mage can be the onset of cracking around 
the scratching tip, spalling of the coating, or  the formation of a channel in which all of the 
coating has been removed from the substrate. The critical loads are indicators of the scratch 
resistance of these samples. 
Scratches have been made by translating the sample while ramping the loads on the conical 
diamond tip (1�Í m tip radius) over different load ranges from 0 mN to 10 mN. A sudden 
increase in the scratch load was related to coating damage. 
Multipass test experiments have been performed. They consist of three sequential scans over 
the same 250 µm track, all at 2 µm/sec scan speed. In the first topography scan the applied 
load was constant at 100 �ÍN. Surface roughness was measured from this scan. In the second 
scratch scan, the load applied after 50 µm was ramped at a constant rate of 0.1 mN/sec to a 
maximum load reached of 10 mN. In the final scan the resultant topography was observed 
by using a low applied load of 100 �ÍN. Five repeat tests were performed on each sample. 

4. Results and discussion 

4.1 Thermo-Mechanical properties of AryLite TM 
AryLite TM exhibits excellent Tg (324°C) (figure 3) and good optical transparency. The lack of 
crystalline phase is a consequence of the aromatic and rigid nature of the polymer backbone 
which hinders conformational rearrangements into a regular crystalline structure. On the 
other hand the rigid backbone is responsible of reduced elongation at break and the lack of 
crystalline reinforcement results in poor el astic and ultimate properties (table 2). 
The initial degradation temperatures (T id) have been measured by using thermogravimetric 
analyser at a scanning rate of 10°C/min in N 2 purging flow. T id is associated to 3 % weight 
loss. 
Thermal and mechanical behavior of polyester indicate that AryLite TM is a good candidate 
for optoelectronic application.  
Thermal and mechanical properties of AryLite TM are shown in table 2. 
 

 AryLite TM 
Glass transition temperature Tg [°C] 324 
Initial degradation temperature [°C] 488 
Young’s Modulus E s [GPa] 2.82±0.24 
Elongation at break �Ær [%] 10.24±2.56 

Table 2. Thermo-mechanical properties of Arylite TM 
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Fig. 3. Modulated Differential Scanning Calorimetry of AryLite TM. 

4.2 Spectroscopic analysis FTIR-ATR 
Infrared spectroscopic analysis has been performed to verify the reaction between amino 
group located on the organo-silane and carboxylic group of poly meric substrate.  
In figure 4 normalized ATR spectra of untreated AryLite TM and AryLite TM treated with 
APTEOS solution have been plotted. 
 

 
Fig. 4. ATR spectra of AryLiteTM before and after surface silane treatment in the range 4000-
700 cm-1 
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Fig. 3. Modulated Differential Scanning Calorimetry of AryLite TM. 
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Fig. 4. ATR spectra of AryLiteTM before and after surface silane treatment in the range 4000-
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In order to make a comparison between the treated and untreated samples the intensity of 
each peak was rationed (Gu et al., 2001) against the absorbance of the invariant band at 1499 
cm-1. These peaks are due to C-H in-plane bending of the benzene ring. 
In the FTIR-ATR spectra, silane-treated specimens show a wide peak between about 2500 – 
4000 cm-1. This is attributable to the presence of SiOH groups (Anderson & Smith, 1974). 
Treated sample spectra show a decrease of C=O ester linkage at 1734 cm-1 and a decrease of 
C–O ester stretching vibrations in the region 1300 – 1000 cm-1 after silane treatment 
(Bellamy, 1975) (Colthup et al., 1990). 
This is attributable to nucleophilic addition of the amine group (NH 2) to the carbonilic 
group. Following this reaction path, the or ganosilane APTEOS has been grafted on the 
AryLite TM substrate. 
In fact, a chemical reaction could happen between amine group (NH 2) of silane and 
carbonilic group of polymer substrate. The reaction produce an amide group (O=C-NH). 
This hypothesis has been supported by a spectroscopic study. Figure 5 shows double peak 
of amide group located at about 1640-1540 cm-1. 

 
Fig. 5. FTIR spectra of polyarilate before and after silane treatment in a dichloromethane 
solution 

4.3 Contact angle measurements 
AryLite TM is an hydrophobic film with a water contact angle of 92 degrees. Samples treated 
with silane show a decrease of water contact angle of about 20 degrees. It has been 
demonstrated that silane treatment is effective in increasing the hydrophilicity of samples. 

4.4 Evaluation of surface free energy (SFE) 
In order to obtain �ÄSd and �ÄSp of a solid, contact angle data for a minimum of two known 
liquids are required. If two liquids are used, th en, one must be polar and other is non-polar.  
In this study two test liquids were used as  a probe for surface free energy calculations: 
distilled water and ethylene glycol. The data for surface tension components of the test 
liquids at 20 °C are given in table 1. 
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Silane treatment binds OH groups on the polymeric surface. This phenomenon increase 
polyester surface polarity and surface free energy (Clint, 2001) (table 3). The increase in 
surface polarity causes an increase in molecular forces between substrates and hence an 
increase in adhesion strength (Burnett et al., 2007) (Comyn, 1992) (Lee & Wool, 2002). 
In table 3 are reported SFE of untreated AryLiteTM and treated AryLite TM calculated by 
using geometric mean method (Spelt et al., 1996). 
 

 Surface Free Energy [mJ/m2]  
 �Ä �ÄSd �ÄSp P 
Untreated AryLite TM 29.97 27.80 2.17 0.07 

Treated AryLite TM 30.19 17.10 13.09 0.43 

Table 3. Surface free energy and polarity of AryLiteTM films before and after surface 
treatment 

4.5 Topography measurements 
The topography scan technique was used to measure the roughness of samples before and 
after the silane treatments. 
The changes of surface roughness produce a surface topography variation and provide a 
contribution to substrat es adhesion strength.  
Untreated AryLite TM films are smooth and they possess the lower roughness value of about 
2.64±0.57 nm. Treated and untreated samples exhibit a root means squared roughness (RRMS) 
lower than 20 nm. All materials can be considered as totally flat from a topographic point of 
view (Ponsonnet et al., 2003). 
Clearly, surface roughness of the treated polymers was higher than the untreated polyester. 
After the chemical treatment  AryLite TM, exhibit a RRMS value 2.7 times higher than 
unmodified material.  
As expected, the silane treatment increase the surface roughness of polyester film. 

