








 

105  

(a) SAMP (1) SAMP (2) SAMP (3)

(b)

(c)

(a) SAMP (1) SAMP (2) SAMP (3)

(b)

(c)

 
Figure 5.3  (a) lateral spacing between constituents (gray color), and possible overlap 

between substituents (black color), (b) AFM images of 50 nm pentacene grown on SAMP 

(1) (left) and SAMP (3) (right), (c) animation of intercalation of pentacene in between the 

anthracenyl spacing of SAMP (3).  

 

5.5  CONCLUSION 

Three new types of self-assembled monolayers of phoshonates were synthesized by our 

colleagues at Princeton University and delivered to our lab for further study of their 

potential usage in pentacene based OTFTs.  In all four performance metrics (mobility, 

threshold voltage, on-to-of current ratio, and subthreshold swing), all SAMPs transistors 
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show better electronic characteristics compared to control devices.  Remarkably, all 

SAMP treated devices also have excellent subthreshold performances which is crucial for 

low-power application in complementary circuits.  Among the SAMPs, pentacene 

transistors utilizing SAMP (3) are the best, with outstanding mobility metrics obtained.  

The higher mobility is due to the better morphology of SAMP (3) and is a consequence of 

the changes in the molecular structure (larger overlap between substituents) as the 

platform for pentacene growth.  Using AFM, we observed the growth of pentacene on 

SAMP (3) with large crystalline morphology compared to SAMP (1) and (2) [12]. 
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CHAPTER 6 PHOTOLITHOGRAPHICALLY PATTERNED 
ACTIVE CHANNEL N-CHANNEL OTFTS 

 

This chapter discusses the work by A.G. Ismail and I.G. Hill that is intended for 

publication.  The work is based on the fabrication of n-channel thin-film transistors N,N′-

Ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C13) using conventional 

photolithography.  Sensitized poly-vinyl-alcohol (PVA) was spin coated on top of the 

OSC film followed by UV exposure and reactive-ion etching in oxygen to form the 

desired active channels.  The highest mobility obtained was of 1.65 cm2/Vs for these 

photolithographically patterned devices with on-to-off current ratio of > 106.  These 

results indicate that we are a step closer to the realization of a high performance large- 

scale fabrication of organic complementary metal-oxide-semiconductor (O-CMOS) 

circuits. 

6.1  INTRODUCTION 

Organic thin-film transistors (OTFTs) are of interest in applications such as flexible 

displays [73], smart cards, radio frequency identification (RFID) [105], sensors [106], 

photodiodes [107], and low-cost, low temperature electronics.  With continuing research 

and development, p-channel devices such as those based on pentacene have shown 

mobilities of more than 1 cm2/Vs [21][37][73][108] which is comparable to amorphous 

silicon transistors.  However, not until recently has the performance of n-channel devices 

been able to match that of pentacene [51][109].  This is a significant step forward to the 

realization of organic complementary metal-oxide-semiconductor (O-CMOS) circuits.  

O-CMOS is more desirable than unipolar field-effect logic because it offers lower power 

operation and more versatile electronic circuitry.  There are still issues with most n-

channel organic devices in that they are oxygen and moisture sensitive.  Therefore, 

careful handling and fabrication processes need to be practiced to minimize the exposure 

to ambient air and moisture.   

In order to realize high performance organic devices (whether based on unipolar or 

complementary architecture), the active semiconductor layers need to be patterned to 

reduce cross talk (leakage current) between transistors, and for the case of color display 
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applications, for example, three organic light emitting diodes (R,G,B) need to be isolated 

from each other.  One popular method for patterning the OSC is the use of a stencil mask.  

Stencil masks are not practical for large-scale fabrication.  High-precision stencil masks 

have a resolution of only about 10 μm and their fragility increases as their size increases.  

In addition, the larger the substrate area for patterning, the more the stencil mask will 

bow, creating undesirable shadow effects.  Also, there is a risk of the mask scratching the 

thin-films on the substrate.  Other drawbacks of stencil masks include: not easy to align, 

contamination which needs regular cleaning, and the cleaning itself is tricky to carry out 

because of the fragility.  Ink-jet printing is another method of patterning OSC layers; 

unlike stencil masks, it is very cost effective for large area fabrication.  However, the 

resolution of ink-jet printing is similar to that of a stencil mask.  For example, Knobloch 

et al. [81] have demonstrated fully printed circuits with channel lengths of 20 μm.  This 

also requires the use of solution processable organic polymers, which usually have 

mobilities roughly one order of magnitude or lower than physical vapor deposited OSCs.  

Another OSC patterning method involves the use of a photoresist to open windows for 

direct OSC deposition on the active region.  It is referred to as the deep-gap or reentrant 

photoresist profile technique [110][111].  Although the semiconductor is isolated due to 

the film discontinuity at the edges of the photoresist, this process leaves the inactive 

semiconductor and photoresist everywhere else.  This may work for certain applications, 

but is not feasible for the use in O-CMOS and display circuitry.  O-CMOS requires the 

use of two different organic semiconductors, and the first OSC has to be patterned before 

the second one can be deposited.  In the case of display circuitry, the unpatterned OSC 

can obstruct the light emitting areas of the display, if the OSC is absorbing.  Researchers 

have endlessly been trying to find improved methods for patterning organic 

semiconductors – results often involve a few compromises such as easy processing, cost, 

performance etc.  With photolithography, a device’s feature size can be as small as its 

inorganic silicon counterpart, as in today’s microfabrication technology.  In fact, Collet et 

al. [47] and Zhang et al. [112] have fabricated organic transistors with active channel 

lengths, L as small as 30 nm with the use of e-beam lithography.  It is desirable to use 

small channel lengths for field-effect transistors in order to increase their operating speed 

and saturation current.  The operating speed of a transistor is proportional to L-2.  
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Perylenetetracarboxylic diimide derivatives have been used extensively as candidate 

materials for high mobility n-channel transistors.  To list a few, Hosoi et al [67] have 

shown mobility of 0.041 cm2/Vs using PTCDI-TFB (trifluoromethylbenzyl).  Narayanan 

et al. [45] have shown mobility of 0.017 cm2/Vs using PTCDI-C13.  Chesterfield et al. 

[64] have shown mobility of 0.1 cm2/Vs using PTCDI-C5.  Gundlach et al. [63] have 

shown mobility of 0.58 cm2/Vs using PTCDI-C13.  Wen et al. [57] have shown mobility 

of 0.69 cm2/Vs using PTCDI-C13.  Chesterfield et al. [109] have shown mobility of 1.7 

cm2/Vs using PTCDI-C8.  Tatemichi et al. [51] have shown mobility of 2.1 cm2/Vs using 

PTCDI-C13.  All the above devices have one important similarity, they were top-contact 

devices.   

Yoo et al. [113] have reported mobility of 0.14 cm2/Vs using N,N’-bis(n-octyl)-

dicynoperylene-3,4,9,10-bis(dicarboximide) or PDI-8CN2 and Malenfant et al. [114] have 

reported mobility of 0.6 cm2/Vs using PTCDI-C8 bottom contact devices.  Varieties of 

self-assembled monolayer treatments were also used to improve the performance of 

PTCDI transistors, especially at the interfaces between OSC-dielectric and OSC-SD 

electrodes surfaces. 

 
For a large-scale fabrication, however, photolithographic patterning is desirable since 

stencil mask patterning is not suitable for such fabrication.  Furthermore, a bottom-

contact configuration is more advantageous to use in conjunction with photolithography 

in order to obtain shorter channel length devices.  However, bottom contact devices 

typically have poorer performance compared to the top-contact devices due to increased 

contact resistance (OSC on metal versus metal on OSC) [5].  Nonetheless, thanks to its 

extensive use in silicon microchip fabrication, photolithography has become the industry 

standard for multilayer integrated circuits, which can offer another advantage for a 

foreseeable versatile organic circuitry.  Conventional photolithography techniques cannot 

be easily applied to OSCs because of the incompatibility of the OSC with the  
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 Device structure μsat (cm2/Vs) 
Hosoi et al. [67] Top contact/SM (stencil mask) 0.041 

Narayanan et al.[45] Top contact/SM 0.017 
Chesterfield et al. [64] Top contact/SM 0.1 
Gundlach et al. [63] Top contact/SM 0.58 

Wen et al. [57] Top contact/SM 0.69 
Chesterfield et al. [109] Top contact/SM 1.7 

Tatemichi et al. [51] Top contact/SM 2.1 
Yoo et al. [113] Bottom contact/SM 0.14 

Malenfant et al. [114] Bottom contact/SM 0.6 
Han et al. [79] Bottom contact/photolithography 2.2 x 10-3(air) 

Table 6.1  Summary of mobilities published by several groups using perylene or 

perylenetetracarboxylic diimide based transistors and the patterning methods. 

           

photoresist and solvents used in the process.  We have exposed pentacene to regular 

solvents used in photolithography and observed crack formation in the polycrystalline 

pentacene film.  The solvents can damage pentacene film and may also delaminate it 

[78].  One technique is to use a passivation layer on top of the OSC and use standard 

photoresist on top of the passivation layer.  For example, Han et al. [79] have utilized 

parylene-C as a passivation layer to photolithographically pattern PTCDI-C8 in the 

bottom contact configuration with mobility of 2.2 x 10-3 cm2/Vs.  PTCDI based OTFTs 

mobilities are summarized in Table 6.1.  Several researchers [49][77][78] also utilized 

parylene-C to pattern pentacene with mobility of 0.1 cm2/Vs, 6.1 x 10-3 cm2/Vs, and 0.08 

cm2/Vs respectively.  Another promising patterning method is to use a photo-sensitive 

passivation layer such as photo-sensitized PVA -- as demonstrated by 

photolithographically patterning of the PVA on top of pentacene [73][74][75][106].  This 

results in a very slight performance degradation [73][75].  Both the parylene and 

sensitized PVA may also provide protection from other compounds in subsequence 

fabrication processes making it possible to fabricate complementary devices.  While 

patterning using parylene-C and PVA have been demonstrated on organic materials 

(majority pentacene), to our knowledge this is the first manuscript utilizing PVA on n-

channel material as is necessary for O-CMOS.  
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In this study, we demonstrated the use of in-house sensitized PVA to pattern PTCDI-C13 

active channels.  We utilized the idea of exploiting PVA compatibility with pentacene to 

show that PTCDI-C13 transistors also have very encouraging performance merits and 

compatibility with PVA.  

