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1. Background 

Activities in WP3 are targeted to provide  enabling technologies for the Manufacturing & 

Processing of devices by the assessment of basic materials to be used in the manufacture 

of demonstration devices.  The deliverable 3.1.8 requires larger  scale quantities of 

formulation of novel stable OSC’s and dielectric with mobility performance demonstrated in 

a device of 10-1 cm2V-1s-1.    A report on the performance of the improved materials  being 

developed in the PolyApply programme  is  required by the consortium.   The performance 

data on the materials supplied is consistent with the IEEE Standard 1620-2004, Test 

Methods for Characterization of Organic Transistors and Materials.  Information on this 

standard  is available online at: http://grouper.ieee.org/groups/1620/. The IEEE 1620-2004 

standard is available online at: http://shop.ieee.org/store.  

 

The development of new OSC materials with mobility of 10-1cm2V-1s-1 has been interrupted 

due to restructuring activities at Merck, which has resulted in a reduced amount of effort 

available for this task.  The results of the work carried out to-date on the development and 

characterisations of the OSC and dielectric materials by Merck (Manchester) are reported 

in this document as an interim report. 

 

Background to delayed delivery of 3.1.8: 

In March 2005, Merck Chemicals acquired the business and research activities of Avecia's 

Organic Semiconductor Business. From the date of acquisition until early Oct '05, a senior 

level strategic review of the Merck OSC program was undertaken. During this transition 

period, recruitment was put on hold and hence Merck MTC (formerly Avecia) were unable 

to allocate sufficient technical resource towards the task of developing an organic 

semiconductor having mobility of 0.1 cm2V-1s-1. This has resulted in delayed delivery of 

this target and has had the corresponding outcome of Merck  MTC under-claiming versus 

budget for M15-M24.    Merck Chemicals are in the process of preparing a proposal for on-

going interaction with the PolyApply consortium and this will be discussed early Feb 2006. 
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FHI-ISC Contribution to D3.1.8 

Work on the development of gate dielectrics using the material class of inorganic-organic 

hybrid material, ORMOCER®,  has been carried out by  FHI-ISC.   The work and results 

obtained using the ORMOCER® gate dielectric materials is reported in this document.   

 

2. Approach  

Merck has developed p-type organic semiconductor materials based on amorphous 

polyarylamines and matched dielectric formulations to provide the PolyApply partners with 

robust, air stable materials.  Work to provide larger quantities of OSC formulations to the 

partners has been carried out.  This work has involved optimisation of the synthesis of the 

intermediate monomers in good yield and high purity.   Improvements to the synthesis of 

the arylamine polymers to provided high molecular weight materials having improved film-

forming properties have also been made.  Purification methods of the OSC materials have 

been further developed to provide materials with ultra-high purity.  Physical and chemical 

characterisation of the materials has been carried out using a range of laboratory 

techniques including: HPLC, GPC, NMR and MS.   

 

For  Deliverable 3.1.8,  work  to improve the formulations  (which  already demonstrate a 

mobility of ~10-2 cm2V-1s-1 in a FET device),   has been carried out in an attempt  to provide  

materials with a mobility approaching  10-1 cm2V-1s-1,  but with the same robust 

environmental characteristics.   As background to this work, Merck discovered that certain 

small molecules, when formulated with the polyarylamines could give improvements in 

mobility  in our FET devices.  A formulation based on this mixture approach, S1000, was 

developed which demonstrated a robust mobility of 1.3x10-2 cm2V-1s-1 (SD 6x10-4), with I 
on/off ³  104.  Further work has been carried out on a number of other small molecule 

additives in an attempt to increase the mobility of the OSC over that for S1000.      

 

In parallel to the OSC development, work on dielectric materials and formulations has  

been carried out.  This work was aimed at providing gate dielectric materials which are 
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matched to the OSC,  in order to give the highest performance (mobility) in the FET device 

whilst, having low hysteresis and high ambient stability. A low dielectric constant 

formulation, P121, has been developed which is an improvement over the state-of-the-art 

dielectric formulation, P126.  P121 formulations have proved to be the preferred gate 

dielectric for the PTAA devices being developed by PolyApply.   Consideration has been 

given to the choice of solvent to overcome problems with rippling due to evaporation 

effects and also to the commercial availability of the solvents.   