4.6 Nano-indentation test 
Nano-mechanical tests on SiO2 layers deposited on AryLite™ have been carried out to 
further investigate the interface between organic substrate and inorganic layers. 
Since coating of SiO2 is less than 1 �Ím thick, small volume testing methods such as depth-
sensing nano-indentation and nano-scratch were used as a indicator of film adhesion 
strength. Nano-indentation tests has been conducted with Berkovich tip, on 100 nm thick 
SiO2 side deposited on AryLite TM substrates. Results are shown in figure 6. 
The presence of rigid hard coating on soft substrate results in an depth sensitive properties. 
The variation of young’s modulus (E) and hardness (H) with depth were plotted in figure 
6(a) and 6(b).  
As reported in figure 6(a) Young’s modulus aren’t greatly affected by compatibilizing 
treatment and the elastic modulu s decrease with increase depth. Both polymer substrates 
exhibit the same elastic properties approximately 3.5 GPa for depth higher than 300 nm. 
Beyond this limit the elastic modulus is no t influenced from the presence of the SiO2 coating. 
This value is slightly higher than 2.9 GPa calculated by tensile test and reported in literature 
(Abdallah et al., 2008). According to Zheng et al. (2005) elastic modulus measured by depth 
sensing indentation are invariantly higher than tensile test by a value of 5-20%. The 
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In order to make a comparison between the treated and untreated samples the intensity of 
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Fig. 5. FTIR spectra of polyarilate before and after silane treatment in a dichloromethane 
solution 
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Silane treatment binds OH groups on the polymeric surface. This phenomenon increase 
polyester surface polarity and surface free energy (Clint, 2001) (table 3). The increase in 
surface polarity causes an increase in molecular forces between substrates and hence an 
increase in adhesion strength (Burnett et al., 2007) (Comyn, 1992) (Lee & Wool, 2002). 
In table 3 are reported SFE of untreated AryLiteTM and treated AryLite TM calculated by 
using geometric mean method (Spelt et al., 1996). 
 

 Surface Free Energy [mJ/m2]  
 �Ä �ÄSd �ÄSp P 
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Treated AryLite TM 30.19 17.10 13.09 0.43 

Table 3. Surface free energy and polarity of AryLiteTM films before and after surface 
treatment 
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difference between uniaxial and indentation results is probably attributable to the data 
reduction procedure used in analyzing the in dentation data. If the polymer was creeping 
while unloading, this would tend to increase the slope of the unloading curve and hence the 
calculated elastic modulus. 
 

 
Fig. 6. Young’s modulus (a), hardness (b) and load vs. depth (c) of untreated and treated 
AryLite TM coated with SiO2 layer 

The load applied to obtain depth higher th an 100 nm was much greater for treated samples 
than for untreated substrate (Malzbender et al., 2002) (figure 6(c). 

4.7 Nano-scratch test and Work of Adhesion 
The polymer surface of AryLite TM has been modified to improve the adhesion between 
organic-inorganic layer and to reduce the inorganic layer cracking surface (Park & Jin, 2001) 
(Lian et al., 1995).  
Depth of scratches with increasing normal load  were measured in situ by topography scan 
of the film before and after the scratch event. Length of the test has been 250 �Ím. The load 
for initial and post scratch scan was 100 �ÍN. In order to make effective use of the 
displacement data for production of a profile, it was assumed that region associated with 
the pre-scratch scan was unaffected by the deformation. Data from these regions were used 
to account for both the slope and curvature of the sample surface so that the entire scratch 
could be viewed with the surface of the sample as the baseline for deformation. 
Five scratches were made at each load at different areas of specimen. 
The load corresponding to the damage provides a measure of scratch resistance or adhesive 
strength of a coating and is called “critical load” (Lc) (Beake & Lau, 2005) (Beake et al., 2006) 
(Rats et al., 1999) (Zheng & Ashcroft, 2005) (Charitidis et al., 2000). Untreated AryLiteTM 
exhibit a Lc value of 3.4±0.2 mN (figure 7); a 1 �Ím conical indenter has been used resulting 
in evident and reproducible data. The failure begins abruptly by brittle fragmentation and 
spallation in the coating. Spalling coating fa ilure modes (Burnett & Rickerby, 1987) occurs as 
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a result of the compressive stress field preceding the moving tip. Spallati on is the result of 
total delamination and adhesive failure. 

 
Fig. 7. Scratch test curve of SiO2 layer of untreated AryLite TM with optical image in the plot 
inset (magnification 20x) 

The scratch curve test of SiO2 coating reveal that no inflexio n can be found in depth curves 
of silane-treated samples which means that the films cannot be delaminated in the scratch 
process. Indeed, critical load disappeared after surface modification tr eatment, there is no 
abrupt change in the displacement curves, implyi ng that the coatings did not peel off during 
the scratch ramping load (figure 8). 

