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For developing organic devices using a standard photolithography technique, solvent 

sensitivity towards organic semiconductors, electrode patterning, and masking are major 

challenges.  Therefore, the solution route and novel device geometry are the key factors that need 

to be integrated to achieve nanoscale organic transistors.  Vertical OFETs have the potential to 

achieve sub-micron channel devices which can achieved by stacking material layers in  a vertical 

direction [74, 75].  Miniaturized device geometry in the vertical direction can be realized by 

applying low cost techniques such as spin coating [76], drop casting [77], dip coating [78], and 

ink jet printing etc.  Precursors of soluble organic semiconductor exhibit promising properties for 

device fabrication [79].  To realize nanoscale film thickness, the spin coating technique is 

frequently used as a low cost deposition method.  Concentration of material in solution, coating 

speed and ramping recipes decides the thickness of organic material.   

3.1  Solution Processable VOFET: Three Stage Process  

In this study, a soluble pentacene precursor is selected as the active organic 

semiconducting material.  In normal routines, pentacene is deposited using thermal evaporation 

methods.  However, a low cost solution route is adopted to deposit pentacene.  For this purpose, 

the precursor is converted to pentacene molecules by a series of processes and treatments.  The 

precursor 13,6-N-sulfinylacetamidopentacene based novel fabrication process is proposed to 

achieve a vertical OFET.  The low cost device fabrication processing technique involves 

deposition of organic material without the use of high resolution photolithography and vacuum 

conditions.  Sub-micron device features are optimized by controlling the thickness of the spin 

coated pentacene precursor.  The VOFET device fabrication process is divided into three stages 

as follows and is depicted in Figure 3.1. 

 Stage I  Gate, Source Fabrication Steps, Pentacene Deposition, and Masking 
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In this stage the bottom gate electrode, insulating layer, source electrode and precursor 

thin film are deposited.  The precursor is annealed at 200
°
C to convert it into pentacene. 

Polyimide masking is adopted and applied for material separation. 

 Stage II Pentacene Metrology Characterization to Confirm Conversion 

In this stage the metrology characterization is performed to test and confirm the precursor 

to pentacene conversion process. 

 Stage III Drain Deposition and Final Device Fabrication 

 

 

Figure 3.1  VOFET device fabrication steps elicited the whole fabrication scheme from Stage I to 

Stage III. 
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The drop casting method is basically applied for depositing thick films.  The chemical 

reactions to complete the conversion process have been shown in Figure 3.6.  The chemical 

structures of materials used such as pentacene, SU-8 and PMMA are shown in Figure 3.7.  The 

material properties of SU-8 are also discussed. 

3.2 Low Cost Fabrication 

The complete device fabrication process flow is shown in Figure 3.8.  The whole low 

cost device fabrication process is evolved around two central point, namely novel device 

geometry and low operational power.   

 

 

Figure 3.8  Complete VOFET fabrication steps (a)-(b) process flow (c) sequence of stacking 

layers. 
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The electrical parameters of low voltage around which the design of this experiment 

evolved, will be discussed in Chapter 4 in the electrical characterization section.  The two major 

issues related to the physical device structure are listed below.   

 Low Cost 

 Processing Temperature 

3.2.1 Low Cost Design Process  

The device fabrication and design of experiments are planned to keep the novelty of 

process at a low cost.  Keeping this novel feature of low cost in view, polyimide masking and 

spin coating deposition techniques are adapted.  As known, standard micro fabrication 

processing involves a heavy cost, ultraclean room environment, photolithographic patterning, 

and high vacuum chambers.  Masking the stacked layer is another challenge involved in 

fabricating nanoscale electronic devices.  To mask the increased number of stacked layers not 

only raises the cost, but also raises the process complexities.  In addition, the solvents used in 

standard photolithography masking are not organic friendly.  Therefore, keeping all these 

challenges in view, the low cost novel process is evolved. 