6.2  DEVICE FABRICATION 

A heavily doped p++ Si coupon (~1 cm x 2 cm in size) acted as a common gate with a 

layer of 100 nm of thermally grown SiO2 used as the dielectric.  Arrays of bottom contact 

transistors were fabricated with W/L varying from 1500 μm/25 μm to 500 μm/250 μm on 

each coupon.  Each coupon was sonicated (ultrasonic clean) in methanol for 15 minutes 

and blown dry immediately with dry compressed air followed by oxygen plasma cleaning 

in a parallel plate reactive ion etcher at 250 W RF power, 200 mTorr, 20 sccm O2 for 1 

minute.  Gold (50 nm) was deposited on the sample using a stencil mask to define the 

source and drain contacts.  Although photolithography could have been employed, the 

use of stencil mask was used purely for its simplicity.  The focus here is to demonstrate 

photolithography of the OSC, as the gate, gate dielectric, source and drain can be 

patterned easily with conventionally well established photolithography techniques.  The 

rate of gold deposition was ~ 0.1 nm/s in a bell jar system with pressure never exceeding 

8 × 10-6 Torr.  Samples were then immersed in a 0.5 mMol solution of octadecyl-

phosphonic acid (ODPA) SAM in 2-propanol for about 45 hours.  We have investigated 

different alkyl chain lengths (C6 – C18, in steps of two carbon atoms) of phosphonic acid 

SAMs, and ODPA has provided the best performance for our PTCDI transistors.  After 

immersion, the coupon was blown with dry compressed air, annealed under rough 

vacuum for 10 minutes at 185oC, rinsed in clean 2-propanol and blown dry again.  The 

coupon then was placed in a bell jar for PTCDI-C13 deposition (Sigma Aldrich, part # 

383783 without further purification).  The sample was held at 100 oC during the 

deposition with a rate of ~0.05 to 0.08 nm/s for the first 10 nm, and ~0.08 to 0.12 nm/s 

for the next 42 nm with pressure never exceeding 6 × 10-6 Torr.  The sample was allowed 

to cool down below 40 oC before breaking the vacuum, and was briefly exposed to air 

before being transferred into a N2 filled glove box (H2O, O2 < 0.1 ppm), and left 
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overnight.  On the next day, the coupon was taken out of the glove box for PVA 

patterning.   

source & drain

PVA
PTCDI-C13

SiO2

source & drain

PVA
PTCDI-C13

source & drain

PVA
PTCDI-C13

SiO2

 

Figure 6.1  Micrograph and schematic of the PVA patterned PTCDI-C13 with channel 

length and width of 250 μm and 1500 μm respectively.  

PVA was mixed with deionized (DI) water by stirring well for about 1 hour while the 

mixture was heated to about 75 oC.  Three to four weight percentage of ammonium 

dichromate was added next into the mixture as a sensitizer.  The final product was a 

negative photoresist that could be developed easily using DI water.  The application 

procedures were as follows:   

a) Spin coated PVA photoresist at 1000 rpm for 30 s. 

b) Hot plate baked at 70  oC for 15 s.  

c) Exposed to UV for 2 min using contact mask aligner.  

d) Developed in DI water for 4 min, blown dry with compressed dry air. 

e) Final baked on hot plate at 65  oC for 5 min to evaporate the remaining water.  

The sample then went through reactive ion etching (20 W RF power, 150 mTorr, 20 sccm 

O2, 4 min) to define the PTCDI-C13 active channels and was immediately placed back in 

the glove box.  Figure 6.1 shows a photograph of a PVA patterned PTCDI-C13 device.  



 

113  

As a note, cross-linked PVA is hard to strip especially after the final baking, even with 

high power for a long period of time in RIE.  A thin layer of PVA residue always remains 

after etching.   

6.3  DEVICE CHARACTERIZATION 

Testing was performed in the glove box in ambient room light.  Two Keithly 236 source 

measure units were employed to characterize the electronic properties of the transistors.  

One controlled the gate source voltage Vgs and the other controlled the drain source 

voltage Vds.  Transfer characteristics were measured by first sweeping Vgs from -5 V to 

+50 V (off-to-on) then from +50 V to -5 V (on-to-off) while holding Vds constant at +50 

V (saturation).  The threshold voltage, Vt and saturation mobility, μsat were obtained from 

the ideal field-effect transistor saturation equation.  

 

 

 

         

 

Specifically, Vt and μsat were determined from the x-axis intercept of an extended straight 

line fit to the linear portion of the plot and its slope (of equation 6.2) respectively.  Figure 

6.2 shows the saturation transfer characteristics of the photolithographically patterned 

PTCDI-C13 devices.  From these we extracted the on-to-off current ratio, Ion/Ioff, 

subthreshold swing, S and Vt.  Immediately after the above saturation scan, a linear scan 

was performed by changing Vds to +1 V and linear mobility, μlin was obtained from 

equation 6.3.  

 

 

 

 

By determining the slope δId,lin/δVgs = WCoxμVds/L of the straight line of the plot at its 

point of highest slope [7].  Finally, an output characteristic measurement was performed 
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immediately after the linear transfer characteristic measurement by sweeping Vds while 

holding Vgs constant at several potentials.  
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Figure 6.2  Transfer characteristic plots with the log of the drain current on the left axis 

and the square root on the right axis for W/L = 6. 

 
 
6.4  RESULTS 

 

Figure 6.2 shows the transfer characteristic plots for a device with W/L of 1500 μm/250 

μm for Vds = +50 V (saturation).  Mobility, on-to-off current ratio, threshold voltage, and 

subthreshold swing are 0.7 cm2/Vs, 1.4 × 106, 27 V, and 3.1 V/decade respectively.  The 

highest mobility obtained from these devices is 1.65 cm2/Vs.  To our knowledge, this is 

the highest mobility for a bottom contact PTCDI based device to date; moreover, given 

that it is photolithographically patterned, it can definitely provide an appealing advantage 

for large-scale production.  In addition, it can be matched with PVA patterned pentacene 

[73][74] for O-CMOS realization.  Overall, the electronic performance of the tested 

PTCDI-C13 devices are comparable to the control ones that are patterned using stencil 
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mask (with typical values of 0.9 cm2/Vs, 1 × 106, 37 V,  2 V/decade for the mobility, on-

to-off current ratio, threshold voltage, and subthreshold swing respectively).   

 

Interestingly, more often than not, the non-ideal behavior of OTFTs is seldom discussed.  

The non-linearity at low Vds and non-constant drain current in saturation are examples of 

this non-ideality (refer to Figure 6.3).  The non-linearity is probably caused by contact 

resistance which can result in low values of mobility being extracted from measurement 

in the linear region with small Vds.  For this reason, linear mobility is rarely reported in 

the literature, probably due to its lower value compared to the saturation, since the 

contact resistance may suppress the true intrinsic linear mobility of a particular OSC.  

This contact imperfection is also referred to as a non-ohmic contact.  Using equation 6.3, 

the linear mobility is extracted to be 0.17 cm2/Vs in average (more than 30 transistors 

tested), which is about 4 times smaller than the saturation mobility which is also in close 

agreement with a report by Gundlach et al. [63].  This lower mobility is attributed to the 

contact resistance at low Vds, and the output curves of Figure 6.3 indicate that this is the 

case.  Indeed, during linear characterization, Vds = +1 V is used and non-linearity can be 

observed at roughly Vds < 3 V (see inset).  Malenfant et al. [114] reported a high linear 

mobility of 0.3 cm2/Vs for PTCDI-C8 OTFTs; however, with much higher applied Vds of 

20 V which in this case, may not be significantly limited by the contact resistance.   

 



 

116  

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

0 10 20 30 40 50 60

Drain to source voltage (V)

Vgs=30V
Vgs=40V

Dr
ai

n 
cu

rr
en

t (
μA

)

0.0

2.0

4.0

6.0

0 2 4 6

D
ra

in
 c

ur
re

nt
 (

μ
A

)

Drain to source voltage(V)

 
Figure 6.3  Output characteristic shows a non-ideal behavior at low Vds (inset), and in the 

saturation regime with the slight decrease of the currents.   

In the saturation regime (Figure 6.3), we observe that the current slowly decreases with 

increasing Vds instead of remaining constant, and it is more apparent at larger Vgs due to 

the square-law dependence of the current in the saturation regime.  The effect is a little 

less obvious at Vgs of 30 V compared to Vgs of 40 V.  Similar observation was reported 

[27][63] in which Gundlach et al. [63] also mentioned the dependence this had on the 

different source and drain electrode metals used.  Recently, the bias stress effect has been 

studied in the linear regime by observing the decay of the drain current as a function of 

time, where the current was modeled using a stretched exponential function of  I(t) = 

Ioexp[ –(t/τ)β] [115][116].  Figure 6.4 displays the drain current plotted over a period of 

600 s when the device is placed under bias stress with fixed Vgs = 30 V and Vds = 1 V.  

The shape profile of the plot is consistent with a decaying function as observed in several 

papers [27][115][116]; with the exception of Chua et al. [27], the decay is not as steep 

and the current does not approach zero during the experimental period.  From the current 

decay model, the data fits remarkably well with an extracted (using nonlinear regression) 

τ  of 500 s and β of 0.34.  The decay in the drain current is due to the filling of the trap 

states with charges at the OSC-dielectric interface in turn shifting the threshold voltage to 
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a more positive value [27][63].  No comprehensive Vt recovery time has been studied.  

However, after 600 s of bias followed by a few minutes of no bias on the devices, Vt 

decreases to less positive value (Id increases) slightly on all samples tested.  This appears 

to be consistent with the reversible Vt shift and hysteresis explained in [27][63][65]. 

Here, we have demonstrated that PVA resist is not only compatible with pentacene but 

also PTCDI-C13 based transistors and perhaps with any other PTCDI based devices as 

well, since its use is extensive for n-channel OTFTs.  The PVA resist application can also 

be extended to the integration of more complex structures involving organic light 

emitting diodes, liquid crystal displays, and organic photovoltaics, for example. 
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Figure 6.4  Under bias stress, the current decays as a function of time, as is commonly 

seen in PTCDI-C13 transistors, and the majority of OTFTs as well. 