 
Fig. 8. Scratch test curve of SiO2 layer of treated AryLite TM with optical image in the plot 
inset (magnification 20x). Topography and scratch scan refers to the third wear 
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A careful observation by optical microscopy has been made by comparing the topography 
pre-scan and post-scan to the scratch-scan for silane-treated and coated sample. The optical 
images reveal that the scratch is extremely smooth and shallow.  
Similar observations performed at higher load confirm the same failure mechanisms. The 
scratch surface remains smooth until the wear exposes the polymer substrate. This is a 
conformal crack coating failure mode (Burne tt & Rickerby, 1987)that consist of cracking 
within the scratch only and it occur wh en the coating remains fully adherent. 
Evaluation of the adhesion strength between the coating and the substrate is complicated 
since it depends on a combination of many factors. In the first approx imation, the adhesion 
can be modeled in terms of the strain energy released during fracture of the coating.  
Griffith (1920) cast the problem of fracture in  terms of energy balance. Griffith’s study was 
based on the idea that all materials contain imperfections on a very small scale. Griffith’s 
idea was to model a static crack as a reversible thermo-dynamical system. Equilibrium (i.e. 
no crack extension or contraction) is attained when over an infinitesi mally small increase in 
crack length, dC, there is no overall change in energy of the system (U). 
This can be expressed by Griffith energy balance concept: 
 

 0� 
dC
dU

 (6) 

 
Using a Griffith energy balance approach, the strain energy released provides the surface 
energy for a crack to form at the coating-substrate interface. The stress responsible for 
interface failure is related to the work of adhesion, W. Burnett and Rickerby (1987) have 
identified three contributions to  the stress responsible for coating detachment: elastic-plastic 
indentation stress, internal stress and tangential frictional stress. In this model, the  
elastic-plastic indentation stress is considered to be dominant; the shear (frictional) stress is 
small compared with the plou ghing (indentation) stress, they established the following 
relation: 
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where w c represents the width of the scratch track at the critical load, t and Ec is respectively 
the thickness and elastic modulus of inorganic coating. 
In the case of a coating on polymer substrate, W increases with the film thickness. For 
unmodified and coated sample it has been found that W is about 0.18 J/m2. 
The proposed approach is not useful for the evaluation of W in the case of very strong 
interface.  
The absence of critical failure for modified and coated sample has not allowed the 
experimental evaluation of Lc value, th us preventing the use of equation 7.  
This is clearly evidenced by figure 7, where a scratch depth of 2000 nm have been reached 
without spallation. 

A Study of Adhesion of Silicon Dioxide on Polymeric Substrates for Optoelectronic Applications   

 

37 

5. Conclusion 

In this paper polymer surface has been modified by chemical treatment in order to improve 
the adhesion properties. Coupling agent with amino functional group (3-
Aminopropyl)triethoxysilane (APTEOS) has been grafted on polyester surface. A significant 
decrease of water contact angle have been measured for treated sample resulting in 
increased wettability and surface free energy of polymeric substrate. The increase of surface 
polarity enhance the adhesion of silicon dioxide subsequently deposited with Electron 
Cyclotron Resonance (ECR).  
The improvement of adhesion is associated with the presence of SiOx grafted on the surface. 
Small volume testing method, such as nano-indenter and nano-scratch, have been used to 
characterize interfaces of multilayer composite. 
Nano-scratch test of SiO2 layer of untreated AryLite TM exhibit a critical load (Lc) coupled 
with surface fractures, delamination and blis tering. This is a clear evidence of a poor 
adhesion at the interface between substrate and inorganic films.  
Critical load for SiO 2 detachment from treated sample was not observed, as a consequence 
of a different failure mechanism, due to surface modification. In fact, there is no abrupt 
change in the displacement curves, implying that the coatings did not peel off during the 
scratch ramping load scratch. The optical images reveal that the scratch is extremely smooth 
and shallow, implying that the coatings strongly adheres on substrate. The results  
showed that adhesion of SiO2 on AryLite TM has been improved by substrate silane surface 
treatment. 
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1. Introduction  

In the last decades organic materials are considered a very important alternative to the 
inorganic semiconductors in the manufacturing of a large variety of devices because of the 
great diversity of the organic compounds, thei r remarkable properties, low production cost, 
compatibility and complementarity with the very well known silicon technology. Lately the 
organic semiconductors started to represent a new class of materials very attractive for opto-
electronic applications (Huang, 2002; Tang, 1988; Forrest, 2000; Kalinowski, 2003) and 
electronic applications (Dodabalapur, 1995; Karl, 2000; Katz, 2000 a; Horowitz, 1999; Torsi, 
2000; Schön, 2000 a; Inoue, 2005) in particular light emitting device s and lighting sources 
(Yersin, 2007; Van Slyke, 1996; Wang, 2005; Dini, 2005), solar cells (Lane, 2005; Ameri, 2009; 
Troshin, 2008; Duggal, 2005), photodetectors (Hofmann, 2005; Troshin, 2008), field effect 
transistors (Molinari, 2007; Mas-Torrent, 2008) and lasers (Duarte, 2009; Liu, 2009) being 
considered candidates to replace the inorganic semiconductors. 
The electroluminescence (EL) of the organic molecules is a well-known phenomenon for 
more than 50 years, but only in the late ’80th has become utile for practical applications. The 
successful application of the organic materials luminescence in Light Emitting Devices 
(OLEDs) requires adequate device structures to overcome the problems associated with the 
high resistivity of the organic materials and wi th the difficulty to obtain a good charge 
injection from the electrodes in the organi c layers. These devices have a thin film 
architecture, which includes both organic/ organic and organic/inorganic interfaces. 
Starting with the first prototype of OLED (Vin cett, 1982), lately has been proposed the first 
efficient OLED based on heterostructures containing thin films from small molecule organic 
compounds (Tang, 1988) that have shown an attractive efficiency (1% external quantum 
efficiency, 1.5 lm/W luminous e fficiency, higher than 1000 cd/m 2 brightness) and driving 
voltage below 10 V. 
From this moment, different types of OLEDs have been realised, based on both fluorescence 
and phosphorescence, that have started to be used in mobile, small dimension displays. 
Probably, the most spectacular application of the Organic Light Emitting Devices is in the 
flat panel displays for TV and monitor techno logy because they are characterized by high 
brightness and wide viewing angle, which ar e the most important advantages over the 
liquid crystals. Significant effort is devoted now to increase the quantu m efficiency, lifetime 
and thermal stability of these devices. Devices with high efficiencies, low working voltages 
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and long lifetime involve low electrical resistiv ity and good chemical stability of the contact 
organic semiconductor/metal to assure a good charge carriers injection and transport. On 
the other hand the particularities of the charge injection and transport across the 
inorganic/organic and organic/organic heteroju nctions are determinant for the properties 
of the devices. The improvement of the organic electroluminescent diode performances 
involves the separate optimisation of the tw o processes implied in the radiative emission 
phenomena: 1. the injection and transportation of the charge carriers and 2. their radiative 
recombination in different layers. The injectio n of the charge carriers must be not only 
efficient but also stable under operation conditions. 
In this chapter we summarize some results of our work in the field of applied research 
concerning the charge injection and transport through inorganic/single and multilayer 
organic heterostructures. 