   

3.  Work Carried Out  

3.1 Polytriarylamine (PTAA) Organic Semiconductors.  

The synthesis of the PTAA semiconductor materials has been carried out in order to 

provide the partners with sufficient formulated materials for their experimental and 

development work.      

 

Further development work on the synthesis of  the p-type organic semi-conductor PTAA 

with hole mobility in the range 10-2 cm2V-1s-1  has been carried out in order to provide 

better materials with higher mobility and improved formulations (higher viscosity, film 

forming etc.).    The basic structure of  the PTAA is  shown in  Figure 1 and contains a 

triarylamine core and pendant groups optimised for solubility, whilst maintaining the 

conjugated back-bone, which is necessary for the charge delocalisation to give high 

mobility.   
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Figure 1. P-Type Triarylamine Semiconductor Core 
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The synthesis of the polymer is shown in Figure 2.  This has been further optimised to give 

a material with high mobility and good solution processability.   Yamamoto coupling 

chemistry was  used with o-tolyl end capping groups to control the n-value.     

 

N

Cl Cl Cl
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+
[Ni] catalyst

n=50-60

 

Figure 2. Polymerisation Reaction of an Arylamine p-type 

  

This effort has involved optimisation of  the synthesis  of the intermediate monomers 

followed by polymerisation  reactions to  give the arylamine OSC’s.   Methods to purify the 

OSC materials have been developed to provide materials with ultra  high purity.  Physical 

and chemical characterisation of the materials has been carried out using a range of  

laboratory techniques including HPLC, GPC, NMR and MS.     Optimisation and control of 

the polymerisation conditions has given higher   molecular weight polymers with n values 

in the range 50-60.   These new polymers have been shown to have higher mobility and 

better film forming characteristics.   The polymers S893 (n=56) and S1095 (n=52) have 

been developed  and synthesised on the laboratory scale to provide material for 

formulation development and testing.  

 

3.2 Formulation with Small Molecule Additives 

Formulation of  mixtures of PTAA polymers and low molecular weight additives has been 

shown to improve FET mobility.   The formulation S1000 has been developed using this 

approach and has been reported in D3.1.2.    Further examples of low molecular weight 

additives have been investigated in an attempt to improve the performance further.  The 
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additives investigated are shown Table 1.    The Table shows the % change in mobility in 

our standard device configuration compared to a PTAA standard.     

 
                                          
 

Table 1 List of Potential Additives  
 

Small Molecule Additive  
Sample 
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Increase 
from 
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PTAA 
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Table 1 List of Potential Additives Cont. 
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Table 1 List of Potential Additives cont. 
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Currently the formulation based on PTAA S1095 and a small molecule is being supplied to 

the partners as S1123.  The characterisation of this formulation is detailed in section  4. 

 

3.3 Low k Dielectrics. 

Merck  has recognised the importance of using low-k dielectric materials in organic semi-

conductor devices (Veres et al, Adv. Funct. Mater. 2003, 13(3) 199).  The low-k polymers 

yield improved device performance through low hysteresis, low threshold voltage and 

increased mobility.  A number of dielectric materials have been evaluated in this 

programme which when formulated,  give the suitable  low dielectric constant films but are 

also compatible with the semiconductor.  A key consideration of the dielectric is the use of 

complimentary solvents, which allow the gate dielectric to be coated onto the substrate, 

and then over-coated with the semiconductor solution, or vice-versa, without damaging the 

underlying layer.   Because of this requirement, only a few dielectric materials have been 

found which are suitable.  The dielectrics P121 and P126  have been investigated as 

alternative materials in different solvents.  Larger scale volumes of the preferred dielectric 

material, P121, have been prepared and sampled to PolyApply partners to carry out 

printing trials.   Problems over the commercial supply of the preferred solvent, 1,2,4-

trimethylcyclohexane were investigated.    An alternative solvent, ethylcyclohexane, was 

identified as having a similar boiling point and surface energy properties as the preferred 

solvent, and coating tests confirmed that this was also a suitable solvent, but currently no 

supplier is offering  either 1,2,4-trimethylcyclohexane or ethylcyclohexane in any quantity.     
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Because of this, several other solvents were investigated as to their use with P121.  The  

properties of the solvents that were investigated are summarised in Table 2 together with 

their commercial availability.   The only suitable solvent that  was identified as an 

alternative solvent for P121 was found to be butylcyclohexane.   This gave good film 

forming properties and was compatible with the OSC layer.  A  limited amount of this 

solvent was available to allow immediate supply of quantities to partners for testing 

purposes.  Future supply of larger quantities of this solvent should be possible through the 

manufacturer.   