 

6.5  CONCLUSION 
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We have shown that patterning PTCDI-C13 is possible using sensitized PVA.  With these 

results, a possible match with pentacene OTFTs as a candidate for a large-scale 

fabrication of O-CMOS is feasible since both PTCDI-C13 and pentacene can be patterned 

using sensitized PVA; hence, no process compatibility issues arise.  The outlined PVA 

procedures also use a relatively low temperature of 70 oC as compared to conventional 

photoresist used to patterned sacrificial layers such as parylene-C.  This is another clear 

benefit, considering that the fragileness of OSC to heat that may lead to poor 

performance OTFTs.  It should also be mentioned that ammonium dichromate and PVA 

mixture would not attack metal electrode, metal-oxide or polymer dielectric.  The 

advantage of this technique as opposed to the parylene-C sacrificial layer is that, for 

parylene-C, an extra step of photoresist process is needed and this together with parylene-

C deposition takes a much longer time to accomplish compared to the use of PVA resist.  

In addition, if the photoresist needs to be removed for the next process, solvent stripping 

of the photoresist will expose the edges of the active channel and degrade the OTFT’s 

performance [75][78].  

 
From the characterization of these devices, we have, for the first time demonstrated that 

photolithographically patterned n-channel transistors utilizing PVA exhibit excellent 

performance compared with the same class of stencil masked transistors.  Evidently, 

some common non-ideal behavior associated with OTFTs is also observed with these 

devices.  Perhaps the required improvements can be made by using source and drain 

electrodes treatment and/or other dielectric treatment.  
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CHAPTER 7 STABILITY OF N-CHANNEL OTFTS USING 
OXIDE, SAM MODIFIED OXIDE AND POLYMERIC GATE 

DIELECTRIC 
 

This chapter discusses the work by A.G. Ismail and I.G. Hill that has been accepted for 

publication in Organic Electronics.  In this work, the performance and stability of n-

channel organic thin-film transistors based on N,N′-ditridecyl-3,4,9,10-

perylenedicarboximide (PTCDI-C13) using oxide, self-assembled monolayer-modified 

oxide and polymeric (Cytop and parylene-C) gate dielectrics have been investigated.  The 

results are explained in the context of suitability for use in organic electronic circuits, 

including low-power O-CMOS.  Devices using bare SiO2 and n-alkyl phosphonic acid-

modified SiO2 are found to be unsuitable for such applications, primarily due to a high 

density of deep electron traps and the consequential large threshold voltage shifts and 

instabilities.  Both the Cytop and parylene devices have vastly improved properties and 

stability.  Parylene is favored due to its compatibility with solvent-based 

photolithographic deposition and patterning. 

7.1  INTRODUCTION 

Advancement in organic thin-film transistors has a great potential for use in low-cost, 

large-area electronics due to OTFTs compatibility with flexible substrates and 

inexpensive continuous reel-to-reel manufacturing technologies.  The compatibility is 

well suited for applications such as disposable items including “smart” merchandise 

packaging, smart cards, and electronics integrated into cloth [117].  Any such device 

must, by necessity, utilize very low power due to the provisions of long shelf life and 

small light weight power sources.  A complementary logic architecture of organic 

complementary metal-oxide-semiconductor (O-CMOS) is considered necessary for such 

applications. 

 

Complementary circuits require enhancement mode p-channel and n-channel transistors 

with matched characteristics (i.e. carrier mobilities) and near-zero threshold voltages and 

steep subthreshold swings to minimize the voltage swing necessary for best operation.  P-

channel pentacene OTFTs have been demonstrated with performance comparable to 
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amorphous silicon TFTs, and are acceptable for many applications, including pixel drive 

transistors in active-matrix liquid crystal and OLED displays [73][118].  Pentacene 

devices typically exhibit saturation hole mobilities around 1 cm2/Vs.  Still, with 

appropriate dielectric buffer layers, mobilities can approach 5 cm2/Vs [12] with slightly 

negative threshold voltages and steep subthreshold swings of a few 100 mV/decade [22]. 

 

The electronic performance of n-channel OTFTs have been more problematic; 

nonetheless, many promising results have been reported using perylenetetracarboxylic 

diimide (PTCDI) based transistors.  For instance, electron mobilities in the range of 0.2-

0.6 cm2/Vs are commonly reported for N,N′-dioctyl-3,4,9,10-perylenedicarboximide 

(PTCDI-C8) and N,N′-ditridecyl-3,4,9,10-perylenedicarboximide (PTCDI-C13) 

[63][114][119] and infrequently reported to be larger than 1 cm2/Vs [109].  These 

devices, with the exception of recent reports [119], have been plagued by large, positive 

threshold voltages on the order of several tens of volts and poor subthreshold swings on 

the order of several volts/decade, both of which in some way depend on the dielectric 

capacitance and trap densities.  For practical O-CMOS circuits, these deficient 

characteristics would cause the complementary architecture to be unfeasible. 

  

Gundlach et al. [63] discussed the large threshold voltage and threshold voltage 

hysteresis of PTCDI devices.  They referred to the relatively small threshold voltage 

hysteresis of only a few volts that occurred between successive off-on and on-off sweeps 

as the reversible threshold voltage shift (TVS).  A very large, irreversible (on the 

timescale of the measurement) threshold voltage shift of several tens of volts occurred 

when the devices were first swept in the on state (positive Vgs).  Large threshold voltage 

hysteresis is most likely attributed to a large density of deep electron traps at the 

semiconductor-dielectric interface and/or in the bulk channel that are populated when the 

device is initially swept.  As to be further discussed, great care must be exercised when 

calculating carrier mobilities from such initial sweeps, as the threshold voltage continues 

to shift to more positive values throughout the duration of the measurement, and this 

could lead to significant errors in the extracted mobility. 
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Recently, Walser et al. [119] have reported PTCDI-C13 devices fabricated using a Cytop 

(CTL-809M fluoropolymer) single-layer dielectric with negligible threshold voltage shift 

(including the initial, irreversible component), near-zero slightly positive threshold 

voltages, and excellent subthreshold swings.  These devices exhibit excellent 

subthreshold swings of 0.6 V/decade and relatively small threshold voltages of 7 V, even 

with a lower capacitance, hybrid SiO2 (260nm)/Cytop (7-9 nm) dielectric [120].  We 

note, however, that the low dielectric constant, εr of 2.1 and dielectric breakdown field of 

900 kV/cm (reported by the manufacturer) [121] of Cytop can be disadvantageous 

properties for a transistor gate dielectric.  There are, however, reports of significantly 

higher breakdown field in the literature [119].  Additionally, the strong non-wetting 

nature of the fluoropolymer surface makes subsequent processing, such as solution 

deposition of organic semiconductor materials or patterning photoresists difficult. 

 

For further investigation in finding more suitable, stable and hysteresis-free dielectrics, 

we have performed a systematic study of PTCDI-C13 transistors fabricated using several 

dielectrics:  bare SiO2, alkyl-phosphonic acid self-assembled monolayer (SAM) 

terminated SiO2, Cytop, and poly(chloro-p-xylylene) (commercially named parylene-C), 

which has a dielectric strength three times that of Cytop and a dielectric constant of 3.1. 

7.2  EXPERIMENTAL 

OTFTs with PTCDI-C13 active channels were fabricated on heavily doped (p++) Si 

coupons with 100 nm thermally grown SiO2.  The silicon served as a common gate 

electrode for all transistors with the thermal oxide along with various overlayers of 

SAMs, Cytop, and parylene as the gate dielectric.  The coupons were sonicated in 

methanol for 10 min, immediately blown dry with dry compressed air, followed by 

oxygen plasma cleaning in a parallel plate reactive ion etcher at 250 W RF power, 200 

mTorr, 20 sccm O2 for 1 minute.  After removal from the plasma cleaning, each coupon 

underwent further processing, depending on the dielectric to be studied. 

 

For phosphonic acid SAMs, the coupons were immediately immersed in 0.5 mMol 

solutions of n-alkyl phosphonic acids (Strem Chemical) in 2-propanol, where the alkyl 
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chain length was one of C6-C18, in steps of two carbon atoms.  After immersion for 24 

hours, the coupons were removed from their respective solutions, annealed under rough 

vacuum at 145 °C for 10 minutes, rinsed in clean 2-propanol and immediately blown dry 

with compressed air. 

 

Readily available 9% concentration of Cytop (CTL-809M) was thinned down further in 

perfluorinated solvent (CT-solv 180) with a ratio of about 3:14 and spin coated at 500 

rpm for 30 s followed by curing process recommended by the supplier [121] (100 oC for 

90 s on a hotplate followed by 200 oC for 60 min in an oven).  This resulted in a Cytop 

film 110 nm thick on top of the 100 nm SiO2 film.  Metal-insulator-metal (MIM, 

fabricated separately from the OTFTs) capacitors with Si/polymer/Ag sandwich of 0.5, 1 

and 2 mm diameters were fabricated by deposition of metal electrodes through a stencil 

mask.  The specific capacitance was determined at frequencies from 100 Hz -100kHz, 

and was found to be 11 nF/cm2, independent of frequency within experimental 

uncertainty.  This corresponds to a dielectric constant of 2.1 for Cytop, in close 

agreement with the values given by the manufacturer [121]. 

 

Parylene dielectrics were prepared in a Specialty Coating Systems Labcoater 2 parylene 

deposition system.  Film thickness was determined by the weight of poly(chloro-p-

xylylene) dimer used, and measured post-deposition using a Dektak 8 stylus Profilometer 

with a resulting film thickness of 101 nm.  The specific capacitance was determined as 

above, and was found to be 15 nF/cm2, independent of frequency.  This corresponds to a 

dielectric constant of 3.1 for parylene-C, in close agreement with accepted values. 