2. OLED structure. General considerations 

The basic p-n structure is formed from two or ganic thin layers, one a holes transporting 
layer (HTL) and the other an electrons transporting layer (ETL), which can be also the 
emitting layer where the recombination take s place. The organic layers are disposed 
between an anode and a cathode and are offering an adequate medium for the charge 
transfer through the interface situated between the two organic layers. In the OLED 
structures the relevant mechanism of electroluminescence involves  several steps: injection, 
transport, capture and radiative recombination of the positive and negative charge carriers 
inside an organic semiconductor characterized by an energy band gap suitable for yielding 
visible light.  
 

metal contact

n-organic
emissive layer

p-organic
ITO

glass

 
Fig. 2.1. Basic p-n junction for OLED application 

The OLED structure is delimited by the metallic  layer and the transparent conductor such as 
indium tin oxide (ITO)/glass interfaces. While th e electrical properties are controlled by the 
mobility of the charge carriers and the energy levels offset between the layers that compose 
the heterostructure, the optical properties are controlled by the refractive index mismatches 
at the interfaces glass/air and organic layer/transparent conductor. These mismatches 
generate the trapping of a large fraction of the incident light by the total internal reflection 
into glass and transparent conductor (ITO) (Lu, 2002). An improved electroluminescence 
can be obtained by the individual optimization of the steps mentioned above (injection and 
recombination), in the configuration of organic multilayer light emitting devices based on 
hetero-interfaces between different organic materials.  
Multiple layers can be used to increase the quantum efficiency or avoid the degradation of 
the devices. This way can be assured a balanced injection of the charge carriers. Since 
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recombination of the electrons and holes within an organic layer gives rise to luminescence, 
it is necessary that both charge carriers are simultaneously injected in equal numbers from 
both electrodes, in the organic layer. This can be achieved by the optimization of both 
electrons and holes transporting layers or by the use of intermediate organic layers acting as 
blocking layers that assure a good separation of the charge carriers. 
The first critical factor in determining the O LED efficiency is the charge injection being 
correlated with the lifetime of the device. The electrodes are used to inject charge into or to 
extract charge from the organic semiconductor layers, more precisely to inject electrons and 
holes into opposite sides of the emissive organic layers: (1) the electrons are injected from 
the Fermi level of the cathode into the lowest unoccupied molecular orbital (LUMO) of the 
organic, overcoming the contact barrier; (2) the hole are injected from the Fermi level of the 
anode into the highest occupied molecular orbi tals (HOMO) of the organic. To improve the 
carrier injection, the energy level for the charge carriers in organic should match the 
electrode work function. On the other hand th e HTL and the ETL should be characterized by 
high mobility carriers to assure the transport of  the injected carriers to the emission zone.  
The second critical factor is the radiative recombination of the charge carriers in the bulk of 
the organic layer. The electrons and holes accumulated at the HTL and ETL interface are 
creating pairs, known as excitons, that release the energy as light. Beside the improvement 
in the fluorescence yield of the emitting mate rial, which can be obtained by doping, a well-
balanced injection of positive and negative charge carriers is necessary. 
The inorganic semiconductor/organic and/or metal/organic junction, as the key element(s) 
of any organic device, can offer the possibility to overcome the disadvantages of the 
conventional inorganic heterostructures, but th e process of injection of the charge carriers 
across the interfaces of the structure and the transport of the hole and electrons inside the 
structure influence the performances of the organic devices. 
Other important processes dominating the electrical properties of the interfaces and 
affecting the performance and lifetime of the devi ces, are the diffusion and chemical reaction 
of the metal deeper into the organic layer at the metal/organic interface and the molecular 
interdiffusion at the organic/organic interface. 
In some molecular compounds, the intermolecular coupling is supposed to be stronger 
because of the significant overlapping between the �Ñ electrons clouds supporting the charge 
carriers generation and transport, leading to a significant delocalization of electrons and, as 
a consequence, a relatively significant intrinsic conductivity. 
The limitation in performance of the device realized with organic semiconductor 
characterized by low charge mobility (µ<<1 cm 2/Vs) is determined by the current limitation 
due to the space charge. This process is favoured if one contact is able to inject more carriers 
than would be present in semiconductor at thermal equilibrium. The electrical transport 
properties are determined by the low mobility of the charge carriers in organic solids (2 or 3 
orders of magnitude lower than in silicon) th at induces a limitation associated with the 
space charge and by the grain boundaries, defects and imperfections in the organic films 
acting as trap centres that induce a limitation associated with the trap charge. 
Another source for the generation of interfacia l space charge in hetero or multilayer devices 
can be the energy level offset at the organic/organic interfaces. Even the energy barriers are 
not present, the differences in the charge carriers mobility between the layers can generate a 
mobility barrier at hetero-interfaces, which can also be a source for the generation of 
interfacial space charge. Trapped and interfacial charges have an important effect on the 
performances of the OLEDs (Riess, 2001).  



 Optoelectronic Devices and Properties 

 

42 

and long lifetime involve low electrical resistiv ity and good chemical stability of the contact 
organic semiconductor/metal to assure a good charge carriers injection and transport. On 
the other hand the particularities of the charge injection and transport across the 
inorganic/organic and organic/organic heteroju nctions are determinant for the properties 
of the devices. The improvement of the organic electroluminescent diode performances 
involves the separate optimisation of the tw o processes implied in the radiative emission 
phenomena: 1. the injection and transportation of the charge carriers and 2. their radiative 
recombination in different layers. The injectio n of the charge carriers must be not only 
efficient but also stable under operation conditions. 
In this chapter we summarize some results of our work in the field of applied research 
concerning the charge injection and transport through inorganic/single and multilayer 
organic heterostructures. 