  

Table 2. Solvents for P121 

        

Solvent BP P121 P126 Availability EU Cost /L

1,2,4-trimethylcyclohexane 142 NO 227

ethylcyclohexane 132 NO 933

Methylcyclohexane 101 YES 7

Decalin 197 YES 64

mesitylene 166 YES 59

Butylcyclohexane 179 OK OK Limited 385

Rippling effects - spin coating                                                                                           
Blading should be OK                                                                                                          

Gravure?

Marginal solvent - poor yields T/G 

Limited to bottom gate 

Commercial Sources Not Available
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4.  Development of ORMOCER ÒÒÒÒ Gate dielectric Materials,  Contribution of FhI-IS C: 

The development of gate dielectrics using the material class of inorganic-organic hybrid 

materials were performed with another priority than described in the title of the Deliverable 

3.1.8.  

This was related to two facts: 

a.) Due to the very promising results of the first project year, the material development was  

focused on the use of inorganic-organic gate dielectrics for pentacene bottom-gate 

transistors. Mobilities of OFETs using evaporated pentacene as organic semiconductor 

are generally higher than those of organic semiconducting polymers which were 

applied from solution. Therefore, using inorganic-organic hybrid polymers as dielectric 

mobilities of 10-1 cm²/Vs were already achieved at the end of year 1. In the meantime, 

mobilities of about > 0.5 cm²/Vs were achieved.  

b.) The inorganic-organic hybrid polymers used so far as dielectric materials in PolyApply 

were developed with the objective to possess also passivation properties, and can thus 

also be applied as encapsulation material, i.e. in the best case as two-functional 

material. Thus, the dielectric materials will stabilize the transistor with respect to the 

sensitivity against moisture, etc.. Therefore, the inorganic-organic hybrid material 

prolongs the life time of the OFET device. This will also be seen in M 4.1.2 in the 

contribution of JOR which will describe the stability of OFETs using pentacene as 

semiconductor and inorganic-organic hybrid polymers as dielectric. 

 

The work was carried out in following two directions: 

 

I. Investigations were performed in order to understand why certain inorganic-organic 

hybrid polymers act as a suited substrate for the pentacene growth, whereas other 

inorganic-organic materials do not support the required pentacene growth, although 

the materials only differ slightly considering the chemical concept. This 

investigations were performed in order to improve the materials further. 
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II. Materials were formulated according to the specifications of PolyApply partners in 

order to prepare the transfer of the developed materials to the printing technologies 

used in PolyApply. Within this framework, a decrease in the layer thickness from 1 

µm to less than 600 nm was achieved. 

 

I. Investigations on inorganic-organic hybrid polymers used as gate dielectric for 

pentacene bottom-gate transistors 

 

The ORMOCER® system 2 which turned out as best-suited with respect to the pentacene 

growth and with respect to the performance of pentacene bottom-gate field effect 

transistors combines several functionalities and features: 

 

·  A silicon-oxidic network is formed by hydrolysis / polycondensation reaction of 

alkoxysilanes. The formation of this inorganic network is controlled by catalysts, 

temperatures, and solvents during synthesis.  

·  By the choice of the alkoxysilanes, UV-polymerizable methacryl functionalities are 

attached to the inorganic-oxidic network. 

·  By the choice of the alkoxysilanes, aromatic functionalities (phenyl) are introduced into 

the material. 

·  By the choice of the educts, zirconium containing moieties are linked to the material. 

 

In order to evaluate which groups and elements are determining the desired pentacene 

growth, the material system was varied with respect to the above mentioned features. The 

materials were coated by spin-coating onto Si wafers at ISC, and the pentacene growth on 

top of these dielectric layers was characterized by AFM measurements at JOR.  However, 

it has to be mentioned that due to the tight timeframe only one sample per material could 

be characterized at a time, which means that there presently are no statistically relevant 

data available. 