 

Following the dielectric preparation, the samples were transferred to a vacuum deposition 

system with a base pressure of 1 × 10-6 Torr (pressure during deposition never exceeded 8 

× 10-6 Torr).  A 50 nm of PTCDI-C13 (Sigma Aldrich part # 383783) was deposited 

without further purification through a stencil mask at a rate of 0.05 - 0.1 nm/s onto the 

coupons held at 90 °C.  The samples were allowed to cool to below 40 °C before vacuum 

was broken (briefly exposing the samples to ambient air), and a source-drain stencil mask 

was used and aligned with the active semiconductor.  Aluminum source-drain contacts 
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were deposited at 0.1 nm/s to a thickness of 50 to 60 nm with the samples nominally held 

at room temperature.  The design of each coupon consisted of an array of 24 transistors 

with channel lengths ranging from 25 μm to 250 μm and widths between 0.5 mm and 1.5 

mm.  After metal deposition, the samples were again exposed to air for a few minutes 

before transferring to a N2 glove box (H2O, O2 < 0.1 ppm) for device characterization.  

All testing, unless otherwise noted, was performed in a N2 environment. 

 

Electronic characteristics of the PTCDI-C13 OTFTs were measured using two Keithley 

236 source-measure units; one to control the source-drain voltage and measure the drain 

current, and one to control the source-gate voltage and measure the gate current.  The 

saturation and linear transfer curves were measured by applying +50 V and +1 V 

respectively to the drain and sweeping the gate voltage from -5V to +50V (off-to-on) and 

back (on-to-off) scans.  In all cases, an initial off-to-on scan was performed prior to an 

on-to-off scan to determine threshold voltage shifts and hysteresis due to electron 

trapping.  The sweep rate was determined by the integration time of the Keithley 236 

SMUs, which was dynamically adjusted depending on the magnitude of the current being 

measured.  For most of the sweep, an effective rate of 2V/s was used, although it was as 

low as 0.5V/s in the transistors "off" region, where the currents were very small.  Device 

parameters as a function of sweep rate were not studied.  The saturation and linear 

threshold voltages and electron mobilities were extracted from the transfer curves.  

Specifically, the threshold voltage was obtained from the linear portion of x-axis 

intercept and saturation mobility was obtained from the slope of equation 7.2; while, the 

linear mobility was extracted from the slope of equation 7.3, assuming the normally used 

ideal FET equations to hold. 

         

         (7.1) 

         

         (7.2) 
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In order to investigate device stability the above off-on-off cycle was repeated 99 times, 

and device performance was extracted as functions of number of cycles.  A complete set 

of measurements corresponds to a total sweep stressing time of approximately two and a 

half hours. 

7.3  RESULTS 

7.3.1  SiO2 Control 

A representative first cycle of a control PTCDI-C13 transistor on bare SiO2 is shown in 

Figure 7.1a, with the noticeably large degree of hysteresis between the off-on and on-off 

scans.  Such large shifts are not uncommon in PTCDI/SiO2 devices, and have been 

reported previously [63].  Gundlach et al. refer to these large initial shifts as the 

irreversible threshold voltage shift, as the threshold voltage does not recover to its initial 

value on the timescale of the experiment.  Indeed, they note that while some devices  

seem to recover after several days, others never return to the initial threshold voltage seen 

in the first off-on scan.  Here, we have made the same experimental observation.  We will 

refer to this effect simply as the threshold voltage shift.  A much smaller shift seen 

between subsequent off-on and on-off sweeps, that recovers on the timescale of one 

cycle, will be referred to as the threshold voltage hysteresis. 

 

When extracting parameters from a device transfer curve, it is important to be aware of 

these initial, large threshold voltage shifts.  For instance, referring to equation 7.2, the 

saturation mobility is typically extracted from the slope of the square root of the drain 

current plotted against the gate-source voltage, Vgs.  In such analysis, it is implicitly 

assumed that the threshold voltage, Vt is a constant.  In the case of the devices described 

here, however, Vt is not constant; furthermore, it is not simply dependent on the value of 

Vgs but also on the past history of Vgs.  When considering the first sweep performed from  
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Figure 7.1  PTCDI-C13/SiO2, (a) first off-on-off sweep indicating the large initial, 

irreversible threshold voltage shift, (b) off-on sweeps from repeated cycling tests (cycle 

numbers indicated). 

 

the off to the on state, the threshold voltage is shifting to more positive voltages during 

the measurement.  As a result, the drain current increases more slowly that it would if Vt 

were constant, and the electron mobility extracted (assuming constant Vt) greatly 

underestimates the true mobility.  For the plot shown in Figure 7.1a, the true electron 

mobility is approximately 0.23 cm2/Vs, while the mobility extracted from the initial off-

on sweep, assuming constant Vt, is only 0.05 cm2/Vs.  The converse is also true.  If the 

initial sweep had been chosen to be from the on-to-off state instead, the threshold voltage 

would still have shifted to more positive values as the sweep progressed, and the current 

would have decreased more sharply than it would if Vt were constant, thereby resulting in 

an overestimate of the electron mobility.  By using initial sweeps from on to off (not 



 

126  

shown) we have extracted erroneous electron mobilities as high as 2 cm2/Vs.  Evidently, 

great care must be taken when analyzing data from devices exhibiting such large 

threshold voltage shifts. 

 

 

 
Figure 7.2  Evolution of parameters extracted from repeated cycling of PTCDI-C13/SiO2 
devices. 
 
 
By repeated cycling of these devices between the off-on-and off states, we have studied 

the evolution of the threshold voltage and mobility as a function of cycle number.  A 

selection of saturation transfer curves from one such experiment is illustrated in Figure 

7.1b.  We note that both the threshold voltage shift and hysteresis appear to 

asymptotically approach steady-state values.  The overall threshold voltage shift is 

approximately 35V and the steady-state threshold voltage hysteresis is approximately 
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1.5V.  The mobility appears to approach a steady-state value of 0.23 cm2/Vs for the off-

on sweep, and 0.26 cm2/Vs for the on-off sweep.  A summary depiction of the evolution 

of device parameters with cycle number is shown in Figure 7.2. 

 

7.3.2  Alkyl Phosphonic Acid SAMs 

In this study, devices were fabricated using alkyl phosphonic acid modified SiO2 

dielectrics with carbon chain lengths of 6 to18 atoms in steps of two.  In our previous 

study, it was shown that pentacene devices had superior performance when chain lengths 

of 8 and 10 carbon atoms were used [99].  In the case of PTCDI-C13 devices, however, 

the performance was found to improve monotonically with increasing carbon chain 

length.  Hence, the studies that follow will therefore focus on PTCDI-C13 films deposited 

on octadecyl phosphonic acid (C18) modified SiO2.  

 

The first cycle (off-on-off) of a device fabricated using octadecyl phosphonic acid is 

presented in Figure 7.3a.  The appearance of the hysteresis loop is similar to that of the 

SiO2 control devices with two main differences.  First, the threshold voltage shift, while 

still large, appears to be significantly smaller than that of the control devices.  Second, 

there appears to be an inflection point in the on-off sweep, well below threshold, at a Vgs 

of approximately 12 - 14 V.  A similar feature was noted by Gundlach et al. in the second 
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Figure 7.3  PTCDI-C13/octadecyl phosphonic acid/SiO2 devices, (a) initial off-on-off 

cycle, (b) repeated cycling  (cycle numbers indicated). 

 

sweep of similar devices fabricated on untreated SiO2, and it was attributed to a discrete 

trap level [63].  While we have found evidence of such a state on some untreated SiO2 

devices, we have found much more pronounced and consistent evidence of a significant 

density of discrete trap states induced by the presence of the alkyl-PA monolayer at all 

chain lengths.  When the devices are cycled, as shown in Figure 7.3b, the threshold 

voltage continues to shift to more positive values, approaching a steady state value.  The 

evolution of device parameters as a function of scan number is presented in Figure 7.4.  

Note the erroneously high electron mobility of almost 0.9 cm2/Vs extracted from the first 

on-off sweep caused by the positive shift of the threshold voltage during the sweep, as 

discussed above.  This is quite alarming for devices that utilize octadecyl phosphonic acid 

with the mobilities extracted during off-on sweep without reaching a steady state. 
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Figure 7.4  Parameters extracted from repeated cycling of PTCDI-C13/octadecyl 

phosphonic acid/SiO2 devices.  Note the large discrepancy between the mobilities 

extracted from off-on and on-off sweeps of the first cycle. 

 

7.3.3  Cytop 

Figure 7.5a shows the first off-on-off cycle of the saturation transfer curve for a typical 

PTCDI-C13 device using a Cytop dielectric.  We note that virtually no threshold voltage 

shift between the initial off-on and on-off scans is evident, similar to results previously 

reported in literature [119][120].  In addition, the discrete trap state observed in the alkyl-

PA devices that resulted in the inflection point below threshold is completely absent in 

the Cytop devices, clearly indicating that the origin of the discrete trap is related to the 

dielectric or the semiconductor-dielectric interface, and not to the bulk semiconductor 

material.  Off-on scans for a selection of cycle numbers are presented in Figure 7.5b, with 
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an inset on an expanded x-scale to illustrate the small degree of threshold voltage shift 

observed.  The evolution of device parameters is presented in Figure 7.6.  We observe an 

initial threshold voltage shift of -0.1 V during the first sweep, after which the threshold 

voltage begins to increase slowly with increasing cycle number.  A small hysteresis of -

50 mV is observed between initial off-on and on-off sweeps, and is almost completely 

absent in later cycles.  Note also a slight but consistent decrease in the electron mobility 

over cycle numbers. 

 

Figure 7.5  PTCDI-C13/Cytop devices, (a) initial off-on-off cycle, (b) repeated cycling  

(cycle   numbers indicated).  Insets are included so that the small hysteresis (a) and 

threshold shift (b) are visible. 
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Figure 7.6  Evolution of parameters extracted from repeated cycles of PTCDI-C13/Cytop 

devices.   