2. OLED structure. General considerations 

The basic p-n structure is formed from two or ganic thin layers, one a holes transporting 
layer (HTL) and the other an electrons transporting layer (ETL), which can be also the 
emitting layer where the recombination take s place. The organic layers are disposed 
between an anode and a cathode and are offering an adequate medium for the charge 
transfer through the interface situated between the two organic layers. In the OLED 
structures the relevant mechanism of electroluminescence involves  several steps: injection, 
transport, capture and radiative recombination of the positive and negative charge carriers 
inside an organic semiconductor characterized by an energy band gap suitable for yielding 
visible light.  
 

metal contact

n-organic
emissive layer

p-organic
ITO

glass

 
Fig. 2.1. Basic p-n junction for OLED application 

The OLED structure is delimited by the metallic  layer and the transparent conductor such as 
indium tin oxide (ITO)/glass interfaces. While th e electrical properties are controlled by the 
mobility of the charge carriers and the energy levels offset between the layers that compose 
the heterostructure, the optical properties are controlled by the refractive index mismatches 
at the interfaces glass/air and organic layer/transparent conductor. These mismatches 
generate the trapping of a large fraction of the incident light by the total internal reflection 
into glass and transparent conductor (ITO) (Lu, 2002). An improved electroluminescence 
can be obtained by the individual optimization of the steps mentioned above (injection and 
recombination), in the configuration of organic multilayer light emitting devices based on 
hetero-interfaces between different organic materials.  
Multiple layers can be used to increase the quantum efficiency or avoid the degradation of 
the devices. This way can be assured a balanced injection of the charge carriers. Since 

Organic Semiconductor Based Heterostructures for Optoelectronic Devices 

 

43 

recombination of the electrons and holes within an organic layer gives rise to luminescence, 
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because of the significant overlapping between the �Ñ electrons clouds supporting the charge 
carriers generation and transport, leading to a significant delocalization of electrons and, as 
a consequence, a relatively significant intrinsic conductivity. 
The limitation in performance of the device realized with organic semiconductor 
characterized by low charge mobility (µ<<1 cm 2/Vs) is determined by the current limitation 
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A stronger emission can be obtained introducing a supplementary luminescent layer 
between the holes transporting layer and the electrons transporting layer,  as it is presented 
in Figure 2.1, but this way the manufacturing of the OLED more is complicated.  
If we use doping to improve the fluorescence, the electrical properties of the resulted “host-
guest” material can be controlled through the selection of the dopant (Makinen, 2002). The 
electronic transfer direction and the doping po larity are strongly depending of the relative 
position between HOMO and LUMO for dopant (guest) and matrix (host) molecules. So, a 
good concordance between the ionisation energy (IE) corresponding to HOMO for the host 
matrix and the electron affini ty (EA) corresponding to LUMO of the dopant molecule is 
necessary to produce a „p” type doping while the alignment between the LUMO level of the 
host matrix and the HOMO level of the dopant molecule leads to a „n” type doping. Fermi 
level will freely move inside the band gap HOMO-LUMO of the host matrix and dopant, 
supposing that this movement is not limited by the band edges (no pinning phenomenon).  
The role of the dopants is very complex. On one hand the doping of the “p” and “n” 
transport layers has two important transport effects: 1. generates narrow space charge 
regions at the contacts and an improved charge carriers’ injection through an efficient 
tunnelling; 2. assures a low voltages across the transport layers because of the high 
conductivity. On the other hand, the “p” doping of the “n” conduction layer has a 
stabilization effect by trapping the positive  charge carriers partially responsible for the 
degradation of the device (Zhi-Lin, 1998; Cheng, G, 2006). 

3. Theoretical approach 

Many theories have been proposed in the last years to describe charge injection into 
materials characterised by a hopping transport, such as organic compounds. The electrical 
transport theories in organics try to describ e the charge injection process as thermally-
assisted tunnelling from the metal to localiz ed states (Abkowitz, 1995), tunnelling into 
polaron levels in polymers (Conwell, 1997), thermally-assisted injection into an energetically 
disordered dielectric (Arkhipov, 1998), or as di ffusion-limited thermion ic emission (Emtage, 
1966; Scott, 1999). The most important factors playing a role in the injection of the charge 
carriers from metal to organic are the charge mobility in the organic layer (Emtage, 1966; 
Scott, 1999), the dependence of the mobility of the electric field intensity (Borsenberger, 
1998) and of charge density (Roichman, 2002), the trapping of injected charge at the interface 
due to the image potential (Gartstein, 1996), the interface dipoles arising from the charge 
transfer (Crispin, 2002) or the interfacial chemistry (Abkowitz,  1998) and disorder in these 
interface dipoles (Baldo, 2001). 
The simplest case to analyse can be a metal electrode that injects electrons in a trap free 
organic semiconductor. At lower voltages an d neglecting the diffu sion, the current is 
determined by the motion of the free electrons that are present in the semiconductor and the 
current density is given by the Ohm’s law (Lambert, 1970): 

 0 0

V
J q N

d
�P�: �  (3.1) 

where q is charge of the electron, N0 is the number of free electrons per unit volume, µ is the 
mobility of electron, V  is the applied voltage and d is the length of the sample (film thickness). 
In the case of purely injection-limited currents,  neglecting the specific limiting mechanisms, 
the current at constant intensity field, E, has no explicit thickness dependence and is given by: 
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 J=J(E) (3.2) 

The transport over an interfacial barrier at a metal/semiconductor interface can be analysed 
with one of the following theories:  
1. For the process thermally activated at room temperature, is used the thermionic, 

Richardson-Schottky (RS) emission (Sze, 1981; Ashcroft, 1976) over the barriers to 
describe the transport characteristics. 

2. For tight barriers at low temperatures, electron tunnelling or Fowler-Nordheim (FN) 
tunnelling (Sze, 1981) dominates the transport process. 