 



Merck PolyApply  

The material was changed in the following manner, resulting in several new materials: 

 

a.) Increase of the amount of aromatic groups (without using Zr containing moieties).  

b.) Increase of the amount of zirconium containing moieties. 

c.) Increase of the reaction speed by an additional offer of water during synthesis. 

d.) Increase of the amount of the inorganic network. 

 

Summarizing these first individual experiments, the investigations indicate that an 

additional offer of aromatic species does not lead to an improved behavior of the 

pentacene growth; the pentacene does not form polycrystalline dendritic structures, and 

the surface structures are very irregular, exhibiting no pentacene terraces. However, it 

seems that an increase in the Zr content leads to a slightly improved surface with respect 

to the pentacene growth. The evaluation of the performance of OFETs built up with this 

dielectric material showed that a mobility of µ > 0.6 cm²/Vs can be achieved. An increase 

in the reaction speed by the additional offer of water during the synthesis leads to an 

inhomogeneous surface with respect to chemical groups which determine the surface 

properties. This can be derived from an inhomogeneous growth of the evaporated 

pentacene . Even if small regions can be identified, where the pentacene forms terrace-

like structures, most of the surface area is covered by an amorphous pentacene phase. 

The increase of the inorganic network leads to a reduction of the dendritic grain size and 

decreases the mobility almost about one decade. Therefore, taking these results into 

account, it is attempted to develop materials which show an improved sub-surface growth 

in order to establish large dendritic pentacene structures.  

 

Besides, processing schemes were investigated in order to reduce the layer thickness 

from 1 µm to thickness < 600 nm. It could be observed that for a layer thickness lower than 

1 µm, the dielectric strength (converted on the respective layer thickness ) can suffer. This 

is an issue of actual investigations about the appropriate processing schemes. 
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II. Materials were formulated according to the specifications of PolyApply partners in 

order to prepare the transfer of the developed materials to the printing technologies 

applied in PolyApply 

 

Since the material development has to be performed in consideration of investigations 

about the material behavior for different processing technologies, some PolyApply 

partners had sent a list with important requirements with respect to their application / 

printing technology. In the following, the specifications of Technical University Chemnitz 

and Plastic Logic Ltd  are listed, and a first adaption of ORMOCER® materials 

formulations is described. 

 

1. Technical University Chemnitz 

TUC like to check the suitability of ORMOCER® materials for use as gate dielectric in a 

top-gate configuration, where the gate dielectric will be applied by gravure printing. Thus, 

it was desired that  

·  the curing duration is as short as possible, UV curing is possible, 

·  the viscosity of the material is between 0.05 and  0.5 Pa×s, 

·  toluene is preferred as diluter, 

·  the surface tension of the material is about 28 mN/m, and 

·  the material has to have a high dielectric permittivity. 

 

In order to achieve a high flexibility with respect to the curing parameters, system 3 was  

chosen, since it possesses epoxy and methacryl functionalities. The epoxy polymerization 

triggered by ionic initiators has the advantage that this kind of polymerization is not 

sensitive against the presence of oxygen. Thus, in order to built up a highly linked organic 

network, both kinds of polymerization are triggered by the addition of two initiators: an 

ionic initiator for the epoxy groups, and a radical initiator for the methacrylic groups. Since 

the material has a surface tension of about 27.5 mN/m, the ORMOCER® system 3 

matches the requirements of TUC. It was tested that the material can be diluted with 



Merck PolyApply  

toluene in order to adapt the viscosity without changing the surface energy of the diluted 

material. Due to the use of two different initiators, it could be guaranteed that the main 

polymerization process can be performed by a UV polymerization step. Thus, the final 

curing step can be shortened and performed at moderate temperatures (100°C < T curing < 

130°C) for a curing time of t curing > 15 min. 

 

Due to the adaption of the material to the requirements, the material shows a very 

promising behavior during the printing process, especially with respect to the separation 

on the printing plate. However, up to now it could not be achieved that the printed area is 

covered totally due to vertical shear forces during the transfer on the substrate. This can 

be assigned to a too strong entangling of inorganic polymer chains which cannot be 

influenced by toluene. 

 

2. Plastic Logic Ltd (PLL) 

In order to adapt inorganic-organic hybrid materials as dielectric material for ink-jet 

technologies, PLL delivered preliminary requirements with respect to their specifications, 

although the first tests were planned to be performed by conventional processing 

technologies (spin-coating). The materials were tested with organic semiconductors of 

Merck (S1000) and F8T2. 