7.3.4  Parylene-C 

The initial off-on-off cycle and a subset of the repeated sweep cycle data for PTCDI-C13 

devices fabricated with a parylene dielectric are presented in Figure 7.7a and Figure 7.7b 

respectively.  As in the case of Cytop dielectric, we observe almost no visible hysteresis 

between off-on and off-on sweeps.  Upon closer inspection (inset of Figure 7.7a), we find 

a hysteresis of 50 mV between off-on and on-off sweep, identical to that of the Cytop 

devices.  In contrast to all other devices reported here, the threshold voltage tends to shift 

to more negative values with repeated cycling, as can be seen in Figure 7.7b and Figure 

7.8.  After 99th cycles, the threshold voltage has shifted by about -1 V, significantly larger 

than the hysteresis observed for Cytop devices, but much smaller than the hysteresis 

observed for SiO2 or alkyl-phosphonic acid devices.  Furthermore, we find that the shift 
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has a much longer time constant, as is evident in the continuation of shifting throughout 

the entire 99-cycled scans.  We also find that the measured mobility tends to increase 

slightly with increased cycling, in contrast with Cytop devices.  Note the apparent 

inconsistency between the voltage hysteresis of 50 mV from Figure 7.7a, and the almost 

0.4 V threshold voltage hysteresis shown in Figure 7.8.  The mobility measured from the 

on-off sweep is consistently lower than that of the off-on sweep.  Thus, the slope of the 

dI  plot (that is used to extract both the mobility and Vt) will be lower for the on-off 

sweep compared to the off-on sweep.  The horizontal distance (voltage) between points 

of equal current therefore decreases as the common point reaches Vgs = 50V.  

 

Figure 7.7  PTCDI-C13/parylene-c devices, (a) initial off-on-off cycle, (b) repeated 

cycling  (cycle   numbers indicated).  Insets are included so that the small hysteresis (a) 

and threshold shift (b) are visible. 



 

133  

    

Figure 7.8  Evolution of parameters extracted from repeated cycles of PTCDI-

C13/parylene-c devices. 

7.4  DISCUSSION 

The large value of irreversible threshold voltage instability, hysteresis, and high operating 

voltages of PTCDI-C13 devices fabricated on SiO2 dielectrics and alkyl-phosphonic acid 

treated SiO2 render these OTFTs unsuitable for the use in electronic devices, as well as 

O-CMOS circuits.  These undesirable characteristics can be associated with a large 

density of electron trapping sites at the semiconductor-dielectric interface, and in most 

likelihood is due to the hydroxyl (OH) groups present on the SiO2 surface [27].  While 

the phosphonic acid monolayer does reduce a large number of these OH groups; they are 

unfortunately not fully eliminated.  Therefore, we observe improved transistor 
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characteristics when the monolayers are introduced, including smaller irreversible 

threshold voltage shifts, lower threshold voltages and less hysteresis between sweeps; 

however, the influence of the remaining traps is still too large for a feasible organic 

electronic technology.  Again, we stress the carefulness that must be taken when 

extracting mobilities from the transfer curves of such devices during the first few sweeps, 

while the threshold voltage is continually shifting to larger positive voltage.  If mobility 

is extracted from the initial off-on sweeps, the result will be lower than the true value, 

and if extracted from the initial on-off sweep (especially if this is the first sweep of a 

fresh device), the reported mobility can be nearly an order of magnitude larger than the 

true value.  Surprisingly, we note almost no difference between the mobility measured 

from the steady-state sweeps on devices with large densities of electron trapping states, 

and those measured on Cytop and parylene devices, which appear to have much lower 

trap densities.  This would indicate that the dominant trap states associated with the 

semiconductor-dielectric interface are energetically deep, with detrapping times that are 

longer than the duration of the experiment.  We would expect the elimination of shallow 

traps (such as those described in a multiple trap and release model – explained in Section 

2.1.3) to increase the macroscopically observed electron mobility, while populating deep, 

long-lived traps will result in electrostatic shifting of the threshold voltage, as observed 

here.  It is most probable that a continuum of electron trap states exists below the 

conduction band edge, with a corresponding distribution of detrapping times, as 

evidenced by the very long-lived irreversible threshold voltage shift, and the smaller off-

on-off hysteresis seen between subsequent sweeps.  We cannot rule out the existence of 

shallow electron traps in the bulk of the PTCDI-C13 film, or traps at the semiconductor-

dielectric interface that are insensitive to the choice of dielectrics we have presented here 

(although this seems unlikely, since their physical and chemical properties are very 

dissimilar).  The results clearly indicate, however, that the electron traps that are 

attributed to hydroxyl groups that occur naturally on the SiO2 surface are energetically 

very deep, as their elimination does not strongly influence the macroscopically observed 

electron mobility. 
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In contrast, both Cytop and parylene are suitable dielectrics for PTCDI-C13.  Both 

provide the devices with very stable, positive, near-zero threshold voltages, and 

vanishingly small off-on-off hysteresis.  These excellent device properties indicate that 

the deep electron trapping states, present on SiO2 and SAM-treated SiO2 are largely 

absent on these dielectrics, consistent with the absence of hydroxyl groups.  The 

advantages and disadvantages of each material are also noted.  Many of the device 

metrics for Cytop-based devices are superior to those fabricated using parylene.  

Hysteresis and threshold voltage shifts are smaller, stability appears to be better, and 

drain currents at Vgs = 0 are one to two orders of magnitude smaller than parylene 

devices.  However, due to the high hydrophobicity nature of Cytop, subsequent solution 

processing (e.g. photolithography) would be a challenge.  On the other hand, parylene has 

a higher relative permittivity, and easily forms uniform, conformal pinhole-free coatings.  

It also has a dielectric breakdown strength three times that of Cytop, all desirable 

qualities for a gate dielectric.   

 

It should be remarked that although we have chosen to use thick, bilayer dielectrics for 

ease of fabrication and to ensure high yields, extremely thin-films of both Cytop and 

parylene could be formed.  Walser et al. [119] have demonstrated that thin Cytop films of 

less than 20 nm thick can be successfully used as gate dielectrics.  Increases in specific 

dielectric capacitance in the order of 10 times can therefore be realized.  By increasing 

the specific capacitance of the gate dielectric, many of the stability metrics, including 

threshold voltage shift and hysteresis, as well as the operating voltages, will possibly 

decrease by the same factor. 

 

7.5  CONCLUSION 

 

N-channel PTCDI-C13 OTFTs fabricated using Cytop and parylene-C have outstanding 

device performance and stability.  Both exhibit high and stable electron mobilities, very 

small threshold voltage shifts, and hysteresis under repetitive cycling.  Additionally, due 

to their high resistance against harsh chemicals, both Cytop and parylene are also good 

candidates for gate dielectric and/or as organic semiconductor encapsulation layers.  
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Solvent in Cytop solution may attack OSCs; hence, the encapsulation using Cytop should 

only be utilized if a thicker (second) layer of encapsulation is needed.  While the 

performance of Cytop devices is slightly better than those fabricated using parylene, 

parylene possesses better dielectric properties, is inexpensive, and can more easily form 

uniform, pinhole-free films.  In addition, parylene is easily wet by organic solvents, such 

as those used in solution processable organic semiconductor materials and those used in 

photoresists, making it an attractive, cost effective, gate dielectric material for organic 

thin-film transistors. 

 

In contrast, both phosphonic acid SAM-modified SiO2 and bare SiO2 gate dielectrics 

have been shown to be undesirable for use in n-channel PTCDI-C13 OTFTs especially in 

the realization of O-CMOS.  The existence of large densities of electron trapping states 

result in large positive threshold voltage shifts, on-off-on hysteresis, and threshold 

voltage instability with repeated cycling in these devices. 
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CHAPTER 8 PROGRESS TOWARDS O-CMOS 

In realizing the complete photolithographic patterning of O-CMOS, numerous 

experimental steps were performed in order to perfecting the procedures.  The procedures 

should work adequately and be compatible to the subsequent experiments in reaching the 

goal(s).  The purpose of some experiments was to troubleshoot problems encountered and 

take necessary precautions before repeating the experiments.  Having said that, to achieve 

the realization of complete photolithography O-CMOS, countless experiments have been 

performed throughout this research, and only the relevant ones are included in this 

chapter.  Discussion and/or conclusion is incorporated as necessary after each 

experiment.  Some experiments might not be utilized in reaching the objective; 

nonetheless, they were important for developing the knowledge and understanding to 

improve transistors’ performance.  Select experimental procedures are documented for 

reference in Appendix A.  In the following, the term “RIE” is also referred to “oxygen 

plasma etch” (OPE) depending on the context.   

 

Not all the facilities were located inside the cleanroom.  During device fabrications, 

careful consideration was taken to minimize the exposure of the samples outside of the 

cleanroom.  Nevertheless, since this was inevitable, some contaminations were always 

present on the samples for this reason.  The following sections are organized to fit the 

flow of particular experiments.  They are sometimes not necessarily chronologically 

ordered. 

8.1  SUBSTRATE CLEANING 

Substrate cleanliness is an essential part of the microfabrication process.  In silicon 

fabrication, any substrate that is idle and waiting for the next process step for more than 

24 hours will be cleaned before the fabrication continues.  During device fabrication, the 

cleanliness of the substrate is paramount to the performance and yield.  In this study, 

discrete transistors were made on Si/SiO2 coupon substrates about 1 × 2 cm2 in size.  The 

standard cleaning procedures for these coupons were:  sonication in methanol for 10 to 15 

min, blow dry with compressed air, and reactive ion clean (250 W RF, pressure 200 

mTorr, 20 sccm O2  flow, for 60 s).  New right-out-of-the-box 10 cm Si/SiO2 wafers did 
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not require cleaning, but for all the preceding steps, cleaning was recommended.  The 

cleaning steps for Si wafers were as follows: acetone rinse, isopropanol rinse, methanol 

rinse, DI water rinse, and blow dry with compressed air.  Depending what is on the wafer, 

these cleaning steps would be omitted.  If photoresist or unpassivated OSC is on the 

wafer, only DI water and blow dry were performed.  The photolithography processes left 

residual solvents and contamination on the sample, and this is especially true when 

patterning the polymer dielectric.  For this reason, the sample was baked in an oven at 

about 105 oC under vacuum for at least 5 hours to evaporate off unwanted solvents from 

the sample.  Fujisaki et al. [122] mentioned that the photolithography process creates 

defects and contamination on the polymer dielectric surface, and annealing of their 

samples at 110 – 120 oC was used to overcome this.    

 

8.2 THIN-FILM THICKNESS AND CAPACITANCE MEASUREMENTS 

It is important to know the thickness of films as they affect the geometry of the OTFTs 

and to ensure good step coverage of metal lines at the edges (see Figure 8.12a).  

Dielectric capacitance could also be estimated from the thickness.  The purpose of the 

experiment was to determine the control parameters and their ranges of values that 

resulted in the desired thickness. 