3.2.2 VOFET Device Processing Temperature 

The fabrication process is evolved to maintain the glass transition temperature of 

materials between 200
°
C-300

°
C.  The selection of fabrication materials is planned to complement 

processing and glass transition temperature.  The processing temperature of soluble pentacene 

precursor 13, 6-Nsulfinylacetamidopentacene 97 % (NSFAAP) is around 200
°
C and glass 

transition temperature (Tg) of SU-8 is ~230
°
C.  The device structure is intentionally designed as 

bottom gated so that no further thermal treatment should be performed after pentacene 

conversion.  The final gold layer in VOFET is deposited at room temperature.  The organic layer 
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is fully encapsulated by a gold layer for its protection from the outer environment.  The complete 

fabrication process is explained in the previously published work [82]. 

3.3 Spin Coating Method  

Spin coating method is emerging as a quick and low cost technique for depositing thin 

and uniform film of organic material on a flat surface [83].  In the first step, organic material is 

dissolved in solvents to make a homogeneous solution.  A Few drops are dispensed over the 

surface of the substrate with the help of a dropper.  The experiment is designed with a recipe to 

achieve the desired film thickness.  A high speed rotation of the fluid centrifuges the excess 

material out of the surface and a nice uniform thin film is left.  This method is so quick and fast, 

it achieves nanoscale film thickness within minutes. 

 

 

Figure 3.9  Spin coating deposition method (a) diluted pentacene precursor suspension (b) spin 

coater.  
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Figure 3.9 shows a sketch of a spin coater used for depositing pentacene precursor at the 

Nanotechnology Education and Research Center (NERC) facility at USF.  Figure 3.9(a) shows 

the spin coating method, in which a diluted pentacene precursor is dropped over an insulating 

layer of a VOFET device. 

3.4 Drop Casting Method 

Drop casting is another low cost and quick method for thin film deposition in fabricating 

organic FETs [84].  It is the easiest way to get thin film.  By dropping the solution on a substrate, 

the spontaneous evaporation of solvent leaves behind the desired material.   

The film thickness is the function of solution concentration.  This technique is 

advantageous over spin coating as there is no wastage of material in drop casting.  However, the 

downside is that the thickness of the film is limited up to the micron range.  Drop size and 

dilution of material in solvent decides the film thickness.  It has limitations over large area 

coverage and poor film uniformity.  On the other hand, pinhole-free and uniform film can be 

easily achieved in the spin coating technique.  Figure 3.10 shows the drop casting technique 

applied for fabricating VOFET devices in patterned source electrodes.   

3.5 Precursor to Pentacene Conversion 

Organic material like pentacene is normally deposited by thermal evaporation for 

fabricating electronic devices.  In solution processed devices, pentacene is used in the form of 

precursors.  Some functional groups are attached to the pentacene molecules to make it soluble in 

organic solvents which can be evaporated out by thermal treatment.  Pentacene is insoluble in 

organic solvents used for fabrication in organic electronics.  To make pentacene amenable for 

processing in solutions, functional groups are attached to the rings of pentacene molecules.  This 

method helps in dissolving pentacene in organic solvents for fabricating OFETs [85]. 
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Figure 3.10  Drop casting deposition method where diluted pentacene precursor is dropped over 

patterned source. 

The soluble pentacene precursor 13,6-Nsulfinylacetamidopentacene 97% (NSFAAP) is 

an excellent choice available to get pentacene material for fabricating OFETs by the solution 

process.  The precursor to pentacene conversion process is easy, quick and low cost [86].  The 

thin film deposition of a pentacene by thermal evaporator requires high vacuum conditions, 

whereas the deposition by solution route is quiet, fast, and low cost to get uniform high quality 

film.   

3.5.1 Solution Preparation 

In solution preparation, the soluble pentacene precursor 13,6-

Nsulfinylacetamidopentacene 97% (NSFAAP) is dissolved into dichlorobenzene (15mg/ml) and 

stirred properly overnight to make a uniform solution.  The next step is to spin coat the dispensed 

solution at 3000 rpm speed.  Thereafter, a one minute thermal treatment is required for precursor 

to pentacene conversion.  As already mentioned, conversion process is better known as the 

reverse Diels-Alder process.  In the next step, the wafer is treated thermally over a preheated hot 
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plate at 200
°
C/1 minute.  Then, the wafer from the hot plate is allowed to stay at room 

temperature.  After two minutes, a fine, smooth, and uniform pentacene thin film is obtained.  