The (RS) model is based on the lowering of the energetic barrier height by the image charge 
potential under the effect of an external electric field of intensity E=V/d . In this model, the 
current density JRS, as a function of field intensity, is given by the equation: 
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where: * * 2 34 BA qm k h�S�  [A*=120 A/cm 2K2 for m*=m 0 (electron mass)] is the Richardson 
constant (q=electron charge, kB=Boltzmann constant; h=Planck constant, T= Thermodynamic 
temperature); 3

04RS q�E �S�H�H�  (�Æ is the relative permittivity and �Æ0 is the vacuum 
permittivity) and �· B is the zero-field injection barrier. 
In the case of FN tunnelling model, the Columbic effects are neglected. It is considered the 
tunnelling through a triangular barrier into a continuum of states. In this model the current 
density is given by the foll owing equation (Gao, 2002): 
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Under certain conditions, the (RS) and (FN) models can be applied to explain the 
conduction also in inorganic semiconductors characterized by extended band states and 
large mean free path.  
At low voltages, and neglecting the diffusion, th e current is determined by the motion of the 
free electrons and the current density is given by the Ohm’s law. As the voltage increases, 
electrons injected from the contact begin to exceed the electrons that are initially present 
inside the semiconductor. This happens when the charge corresponding to the number of 
electrons becomes approximately equal to C V�˜ , where C is the capacitance of the sample 
and V is the applied voltage. This is the space charge limited (SCL) regime and the Mott-
Gurney (Mott, 1940; Shen, 2004) equation can be applied for SCLC for field-independent 
mobility and the current density expression becomes: 
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where �Æ�Æ0 is the permittivity of the or ganic. The threshold voltage, V0, at which the current 
turns from ohmic to SCL can be found by the relation: 
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A stronger emission can be obtained introducing a supplementary luminescent layer 
between the holes transporting layer and the electrons transporting layer,  as it is presented 
in Figure 2.1, but this way the manufacturing of the OLED more is complicated.  
If we use doping to improve the fluorescence, the electrical properties of the resulted “host-
guest” material can be controlled through the selection of the dopant (Makinen, 2002). The 
electronic transfer direction and the doping po larity are strongly depending of the relative 
position between HOMO and LUMO for dopant (guest) and matrix (host) molecules. So, a 
good concordance between the ionisation energy (IE) corresponding to HOMO for the host 
matrix and the electron affini ty (EA) corresponding to LUMO of the dopant molecule is 
necessary to produce a „p” type doping while the alignment between the LUMO level of the 
host matrix and the HOMO level of the dopant molecule leads to a „n” type doping. Fermi 
level will freely move inside the band gap HOMO-LUMO of the host matrix and dopant, 
supposing that this movement is not limited by the band edges (no pinning phenomenon).  
The role of the dopants is very complex. On one hand the doping of the “p” and “n” 
transport layers has two important transport effects: 1. generates narrow space charge 
regions at the contacts and an improved charge carriers’ injection through an efficient 
tunnelling; 2. assures a low voltages across the transport layers because of the high 
conductivity. On the other hand, the “p” doping of the “n” conduction layer has a 
stabilization effect by trapping the positive  charge carriers partially responsible for the 
degradation of the device (Zhi-Lin, 1998; Cheng, G, 2006). 

3. Theoretical approach 

Many theories have been proposed in the last years to describe charge injection into 
materials characterised by a hopping transport, such as organic compounds. The electrical 
transport theories in organics try to describ e the charge injection process as thermally-
assisted tunnelling from the metal to localiz ed states (Abkowitz, 1995), tunnelling into 
polaron levels in polymers (Conwell, 1997), thermally-assisted injection into an energetically 
disordered dielectric (Arkhipov, 1998), or as di ffusion-limited thermion ic emission (Emtage, 
1966; Scott, 1999). The most important factors playing a role in the injection of the charge 
carriers from metal to organic are the charge mobility in the organic layer (Emtage, 1966; 
Scott, 1999), the dependence of the mobility of the electric field intensity (Borsenberger, 
1998) and of charge density (Roichman, 2002), the trapping of injected charge at the interface 
due to the image potential (Gartstein, 1996), the interface dipoles arising from the charge 
transfer (Crispin, 2002) or the interfacial chemistry (Abkowitz,  1998) and disorder in these 
interface dipoles (Baldo, 2001). 
The simplest case to analyse can be a metal electrode that injects electrons in a trap free 
organic semiconductor. At lower voltages an d neglecting the diffu sion, the current is 
determined by the motion of the free electrons that are present in the semiconductor and the 
current density is given by the Ohm’s law (Lambert, 1970): 
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where q is charge of the electron, N0 is the number of free electrons per unit volume, µ is the 
mobility of electron, V  is the applied voltage and d is the length of the sample (film thickness). 
In the case of purely injection-limited currents,  neglecting the specific limiting mechanisms, 
the current at constant intensity field, E, has no explicit thickness dependence and is given by: 
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 J=J(E) (3.2) 

The transport over an interfacial barrier at a metal/semiconductor interface can be analysed 
with one of the following theories:  
1. For the process thermally activated at room temperature, is used the thermionic, 

Richardson-Schottky (RS) emission (Sze, 1981; Ashcroft, 1976) over the barriers to 
describe the transport characteristics. 

2. For tight barriers at low temperatures, electron tunnelling or Fowler-Nordheim (FN) 
tunnelling (Sze, 1981) dominates the transport process. 