8.2.1  Thickness Measurement 

PVA-R thickness:  Spin coating speed versus thickness.  Thickness was obtained from a 

Dektak 8 stylus Profilometer (Veeco Instruments) for each spin speed (Figure 8.1). 

 

Parylene thickness:  Thickness of a deposited parylene film is determined by the weight 

of the dimer loaded and the surface area in the deposition chamber.  The area of the 

sample to be coated was usually much smaller than the deposition chamber interior area, 

and so the dimer mass was then considered to be the determining factor.  For our system, 

for each milligram of dimer, a nanometer of parylene film forms.  The relationship is 

almost linear with increasing mass.  The parylene thickness was confirmed by DekTek 

measurement after deposition. 
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Figure 8.1  PVA-R thickness versus spin speed. 

  

PVP thickness:  PVP 10% by weight was mixed with cross-linking agent poly(melamine-

co-formaldehyde) 5% in a solvent of propylene glycol monomethyl ether acetate 

(PGMEA).  The solution was stirred for about 20 min, and spin coated at 3000 rpm for 60 

s.  The DekTek measurement for this polymer was 312 nm.  The mixing process is 

slightly undesirable because it was not easy to control the ratio of the solution precisely 

and even 1% change in the weight ratio of the cross-linking agent could impact OTFTs 

performance [42].  For this reason, no further experiment was conducted utilizing PVP; 

and furthermore, Cytop and parylene are much easier to process and have more desirable 

gate dielectric properties.  

 

Cytop thickness:  Cytop was mixed with CT- solve 180 with a ratio of 3:14.  The spin 

speed versus thickness data is shown below, where the thickness was obtained from 

ellipsometry for each spin speed (Figure 8.2). 
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Figure 8.2  Cytop thickness versus spin speed. 

8.2.2  Etch Rate 

When using RIE, information on the etching rates is useful to avoid over-etching and 

unwanted exposure of the layers beneath.  Only a rough estimation is usually needed and 

sometimes visual inspection can be of help to determine whether the desired film had 

been completely etched.  The following are approximations of etch rates of a few OSCs 

and polymers.  For pentacene and PTCDI, the experimental etch rate is 0.8 nm/s with RIE 

recipe of 20 W RF, 150 mTorr, 20 sccm O2.  For parylene and photoresists, the etch rates 

are 5 nm/s and 5.3 nm/s respectively with RIE recipe of 100 W RF, 150 mTorr, 20 sccm 

O2.  

8.2.3  Capacitance Measurement 

Due to their strong resistance to chemicals and excellent film quality, we have a very 

high expectation in using parylene and/or Cytop as the dielectric and OSC passivation 

layer.  For use as a dielectric, the capacitance of the film had to be determined to verify 

the capacitance from known thickness or vice versa (thickness from the measured 

capacitance).  Si/polymer/Ag capacitors were fabricated and tested.  Parylene capacitors 

had a specific capacitance of 2.72 ×10-8 F/cm2 with a thickness of 101 nm, and Cytop 

capacitance was 1.70 ×10-8 F/cm2 with a thickness of 110 nm using HP LCR 4274A at a 

test frequency of 1 KHz.  With these results, we verified that, the spin coating speed of 
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Cytop and the weight of parylene dimer indeed give the corresponding thicknesses from 

the experimental Section 8.2.1.  

 

8.3 PVA-R PATTERNING OF SINGLE OSC 

The OSCs of choice were pentacene for the p-channel and PTCDI-C13 for the n-channel 

devices, given that their mobilities are high (although with PTCDI-C13 sensitivity to air, 

testing was performed in a glovebox).  Before a complete O-CMOS could be fabricated, 

discrete p-FETs and n-FETs  devices had to be tested for the feasibility of patterning 

them using PVA-R.  

8.3.1  Pentacene Patterning 

A part of the experimental plan was to coat O-CMOS dielectric with n-alkyl phosphonic 

acid SAM.  The SAM would be mixed with isopropanol and the sample then immersed in 

the solution for about 24 hours or more.  Once the pentacene had been patterned with 

PVA-R, the n-FET side dielectric would need to go into the mixed isopropanol for the 

SAM treatment exposing the p-FET.  PVA-R was investigated if it was able to protect the 

pentacene from the SAM coating process (see Appendix A for the procedures).  

Pentacene p-FETs were first fabricated on Si/SiO2 coupons with gold source and drain 

bottom contacts deposited using a stencil mask.  PVA-R was then patterned to define the 

pentacene layer.  The main purpose for this experiment originally was to investigate if 

PVA-R patterned on top of the pentacene protects the pentacene from isopropanol (IPA) 

during the second SAM deposition.   

 

Testing was performed before and after pentacene patterning, and after 24 hours 

immersion in the isopropanol (mimicking the SAM coating process), which was baked in 

a vacuum oven at 145 oC for 10 min, rinsed in clean IPA, and blown dry.  Figure 8.3 

shows mobilities of four devices with varying width and length before and after PVA-R 

and after SAM coating procedures (labeled as “ipa(24 hour)”).  With PVA-R patterned on 

the pentacene devices, mobilities degrade by 42 to 48% from the initial mobilities.  In 

Figure 8.3, the worst case scenario is reported.  Other experiments involving patterning of 

pentacene with PVA-R showed almost no degradation at all (see Figure 8.4).  Prior to this 



 

142  

experiment, PVA-R patterned pentacene OTFTs were tested for their durability against 

baking temperatures at 140 oC, 150 oC, 170 oC, 190 oC and 205 oC (all in vacuum).  At 

190 oC, the mobilities degraded considerably and at 205 oC the OTFTs failed to work.    
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Figure 8.3  The mobility of pentacene devices after exposing to PVA-R and IPA. 

 

Sheraw et al. [73] also reported the degradation of PVA-R patterned pentacene based 

OTFTs.  It was probably caused by the PVA-R itself that attracted moisture or the 

patterning process (heating the pentacene on a hotplate etc.).  Nonetheless, the mobilities 

were basically unchanged after 24 hours exposure to IPA.  Remarkably, PVA-R protects 

the pentacene from IPA by stopping the IPA from getting to the pentacene active 

channel; nonetheless, some IPA could attack from the side but evidently not enough to 

penetrate and reach the channel region.  This, however, may not be the case for other 

strong solvents such as acetone and resist stripper, which could penetrate into the 

channel.  In particular, from another  experiment, we found that resist stripper 1165 

penetrated pentacene (covered with PVA-R on top) OTFT channels and cracked the film 

after only 10 min in the 1165.  From this, we know that a further passivation is needed to 

cover the p-FET before the next fabrication steps take place.  This can be accomplished 

by patterning another layer that extends beyond the OSC edges.  PVA-R or parylene can 

be utilized for this.  To test the feasibility of this idea, parylene was patterned on top and 

covering the edges of the pentacene/PVA-R followed by immersion in 1165.  Device 

performance was unchanged as can be seen in Figure 8.4 by comparing “pva” with 
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“parylene/1165”.  No physical defect was observed on the pentacene film, suggesting that 

the parylene film protects the underlying layers from 1165 solution.  
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Figure 8.4  The mobility of pentacene devices after exposure to PVA-R, followed by 

parylene protection, and immersion in 1165. 

8.3.2  PTCDI-C13 Patterning 

In this research approach, more concentration was given to the patterning of PTCDI-C13 

due to its sensitivity to air and most probably to patterning processes, as well.  In 

addition, PVA-R patterning of pentacene has proven to be a viable method in our lab and 

as reported [73][74].  A parylene sacrificial layer method also had been utilized for 

pentacene [49][77] and PTCDI-C13 [79]; however, PVA-R patterning on PTCDI-C13 had 

never been accomplished before.  Chapter 6 discusses this in detail.   

 

We conclude that the PVA-R method can be used on pentacene and PTCDI-C13 without 

degrading the OTFTs significantly or at all.  The results would also indicate that 

complementary pentacene and PTCDI-C13 on the same substrate is possible.     
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8.4 Various PTCDI OTFT Experiments  

8.4.1  Aluminum Oxide Gate Dielectrics 

Another choice of inorganic dielectric, aluminum oxide (Al2O3) was also investigated.  

Due to its larger permittivity than SiO2 and ease of fabrication, thin aluminum oxide 

(Al2O3) had been grown using a simple RIE method [31][32].  This self-grown oxide is 

grown directly on the Al gate, eliminating the need to pattern the dielectric and 

simplifying the fabrication process.  Klauk et al. [31] used this following RIE in oxygen 

recipe for the self-grown Al2O3, 150 W RF, 75 mTorr, 15 s and obtained about 3.8 nm of 

oxide, while to grow 5 nm of aluminum oxide, Kim and Song [32] used 50 W RF, 30 

mTorr, 10 sccm O2, 10 min as the recipe. 

 

A microscope glass-slide substrate was used for this experiment and the aluminum gate 

was photolithographically patterned by lift-off.  The Al2O3 was grown in O2 plasma (25 

W RF, 150 mTorr, 20 sccm O2, 7.5 min).  The sample was then immersed in 0.5 mMol of 

dodecyl-phosphonic acid SAM in IPA for ~ 27 hours, blown dry with compressed air, 

oven baked at 150 oC for 10 min in vacuum, rinsed well with IPA, and blown dry.  

PTCDI-C8 was deposited at a rate of 0.4 Å/s for the first 100 Å and about 1 Å/s for the 

remaining 400 Å.  The substrate temperature was held at 90 oC during the deposition.  

Finally, Ag electrodes were deposited using a stencil mask at the rate of 1 Å/s for a 

thickness of 500 Å.  Capacitors ware also fabricated and tested, and from this the 

thickness of the Al2O3 was calculated to be 6.3 nm.      