The conversion process and chemistry involved is shown in Figure 3.11.   

3.5.2 Time Temperature Optimization  

Time-temperature balance optimization is an important parameter which contributes to 

the performance of a solution processable OFET.  The precursor to pentacene conversion is 

governed by the reverse Diels-Alder process, in which the side chain is evaporated out of the 

pentacene ring during thermal treatment.  To achieve the semiconducting behavior of pentacene, 

the side group is removed in gaseous form.  Usually, a uniform but disordered thin film of 

pentacene is obtained after the thermal treatment.   

 

 

Figure 3.11  Time-temperature optimization curve for precursor to pentacene conversion process. 
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The conversion process optimization and spin coating rate determine the crystallinity of 

the pentacene film and device performance [87].  In a conversion process, time-temperature plot 

for a soluble pentacene precursor is recorded at different temperatures as shown in Figure 3.11.  

The conversion efficiency is reduced at a lower temperature, resulting in poor semiconducting 

quality of pentacene.  Therefore, it is advisable to optimize between 180
°
C/2min to 200

°
C/1min.  

The degradation of pentacene film starts at elevated temperatures beyond 220
°
C. 

3.6 Masking and Geometry Optimization 

In vertical organic device fabrication, it is very important to maintain the separation 

between interfacing material layers.  Masking is applied in standard Micro Electro Mechanical 

System (MEMS) fabrication through the conventional method of photoresist into a highly ultra 

clean environment.  In the MEMS device fabrication process, a higher number of stacking layers 

in a device means higher cost and design complexities.  The solvents applied for etching in 

MEMS fabrication are unfriendly with organic materials.  Thus, applying these micro fabrication 

solvents is undesirable in organic devices.  To overcome this challenge, a novel low cost 

masking process is evolved for fabricating the VOFET device.  Polyimide Kapton masking is 

selected for the separation of stacked layers.  3-M Kapton polyimide tape has excellent chemical, 

electrical and thermal properties.  The DuPont Company made it first for NASA space missions.  

It’s excellent thermal stability, ranging from -270
°
C to +400

°
C, made it good for a wide range of 

extreme temperature applications. 

3.6.1 Polyimide Masking for Electrode Protection 

Kapton masking is applied at multiple steps during device fabrication.  Kapton polyimide 

masking is employed at the following levels during fabrication. 

 Masking for the separation of stacked and interfacing material layers. 
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 Shadow masks are made out of Kapton polyimide tape. 

 Kapton polyimide tape is used as a flexible substrate for supporting the VOFET 

device. 

Thermal properties of polyimide are utilized to support the thermal stability of device 

materials, as all the fabrication materials are selected around the glass transition temperature (Tg) 

of 200
°
C-300

°
C.  The polyimide Kapton being thermally stable is also chemically very 

supportive for masking at various steps and levels of device fabrication.   

3.6.2 Polyimide Shadow Masking in Metal Deposition 

Kapton polyimide tape is also employed for shadow masks in the e-beam evaporation 

chamber for depositing the metal electrodes like gate, source, and drain.  All shadow masks are 

made out of polyimide cuttings and designed in the lab.   

 

 

Figure 3.12  Various shadow masking designs made out of polyimide Kapton tape. 
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Figure 3.12 shows the handmade shadow mask in various types of patterned metal 

electrodes.  In the first step, the double layered polyimide substrate is made by joining the 

sticking surfaces together in order to minimize their interference.  Then, shadow masking of 

polyimide is made to deposit the Au electrode.  Step edge resolution is not that important in 

vertical device design.   
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CHAPTER 4: VOFET DEVICE CHARACTERIZATION 

Solution processed vertical OFETs are fabricated using low cost techniques such as spin 

coating and drop casting.  Fabricated devices are tested for electrical, metrological, and radiation 

characterizations. 