 

The specifications of Plastic Logics were: 

·  Low or high dielectric permittivity (er< 2.5 or er> 3.5). 

·  Butyl acetate was proposed as diluter. 

·  The ability to form uniform films. 

·  Curing temperatures of about 100°C, 1 h. 

 

In order to guarantee that the dielectric can be cured at temperatures of about 100°C,  

epoxy functionalities were chosen which can be triggered with boron trifluoride ethylene 

amine complex as initiator. With this initiator, system 1 can be cured at temperatures of 
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about 100 °C. The epoxy functionalities were also c hosen in order to avoid an additional 

development step after the polymerization in ambient air (see above). The dielectric 

permittivity was determined to be er » 4.7 (400 Hz) matching the specifications of Plastic 

Logic even though a low-k material would have been preferred. The material could be 

diluted by butyl acetate which was tested at FhI-ISC. PLL could produce uniform films with 

a layer thickness of about 1 µm which is sufficient for first evaluations of the performance 

of the gate dielectric.  

 

As result, TFT transistors in a top-gate structure could be produced, and a field effect was 

clearly observed. However, in terms of the charge carrier mobility of the used 

semiconductors, the mobility was about 5 times smaller than for comparable dielectrics. 

Large hysteresis effects could be detected which can be assigned to ionic impurities 

present in the material by the use of the ionic initiator and due to the fact that the 

polymerization was not complete even after 1 hour curing. Since the material is photo-

patternable, PLL proposed to use the material as inter- or multilayer dielectric. It is offered 

by FhI-ISC to check further material systems with different initiators in order to achieve 

improved results using inorganic-organic hybrid materials as gate dielectrics.
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5.  Merck OFET Materials Characterization Report  for S1123    

OSC Material:  S1123  Polytriarylamine formulation  

Solvent used for deposition (or vacuum): toluene 

Deposition conditions: A 1% solution of Merck Organic Semiconductor (S1123) is 
deposited over the electrodes and spin coated at 1000rpm for 20s (in air) to create an 
approximately 60 nm thick film. Following this the sample is placed in a Petri dish and 
allowed to dry in air for 10 minutes. Final evaporation of the solvent is achieved by baking 
the sample in an air oven at 100 °C for 20 minutes.  

Mobility:  1.03 ´  10-2 cm2V-1s-1 (SD 8.63x10-4)  (linear)  when |Vg|>|Vd|  (accumulation) 

     6.99 ´  10-3 cm2V-1s-1   (saturated)  

Ion/off  ratio:        > 104 

Threshold voltage: -8.9V approx for 1 micron thick dielectric layer at er=2  

Organic transistor characterisation parameters 
 
 Substrate:      PEN 

 Source/drain material     Pt/Pd 

 Gate material      gold 

 Gate dielectric      P121 

 Dielectric thickness      1.0 mm 

 Dielectric capacitance     2 nF/cm2
 

 Dielectric constant k     2.2 

 Frequency of measurement     800 Hz 

 Channel width  W     29.6 mm 

Channel length  L    130 mm 
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Additional Information 

The following equation is used to calculate the mobility and is valid for the regions where 

when |Vg|>|Vd|  in accumulation. 
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L = channel length, W = channel width, Ci – insulator capacitance per unit area. 

I-V and Mobility Curves 
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Environmental conditions 

Measurement atmosphere (e.g., ambient air, nitrogen environment, vacuum, etc.): 

Ambient air  

Light illumination conditions and light exposure time (e.g., dark, UV protection, etc.). Also include 

change in lighting conditions, such as length of time sample was placed in dark after light exposure 

and before electrical measurement: 

Unfiltered  fluorescent tubes   

Device temperature (measured to a resolution of at least 1 °C or 1 K, 0.1 °C or 0.1 K 

recommended): 

20°C 

Relative humidity (R.H.) (to a resolution of 5% minimum, 1% recommended): 

38% 

Measurement duration (total), hold times, scan speed, number & size of scan steps, etc (in order to 

assist in evaluating measurement artifacts due to very long-lifetime effects): 

Gate voltage steps –1V forward and reverse (80 points in each direction) 

Delay time 1ms 

Integration 20ms 

Hold time 0s 

Total measurement time (transfer characteristics at Vd –5V, -60V) approximately 2 minutes 
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