 

Device characterization was performed by sweeping Vgs from -1.2 to 1.2 V and back to -

1.2 V, while holding Vds constant at 1.2 V.  At this low voltage operation, the largest gate 

current was 1 nA with typical value of 0.1 nA, hence, power consumption would be very 

low for this device operation.  The on-to-off current ratio was 7.6 × 103 on average, 

which is comparable to the work published by Kim and Song [32].  For a thin dielectric, 

the subthreshold swing is expected to be small; this device had an average S of 0.14 

V/decade which agrees closely with [31][32].  Unfortunately, the highest mobility was 

only 0.012 cm2/Vs; this was associated with the microscope glass-slide that undoubtedly 
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had a very rough surface.  The cleanliness of the glass could also be the issue, since it 

was not prepared and packed in a cleanroom environment.  Certainly, self-grown thin 

Al2O3 has the potential to be incorporated in OTFTs for low-power operation.  The 

downside is, however, that it alone cannot provide a low gate leakage current and smooth 

surface (due to the RIE) [33] without the use of a SAM.  Consideration has to be given to 

the length of time it requires to coat the SAM, and in the case of O-CMOS, the coating 

may have to be performed twice, unless the SAM can survive the entire photolithographic 

process [47].  Also, given the eventual goal of flexible devices, it would be preferable to 

use polymer as a gate dielectric instead of a brittle inorganic oxide.        

 

Following the above experiment, using the same procedures and materials etc., bottom 

contact OTFTs have been fabricated as well.  On all of the devices, the gate currents were 

very high (reaching the compliance of the SMU), due to leakage through the gate 

dielectric.  The proximity of the source and drain to the gate electrode in this case, in 

addition to the glass substrate roughness, rendered the OTFTs of no use because of the 

high leakage current that results between them.  Note that [31][32] use top contact device 

configuration for their OTFTs. 

8.4.2  Ambient Air PTCDI-C13 Testing 

It is known that PTCDI-C13 OTFTs on bare SiO2 dielectrics work very poorly in air or 

sometimes not at all.  A SAM treatment could provide some level of improvement in 

stability.  Two top contact PTCDI-C13 transistors have been fabricated, one on a Si/SiO2 

substrate and the other on Si/SiO2 treated with ODPA.  Measurements were compared 

between the two devices in a N2 glovebox and air.  The reduced performance of the 

devices in air is caused by the O2 and H2O that diffuse into the bulk channel and the 

OSC-dielectric interface, in turn creating electron trap sites in the OTFTs.  This results in 

the threshold voltage shifts induced by the electron traps due to the O2 and H2O 

deprotonating the silanol (SiOH) that forms naturally on SiO2 surface into SiO- [123].  As 

a result, it affects the mobility of n-FETs more severely than p-FETs.  
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Mobilities that are obtained initially in a N2 environment decrease by a factor of 17 from 

0.07 cm2/Vs for SiO2 device, and 7 from 0.26 cm2/Vs for ODPA device, indicating the 

SAM was able to suppress some of the O2 and H2O adsorptions (Figure 8.5, note the log 

scale).  Threshold voltages shift to more positive values for both devices.  For SiO2 

devices, Vt shifts from 16 V (in N2) to 45 V (in air) with voltage hysteresis, ΔVt  of  35 V 

(in air).  For ODPA devices, Vt shifts from 21 V (in N2) to 35 V (in air) with ΔVt of 16 V 

(in air).  These correspond to trap densities (Ntrap ≈ CdiΔVt/q) of 7.5 ×1012 cm-2 and 3.45 

×1012 cm-2 for SiO2 and ODPA devices respectively.  Whereas, in the N2 glovebox, the 
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Figure 8.5  Mobility and hysteresis comparison between SiO2 and ODPA devices in 

nitrogen and ambient air environments. 

 

trap density for the SiO2 device is 1.6 ×1012 cm-2 and for ODPA device is 1.9 ×1012 cm-2, 

introducing the devices to air gives rise to additional trap densities of  5.9 ×1012 cm-2 

((7.5 – 1.6) × 1012 cm-2) for the SiO2 device and 1.55 ×1012 cm-2 ((3.45 – 1.9) × 1012 cm-2) 

for the ODPA device.  Clearly, the ODPA is able to reduce the trap densities by about 3 

times compared to bare SiO2.  The combined effects of the decrease in mobilities and 

increase in the Vt, reduce the on current and as a result reduce the on-to-off current ratio 

(not shown).  Thus, on-to-off current ratios for these devices decrease by more than one 

order and close to one order of magnitude for SiO2 and ODPA respectively.   
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As a conclusion, the SiO2 device performance is affected more significantly than the 

ODPA device in air.  The SAM definitely provides some protection at the OSC-dielectric 

interface while operating in air.  Although the mobility of the ODPA treated PTCDI-C13 

device in air is better than F16CuPc (0.038 cm2/Vs versus 0.02 cm2/Vs), the air degrades 

the performance significantly.  Passivating the active channel will help in this case if 

testing in air is still desired.  One other noteworthy observation is that PTCDI OTFTs that 

have been exposed to air will slowly recover their prior performance in an inert 

environment, and we found that they need at least 3 hours in the glovebox to regain their 

performance.    

 

8.5  FABRICATION OF PENTACENE AND PTCDI-C13 OTFTS ON THE SAME   
 SUBSTRATE 
 
Before we proceed, there is an interesting experimental result involving PTCDI 

transistors that needs to be noted.  Bottom gold contact OTFTs were tested to see if SAM 

coating order has an effect.  For bottom contact devices, if the SAM was coated before 

the source and drain deposition, transistors would fail to function.  The exact reason is 

unknown at this time, although it is most likely caused by damage to the SAM layer 

during the gold deposition.  For this reason, all bottom contact devices were patterned 

with source and drain electrodes before coating SAMs. 

 

The idea for this experiment was to pattern two OSCs on the same substrate and 

characterize their performance.  This was an initial test before a complete 

photolithographic technique could be employed for O-CMOS.  For simplicity, the gate 

was common to all devices, and source and drain electrodes were defined by stencil 

mask.  Gold source and drain electrodes were deposited on a clean Si/SiO2 substrate and 

immersed in ODPA for 23 hours.  After the ODPA coating, pentacene was deposited and 

patterned by PVA-R and OPE, the OPE also etched away the ODPA on the n-FET side.  

PTCDI-C13 was deposited next and defined by PVA-R and RIE, without recoating of the 

ODPA.  A few devices were tested to compare their performance in between fabrication 

steps, as well as to find out which process would cause degradation on the pentacene and 

PTCDI devices.  There were two testing probe stations, one was located outside the 
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cleanroom and the other in the glovebox also outside of the cleanroom, which in both 

case were not ideal.  Device performance showed slight degradation after each process, 

and pentacene suffered the most since it was deposited before PTCDI-C13.  The final 

testing was performed in the glovebox because of the sensitivity of PTCDI-C13 devices to 

air.  The results are shown in Figure 8.6.       
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Figure 8.6  Mobilities and on-to-off current ratios of varying sizes of pentacene and 

PTCDI-C13 OTFTs photolithographically defined on the same substrate. 
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The average mobility of the PTCDI-C13 devices is 0.031 cm2/Vs, while omitting 

pentacene devices 500/50 and 500/250 that have mobility larger than 0.12 cm2/Vs, the 

average mobility of pentacene is 0.038 cm2/Vs.  Ion/Ioff  for PTCDI-C13 is almost 105 on 

average and slightly smaller than 106 for pentacene.  No proper cleaning was performed 

although possible unwanted particles might accumulate during out-of-cleanroom testing.  

Average threshold voltage (not shown) for the PTCDI-C13 and pentacene OTFTs are -8.5 

V and 8 V respectively, the symmetry is good for realizing O-CMOS.  Subthreshold 

swing is good for the pentacene side with 0.7 V/decade and about five times larger for the 

PTCDI-C13 with 3.4 V/decade, recall that there was no ODPA on the n-FET side and this 

could possibly contribute to the higher subthreshold swing.  Figure 8.7 below shows the 

pentacene and PTCDI-C13 optical image. 

 

 
Figure 8.7  Arrays of pentacene on the left and PTCDI-C13 transistors on the right 

patterned with PVA-R on the same substrate. 

 

Furthermore, proper cleaning was not carried out between pentacene and PTCDI-C13 

deposition, since the objective was to investigate the feasibility of fabricating 

photolithography patterning of the p-FET and n-FET materials as there was uncertainty 

about cleaning-solvent compatibility.  Here we have shown that photolithographic 

patterning of both OSC types is feasible for realizing the ultimate goal of large-scale 

manufacturing for O-CMOS.  The performance is decent, but much can be improved by 

optimizing the fabrication processes, dielectrics, contact resistance etc.  
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8.6  POLYMER DIELECTRIC OTFTS 

8.6.1  Cytop Gate Dielectric 

As explained previously, although Cytop is costly and difficult to pattern, it is versatile 

and easy to coat.  Here we outline experiments that involve the use of Cytop as dielectric 

in pentacene based OTFTs.  The capacitance relationship with the thickness has been 

confirmed, and agrees well with the manufacturer’s data.  As with all organic dielectrics, 

the breakdown fields are important parameters to know. 

 

Si/Cytop/Ag capacitors have been fabricated with 54 nm of the Cytop layer.  The 

breakdown field was approximately 1 MV/cm, which agrees well with the data provided 

by the manufacturer [121].  In other words, a 54 nm thick Cytop film with a voltage of 

5.4 V across, will breakdown.  Unless the OTFTs are to operate at below the breakdown 

field, much thicker Cytop has to be utilized.  In contrast, Umeda et al. [26] and Walser et 

al. [119] claim that the breakdown fields of  Cytop thin-film in metal-insulator-metal 

capacitors are > 5 MV/cm and > 6 MV/cm respectively.  These are significantly larger 

than what the manufacturer claims and our results.  OTFTs with hybrid SiO2/Cytop 

dielectric were fabricated to test the performance after they went through positive and 

negative photoresist processes.  Cytop should not degrade significantly after these 

processes if it is to be used in O-CMOS photolithography fabrication.  The OTFTs had a 

top contact configuration with pentacene and gold as the semiconductor, and source drain 

electrodes respectively.  SiO2 with two different Cytop thicknesses (54 nm and 87 nm) on 

top formed the hybrid dielectrics; the 87 nm Cytop went through processes for both 

photoresist types, namely the soft-bake, UV exposure, post-bake etc. as described in 

details in Appendix A.  In addition, they were also immersed in the photoresist stripper 

solutions of 1165 and RR5.  Prior to spin coating of the first photoresist on the Cytop, a 

quick low-power OPE was performed as suggested by the manufacturer, otherwise 

photoresist would not wet the Cytop (very hydrophobic with a water contact angle of 

110o).  The 54 nm Cytop OTFTs did not go through any processes before the pentacene 

deposition.   
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Figure 8.8  Mobilities for hybrid SiO2/Cytop dielectric pentacene OTFTs.  Photoresist 

processes degrade the mobilities significantly.  