The (RS) model is based on the lowering of the energetic barrier height by the image charge 
potential under the effect of an external electric field of intensity E=V/d . In this model, the 
current density JRS, as a function of field intensity, is given by the equation: 
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where: * * 2 34 BA qm k h�S�  [A*=120 A/cm 2K2 for m*=m 0 (electron mass)] is the Richardson 
constant (q=electron charge, kB=Boltzmann constant; h=Planck constant, T= Thermodynamic 
temperature); 3

04RS q�E �S�H�H�  (�Æ is the relative permittivity and �Æ0 is the vacuum 
permittivity) and �· B is the zero-field injection barrier. 
In the case of FN tunnelling model, the Columbic effects are neglected. It is considered the 
tunnelling through a triangular barrier into a continuum of states. In this model the current 
density is given by the foll owing equation (Gao, 2002): 
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Under certain conditions, the (RS) and (FN) models can be applied to explain the 
conduction also in inorganic semiconductors characterized by extended band states and 
large mean free path.  
At low voltages, and neglecting the diffusion, th e current is determined by the motion of the 
free electrons and the current density is given by the Ohm’s law. As the voltage increases, 
electrons injected from the contact begin to exceed the electrons that are initially present 
inside the semiconductor. This happens when the charge corresponding to the number of 
electrons becomes approximately equal to C V�˜ , where C is the capacitance of the sample 
and V is the applied voltage. This is the space charge limited (SCL) regime and the Mott-
Gurney (Mott, 1940; Shen, 2004) equation can be applied for SCLC for field-independent 
mobility and the current density expression becomes: 
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Synchronous Vapor-Phase Coating of 
Conducting Polymers for Flexible 

Optoelectronic Applications  
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1. Introduction 

Since conducting polymers (CP) were first reported, poly(3,4-ethylenedioxythiophene) 
(PEDOT) is arguably one of the most commercially useful and most studied CPs in the last 
20 years (Shirakawa et all., 1977; Chiang et al., 1977; Winther-Jensen et al., 2007; Truong et 
al., 2007) . PEDOT has been studied extensively on account of its many advantageous 
properties, such as high electrical conductivity, good transmittance and thermal stability 
with a low optical bandgap and thermal stabilit y (Winther-Jensen & West, 2004; Jonas et al., 
1991). These properties make PEDOT very attractive for applications, such as electrochromic 
windows (Welsh et al., 1999), organic electrodes for organic photovoltaic cells (OPVs) 
(Admassie et al., 2006; Gadisa et al., 2006) and hole injection layers (HIL) in organic light 
emitting devices (OLEDs) (Wakizaka et al., 2004; Hatton et al., 2009) and dye-sensitized 
solar cells (Saito et al., 2005). In particular, PEDOT is commonly used as a hole extraction 
layer in OPVs (Colladet et al., 2007; Kim et al., 2005). In most optoelectronic applications as a 
buffer or electrode layer, the bandgap of the layer plays an important role in determining 
the operating characteristics, quantum efficiency and electron/h ole transport. Therefore, the 
main issues for electronic device applications include both the electrical conductivity and 
bandgap. 
Oxidized PEDOT can be produced in a variety of forms using different polymerization 
techniques. Solution processing is used most commonly in synthesizing PEDOT in the form 
of spin-coating, solvent-casting or ink-jet printing. However, th ese PEDOT systems are 
relatively insoluble in most solvents, making it  necessary to attach soluble functional groups 
to the polymer or dope it with stabilizing polyelectrolytes (Terje & Skotheim, 1998). An 
aqueous dispersion of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-
PSS), commercially available as Baytron P, is a stable polymer system with a high 
transparency up to 80% (Groenendaal et al., 2000). However, the PEDOT-PSS film exhibits 
relatively low electrical conductivity, 10-500 S/ cm (Groenendaal et al., 2000), which does not 
often meet the high conductivi ty required for most applications. In addition, scanning-
tunneling microscopy, neutron reflectivity measurements, and x-ray photoelectron 
spectroscopy have revealed a PSS rich layer on the top of the spin-coated PEDOT-PSS films 
due to the phase separation (Lee & Chung, 2008; Kemerink et al., 2004; Higgins et al., 2003). 
Since PSS is an electrical insulator, excessive PSS can limit the film conductivity (Kemerink 
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1. Introduction 

Non-Contact optoelectronic 3D measurement is a rapidly growing field. Three-Dimensional 
Non-Contact Measurement Technologies are very common for research due to multiple 
practical applications expecting for its benefits. Many fields are using in any way 3D 
measurements or shape recognition, some of them there are vision assisted assembly in 
various branches of industry, autonomous mo bile robots navigation, structural health 
monitoring, micro surfaces inspection s, precise automated surgery, etc. 
In this chapter it is expedient to mention an d briefly cross-compare the following emerging 
technologies for 3D measurements: laser scanners, lasers based on conoscopy holography 
technology and 3D cameras. 
Laser scanners: Most contemporary non-contact 3D measurement devices are based on laser 
range scanning. The simplest devices (Fischer, 2007) are based on the laser triangulation 
technique. This is an active stereoscopic technique in which the distance of the object is 
computed by means of a directional light source and a video camera. The CCD camera’s 2D 
array captures the image of surface profile and digitizes all data points along the laser 
disadvantage of this method is that a single camera collects only a small percentage of the 
reflected energy. The amount of the collected energy can be drastically increased by 
trapping the entire reflection cone, thus significantly increasing the precision and reliability 
of the measurements. 
Lasers based on Conoscopic Holography technology: Conoscopic Holography is a simple 
implementation of a particular type of polari zed light interference process based on crystal 
optics. In the basic interference set-up, a point of light is projec ted onto a diffuse object. This 
point creates a light point, which diffuses light in every direction. In a conoscopic system, a 
complete solid angle of the diffused light is analyzed by the system. The measurement 
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1. Introduction 