4.1 Electrical Characterization 

In order to verify the device performance, fabricated VOFET devices are tested at various 

electrical characterization standards.  The basic tests performed are as follows: 

 I-V Characterization 

 C-V Characterization 

 Transient Time Analysis 

 Four Probe Resistivity 

Electrical characterizations are recorded on a HP4145B semiconductor parameter 

analyzer at non-ambient room temperature conditions.  Two types of low cost methods are 

adopted for VOFET fabrication: 

 Spin coating method 

 Drop casting method 

For characterization and testing purposes, fabricated devices are classified into two 

categories.  Devices fabricated with the spin coating method are Type I and with drop casting 

method are named Type II devices.  Step geometry is adopted to fabricate Type I devices 

whereas perforated geometry (bottom digitated source electrode) is adopted for Type II devices. 
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In the first step, VOFET devices are tested electrically to confirm their I-V curves.  Basic testing 

connections are made by partially removing the polyimide masking from respective electrodes.   

4.1.1 Current-Voltage Characteristics 

Current-voltage characteristics are plotted by sweeping the drain-to-source VDS voltage 

for a fixed gate-to-source VGS voltage.  Different VGS voltage values are set for each drain-to-

source sweep and corresponding output current IDS are recorded.  The plot lines shown in Figure 

4.1 illustrate the increase in output current with increasing drain-to-source voltage.  Both VGS 

and VDS are negatively biased.  Increase in IDS at each increased VGS voltage value indicates p 

channel (holes charge carriers, i.e. positive charge) accumulation type OFET.  It is observed that 

the VOFET is operating in the linear region which is influenced under short channel effects.  The 

output characteristic curves do not follow the normal trends analogous in lateral OFET 

transistors.  The curves are unable to achieve the saturation and follow the linear trend.  The 

presence of non-idealities, short channel SCLC effects cause the device to operate in non-

saturated mode of operation.  Device parameters are difficult to extract since the short channel 

effects are dominating at the interfaces of metal/semiconductor, thus affecting the charge 

injection process.  The SCLC effect will be discussed in detail in Chapter 5. 

Deviation from gradual channel approximation and lack of current saturation can be 

observed in the output characteristics during VDS sweep [88].  In a normal practice for a long 

channel lateral OFET, the gate electric field is perpendicular to the drain field and much 

stronger.  This results in gradual channel approximation and thus curves attained saturation.  But 

in short channel OFETs, the space charge limited bulk current prevents the curves attaining 

saturation and the device operation mode is linear [89].  To achieve saturation in short channel 
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devices, the dielectric should be thin enough to meet the channel length condition as L>10 

ddielectric  [90].   

The transfer characteristic is plotted by sweeping VGS and the corresponding IDS are 

recorded for a fixed VDS voltage.  The current-voltage characteristic plots are more or less 

different from conventional lateral type OFET devices because of the vertical design and the 

presence of short channel effects.  The unconventional trends in the I-V plots of VOFETs are on 

the expected line in vertical geometry [54, 55, 91, 92].  

 

 

Figure 4.1  Current-voltage (I-V) output characteristic plots at various channel lengths. (a)-(c) at 

L=535nm, 300nm and 265nm and (d) transfer characteristic curve.  
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The closely placed plot lines show the weak effect of the gate field and inability of the 

device to operate in a gradual channel approximation mode.  The channel formation occurs only 

near the step edge of the source electrode, as shown in Figure 4.1(a).  Non-uniformity and the 

weak strength of gate field could be one of the reasons behind the closely placed curves because 

the gate is more near to the source than the drain electrode.  In addition, the shielding effect 

offered by the source electrode could also be responsible for low gate field effects. 

 

 

Figure 4.2  Output characteristic plots at three different channel lengths elicited short channel at 

L=265nm (green line). 

The gate field is more effective at the edge of the source electrode where the charge 

injection/extraction occurs, referred to as the ON region, and the shielded part of the active layer 
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sandwiched between S/D is referred to as the OFF (leakage) region of the device [93].  Charge 

accumulation takes place near the step edge, which is extracted by vertical drain field, thus 

contributing towards the vertical channel formation. 

In device parameter optimization, channel length is an important design consideration in 

VOFET that predominantly influences the operation and characteristics of the device.  To study 

the effect of channel length on the I-V plot, three channel lengths are selected, i.e.  L=535nm, 

L=300nm and L=265nm.  The output characteristics are recorded for each channel length, as 

shown in Figure 4.1.  The bending of the curves (towards more linearity) is observed (with the 

reduction in channel length) as moving from L=535nm to L=265nm.  The effect of channel 

length on the device characteristics can be clearly observed from the output plot.  The factors 

involved in bending of curves will be discussed in Chapter 5.  To further optimize the VOFET 

device structure, I-V characteristic plots are recorded for Type I (spin coated method) and Type 

II (drop cast method) devices separately.   

Table 4.1  Device parameters of two types of devices fabricated by spin coating and drop casting 

techniques. 

Device Type I Type II 

Geometry Step  structure Patterned electrode 

Method Spin coating Drop casting 

Insulator SU-8 PMMA 

Channel Length 265nm 2µm 
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Efforts are made to design, fabricate and test the devices for patterned (perforated source 

electrode) and unpatterned (step geometry source electrodes).  The spin coating deposition 

technique is adopted for step type geometry (Type I), whereas the drop casting technique is 

adopted for patterned (Type II) devices.  Figure 4.3 shows the geometries and deposition 

methods adopted for device fabrication.  The method discussed so far is related to the Type I 

device fabrication process (with spin coating technique), whereas step geometry is adopted to 

design the source electrode.  Figure 4.3 (d) shows the transfer characteristic curve of the VOFET 

device. 

 

 

Figure 4.3  Type I devices (a) device layout (b) picture (c) I-V plot at L=300nm and (d) transfer 

characteristic curve. 
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In order to study the effect of source geometry, Type II devices (drop casting method), 

are fabricated with the patterned source electrode.  In Type II devices, perforation in the source 

electrode is introduced to get the complete field effect from the bottom side.  To compensate the 

short channel effect and to get the effective gate field, two methods are employed in Type II 

devices.  

Perforation geometry of the source electrode is used to get the bottom gate field effect 

and drop casting is used to reduce the SCLC effect by depositing thick films. 

Width/Length (W/L) ratio is an important device parameter, which is directly related to 

the output current.  In a perforated source electrode, both length and width of the source 

electrode extends and hence the W/L ratio increases.  The source electrode perforation thus 

reduces the SCLC effect and curves show little separation and bending. 

 

 

Figure 4.4  Type II devices (a) device layout (b) perforated source electrode (c) I-V plot at  

L=2µm, and (d) drop casting process. 
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As discussed earlier, in order to reduce the short channel effects, the drop casting 

technique has been introduced.  The channel length measured for Type II devices is L=2µm.  

The output characteristics recorded for Type II devices clearly demonstrates the effect of the gate 

field, as shown in Figure 4.4.  The role of the patterned electrode is also an important dimension 

in understanding VOFET operation.  As the perforated source electrode is influenced under the 

combined effects of drain and gate fields, so the change in design of the source electrode reduces 

the shielding effect and consequently the output current, as depicted in Figure 4.4. 

To confirm the SCLC effect, current densities are plotted against the normalized VDS 

field.  An increase in current density observed at lower channel length, i.e.  L=265nm, confirms 

the presence of the SCLC effect.  In the SCLC equation (inset), the power of VDS for n>2 is 

calculated for lower channel devices [94].  The space charge limited current effect is dominating 

at the nanoscale channel length.  The SCLC effect not only affects I-V plots and drives the 

devices towards non saturation, but also affects device performance.  Consequently, devices are 

influenced under SCLC effects and are confirmed, as shown in Figure 4.5. 

 

 

Figure 4.5  Current density Vs VDS plot for L=265nm channel length depicts SCLC effect at n>2. 