To account for the various phenomena of light, two theories have been proposed: the 
corpuscular and the undulatory. Th e former assumes that the light is a stream of corpuscles, 
namely photons, discrete photons carrying packets of energy and momentum. The 
undulatory theory, on the other ha nd, requires that light consists of a series of wave trains 
(Michelson, 1927). Each wave train is followed by another which has a random change in 
phase (Mathieu, 1975). A single wave train is made up of monochromatic components, i.e. 
the wave train is polychromatic. Although wa ve trains are supposed not to be strictly 
monochromatic, experimental demonstration is extremely difficult and has not been 
reported to date (Diitchburn, 1963). In addition , many efforts have been made to measure 
the laser coherence length which is regarded as the length of the wave train. Among the 
methods for measuring the coherence length of lasers (Geng et al., 2005; Ryabukho et. al., 
2005 ; Wheeler et al., 2003), Michelson interferometer-based method (Ryabukho et al., 2005) 
is the one widely used in the past. However, these methods suffer from mechanic vibration, 
thermal and acoustic fluctuations , and beam divergence, and errors in the observation of the 
spatial coherence are difficult to eliminate. For lightwave from a real laser source, the wave 
trains are neither identical nor of simple  form (Born & Wolf, 1999). Unfortunately, a 
complete description of other properties, such  as linewidth, intensity profile, and frequency 
spacings among wave trains, has not been explicitly given due to resolution limitations in 
both measuring techniques and instruments. 
Understanding the spectral structure of semiconductor laser is a fundamental issue. The 
spectral analysis, especially for the fine spectral structure, reveals the important properties 
of semiconductor laser, such as mode characteristics, atom emission behavior, high-
frequency performances, and coherence features. Spectral lines of light are broadened by 
various processes. For semiconductor lasers, Henry’s model (Henry, 1982) can be used to 
explain linewidth broadening of the laser by  two mechanisms: 1) the instantaneous phase 
change caused by the spontaneous emission results in the linewidth broadening of the light; 
2) the instantaneous fluctuations of the field intensity through linewidth enhancement 
parameter �Â results in a delayed phase change, which further broadens the linewidth. 
However, this model also can not describe the properties of wave trains mentioned above 
distinctly. Indeed, it implies that  the spectral linewidth we observed, in fact, results from the 
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1. Introduction 

Deterministic chaotic systems exhibit great efficiency, since they react sensitively to small 
perturbations and thus it is feasible to be controlled and produce signals with small 
amounts of energy. Moreover, these systems, have the potential for great information-
bearing capacity, since the complex signals and the variety of the produced states offers 
more possibilities for compact conventional encoding of information signals. One of the 
major application of deterministic chaotic systems is the field of optical communications 
(Argyris et al., 2005). The significant advantage chaotic optoelectronic systems is that there 
are not the restrictions of the standard spectra of sinusoidal frequency bands and thus, the 
number of available communication channels coul d be larger than the ones of linear systems 
and the only limit by the ability of receivers to distinguish between different chaotic states 
(Rizomiliotis et al., 2010). Due to the significant benefits which can offer this scientific area 
the research direction of dynamical chaos is gradually moving towards practical 
applications and thus, there is a growing intere st for chaotic signal generation sources. In 
this frame, various circuits have been proposed, among which active chaotic oscillators are 
preferably considered due to their relative simplicity and energy efficiency. Such a circuit 
may be externally triggered, i.e. externally dr iven to chaotic oscillation and it can typically 
consist of only one active and a few passive components (Argyris et al., 2010). In this 
respect, it is reasonable to expect that optoelectronic elements, such as a light emitting diode 
(LED) and optocoupler devices, will provide for the nonlinear characteristics required 
towards chaos. 
The optoelectronic circuits of the chaotic oscillators must be as simply as they can so in 
order to be possible to synchronize them. Chaos, in this case, is created by the way that the 
components of the circuits are connected in order to operate in a non linear manner and not 
by the specific characteristic that each item has (Romeira et al., 2009). The advantage of such 
an operation is that in this way we avoid th e inherent and unpredictable instabilities in the 
operation of optical devices (i.e. impurities co ncentration, rate of carrier recombination, 
crystal defects, e.t.c.). 
In this chapter, we present simple chaotic circuits that can be utilized as chaotic signal 
generation, sources, main transmitters, as well as nonlinear observer-based main receivers 
for chaos based communication systems. These circuits are classified as Resistor-Inductor-
LED optoelectronic chaotic circuits, single optocoupling device and optoelectronic 
Simulation of the Duffing-Holmes Equation.  
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The operational characteristics of these circuits are studied, by simulations, using circuit 
simulation software (e.g. Multisim). Following that, we investigate the influence of various 
circuit parameters to the complexity of th e so generated strange attractors. From the 
obtained -calculated and recorded- time series, we estimate, with non-linear analysis, the 
invariant parameters, as correlation, embedding dimension, Kolmogorov entropy and 
Lyapunov exponents, of the corresponding strange attractors as function of the control 
parameters. 

2. RL-LED optoelectronic circuits 

2.1 Circuit’s description 
A non autonomous chaotic circuit driven RL-LED  circuit (Hanias et al., 2008) is shown in 
Figure 1. It consists of a series connection of an ac-voltage source, a linear resistor R1, a linear 
inductor L1 and a typical LED. The value of R1 100 �º and inside the circuits has been placed 
in series with the LED. In the circuit’s inpu t has been applied a sinusoidal voltage with 
amplitude V1 as applied through an inductor L 1 with value 47mH. The simulated circuit 
operation is monitored by checking  the voltage value across resistor R1. In Figure 2 is shown 
the, obtained by the simulation, chaotic time series at the output for input signal’s amplitude 
V1,rms = 7V and frequency f=10 KHz. 
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Fig. 1. RL-LED chaotic circuit in Multisim circuits simulation software 
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Fig. 2. Chaotic signal V=V(t) across resistor R1 for the RL-LED circuit of Figure 1 

2.2 Non-linear analysis 
Next, we proceed to the analysis of the obtained chaotic time series following the method 
proposed by Grassberger and Procaccia (Grassberger & Procaccia, 1983) and successfully 
applied in similar cases (Hanias & Anagnostopoulos, 1993). Additionally, according the 
Takens theory (Takens, 1981), the measured time series can be used to reconstruct the 
original phase space. At first, we calculate the correlation integral C(r) for the simulated 
output signal, for lim(r)=0 and lim(N)=�’ (�¯  represents the number of the corresponding 
time series points), as defined by Kantz and Schreiber (Kanz & Schreiber, 1997): 
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where W is the Theiler window (Kanz and Schreiber, 1997), �© is the Heaviside function, and 
Npairs is given as: 
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