 

Cytop OTFTs showed severe performance degradation under exposure to the positive and 

negative photoresist processes (Figure 8.8).  At this point, we suspected that at least one 

or all of the solvents involved attacked the Cytop layer, although this is unlikely if we are 

to trust the manufacturer’s claim on the durability of Cytop against most chemicals.  

Hence, it might be the gentle exposure to OPE that caused the degradation.  Further 

investigation was performed to narrow down the cause of the problem, and thus another 

set of OTFTs were fabricated.  Two OTFTs went for OPE and only one went for positive 

photoresist process; if only the latter degraded, meaning that the photoresist process 

attacked the Cytop, and if both were degraded, the RIE attacked the Cytop instead.  From 

the results, we could confirm that performance of both samples degraded, and concluded 

that OPE was the cause of the under performing OTFTs. 

 

Without the RIE, patterning of the Cytop is not possible since without it, photoresist 

cannot wet the Cytop.  Next, we investigated the effect of annealing to heal the Cytop 

defects (mostly at its surface).  Three pentacene OTFTs were fabricated with the 

following different processes: first, RIE then annealed at 150 oC for 2 hours in air, 

second, RIE then annealed at 150 oC  for 2 hours in vacuum, third, no RIE (as control 
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devices).  We hypothesized that annealing of the Cytop after patterning, but before OSC 

deposition may eliminate the defects introduced by OPE.      
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Figure 8.9  Annealing of Cytop can repair the defect caused by RIE during the patterning 

step. 

  

Figure 8.9 compares their performance.  Annealing Cytop prior to pentacene deposition 

worked excellently.  The annealing of the Cytop in air seems to work slightly poorer than 

the annealing in vacuum, which also appear to perform even better than the control (no 

OPE) devices.  In conclusion, if Cytop is used in an O-CMOS fabrication, annealing must 

be performed after the patterning of the Cytop to cure the defects caused by the OPE.   

8.6.2  Parylene Gate Dielectric 

Here we outline experiments that involve the use of hybrid SiO2/parylene as dielectric in 

OTFTs.  Instead of pentacene, we used PTCDI-C13 to investigate its performance on a 

polymer dielectric, and at the same time, we wanted to investigate the durability of 

parylene against positive and negative PR processes. 

 

Parylene with a thickness of 110 nm was deposited on two Si/SiO2 coupons.  One went 

through the positive PR process, while the other one went through the negative PR 

process.  PTCDI-C13 was deposited next, followed by Al source and drain electrodes.  
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The electronic parameters look reasonable for both samples with typical mobility, 

threshold voltage, on-to-off current ratio, subthreshold swing of 0.18 cm2/Vs, 2.9 V, 4.37 

× 105, 0.78 V/decade respectively for the positive PR process OTFTs, and 0.16 cm2/Vs, 

1.9 V, 3.9 × 105, 0.91 V/decade for the negative PR process OTFTs (see Figure 8.10, 

labeled as “+ve PR process” and “-ve PR process”).  The bell jar could only take two 

coupons at a time; therefore, we  fabricated two more devices in another fabrication run.  

One device was not exposed to any process (control device), while the other device went 

through positive PR process, but without the standard cleaning afterwards (without 

rinsing with acetone, IPA, methanol, DI water -- in that order).  The purpose of the latter 

process is to find out if solvents cleaning had an impact on the devices.  
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Figure 8.10  The control and “no clean” OTFTs were fabricated on a different run from 

the +ve and –ve PR processes.  The mobilities show that parylene is compatible with both 

the photoresists, and parylene that was not clean has slightly lower mobilities. 

 

From Figure 8.10, lower mobilities are observed for the “no clean” devices compared to 

the control parylene devices, with typical mobilities of 0.12 cm2/Vs versus 0.22 cm2/Vs.  

Threshold voltages are smaller by about 1 V for the control OTFTs, with on-to-off 

currents ratio and subthreshold swings are roughly the same.  From these results, we can 

conclude that parylene can withstand the harsh chemicals in the PR processes, and that 

the PR processes certainly leaves contamination and residue on the substrate as also 
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reported by Fujusaki et al. [122].  We also stress that regular cleaning is very important in 

getting rid of the unwanted species on the samples for subsequent fabrication runs. 

 

8.7  PROCESS FOR A COMPLETE PATTERNING OF O-CMOS 

8.7.1  The Challenge 

At the start of the experiment, the plan was to use aluminum as the gate electrode, and 

gold as the source and drain (SD) electrodes.  The electrical connection between the Au 

on top of Al was tested, and due to the native aluminum oxide a potential of 2 - 3 V was 

needed to break this thin oxide.  This idea was discarded as it is not a practical way to 

operate transistors, and Cr was tested for the gate.  Au sticks well to Cr, and a simple 

current-voltage test using SMU revealed an ohmic contact, even though there was a 

chromium oxide native layer in between them.  Later on, Cr/Au (5 nm/25 nm) was used 

as the gate, the purpose of the Cr was for adhesion of Au onto the SiO2 substrate.  With 

this, gold SD could have even better electrical contact with the gate.     

 

We found that the spin coated Cytop dielectric broke down at a lower field than it was 

supposed to.  We expected that for a film of 97 nm, it would breakdown around 9 V, but 

at 3 V breakdown already occurred.  This was probably because of the thinner film at the 

gate edges that cause this behavior (Figure 8.11a).  There are a few ways this can be 

solved: 1) Use much thicker dielectric to minimize this edge effect, 2) deposit gate in a 

“trench” surrounded by parylene as shown in Figure 8.11b, 3) Use parylene as the first 

layer of the dielectric followed by spin coated second layer as shown in Figure 8.11c.   

 

Note that for method b) in the figure, no extra mask is required as the same “GATE” 

mask can be used to pattern the parylene.  First, parylene is deposited everywhere on the 

substrate, then photoresist (PR) is patterned using the “GATE” mask.  OPE is then 

performed to make the trench for the gate, followed by gate deposition and lift-off.  In a 

way, the edge of the gate is extended so that the polymer is “thicker” at the metal edges.  

Method c) relies on the conformal nature of the parylene that will cover the side of the 
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gate with uniform thickness (conformally), eliminating the edge effect from the gate.  

Cytop then can be deposited on top, or just by utilizing the parylene as the dielectric. 

 

t1 t2

gate

spin coated
dielectric gate parylene

gate

spin coated
dielectric

parylene

spin coated
dielectric

(a) (b)

(c)

t1 t2

gate

spin coated
dielectric gate parylene

gate

spin coated
dielectric

parylene

spin coated
dielectric

(a) (b)

(c)  
Figure 8.11  (a) spin coated polymer dielectric on gate, where at the gate edges the 

dielectric thickness is smaller, t1 > t2, (b) depositing gate in a parylene “trench”, (c) 

parylene will form a conformal film and cover the edges of the gate well. 

 

Also, notice that the parylene and Cytop have sharp edges as they are defined using OPE 

that has an anisotropic etching characteristic.  This might create an interconnection 

problem between the SD and the gate in the fabrication.  Smoother edges are desirable as 

this can eliminate an extra mask deposition for the interconnecting metals.  In silicon 

microfabrication, this interconnection is accomplished with “vias”.  Samples may be 

annealed in vacuum at a certain temperature for the polymer dielectric to soften and 

hopefully smooth edges can be formed.  Refer to Figure 8.12. 

 

  

metal 1 metal 2

(a) (b)

polymer

metal 1 metal 2

(a) (b)

polymer

    
Figure 8.12  (a) For polymer that is thicker than metal 1, metal 2 forms a discontinuous 

film because of the sharp edge, (b) With a smooth edge, metal 2 can connect with metal 

1. 
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8.7.2  The Development of Photomasks 

The photomask designs were drawn using AutoCad compatible Cadopia software.  This 

software allows the designers to save in the standard file formats associated with 

AutoCad such as .dwg and .dxf.  Photomask manufacturers usually only accept Gerber 

file format .gbr or gdsII for mask design files.  The Gerber file format is an industry 

standard format used by printed circuit board manufacturers to layout electrical 

connections on circuit boards.  Depending on the mask manufacturers, most will accept 

.dxf files as well.  For our OTFTs, there are two types of mask that suit the feature size 

and budget, soda lime glass and Mylar film (same as PET).  Mylar masks are cheap, but 

have larger feature size than soda lime glass, and its flexibility makes the resolution even 

lower since it bows on top of the substrate during mask alignment.  In addition, it can 

stretch and shrink depending upon humidity and temperature.  Having said that, Mylar 

should work fairly well with a minimum feature size of 10 μm or larger.    

 

Initially, all the masks were made using Mylar for the prototypes as it is inexpensive, 

should any problems arise with the layout design.  A layout consists of many different 

layers and each layer corresponds to a film such as gate, dielectric and so on.  For this 

early layout, the overlap between the gate and SD was kept at 20 μm or more to 

compensate for the alignment error due to the bowing of the Mylar mask.  The first 

layout design worked as expected; however, there were always things that could be 

further improved.  There are two layers that are critical for transistor designs, which are 

the gate, and SD layers.  The gate layer is the first layer and defines the alignment marks 

for the subsequence layers; hence, it has to be precisely patterned.  The SD layer governs 

the vital dimension of the OTFTs, namely the channel width and length.  A revised layout 

was drafted with a smaller overlap of 10 μm or more between the gate and SD, and the 

mask for this revised layout was made using glass instead of film for better resolution and 

alignment.  The revised version also includes two new layers, the interconnect layer and 

larger dielectric layer.  The interconnect layer connects the SD metal at the sharp edge of 

a dielectric to the gate, while the larger dielectric layer covers everywhere, except the test 

pads.  A new structure block for testing the interconnection was designed with two metal 

pads connected with a dielectric layer in the middle.  This makes it possible to test the 
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current flow between the two interconnections at the sharp edges of the dielectric layer.  

The objectives of the larger dielectric are: 1) for the SD gold to adhere on top of the 

dielectric rather than SiO2 before it connects to other metals (recall that gold does not 

adhere well to SiO2).  2) it can also be the layer for the final passivation of the entire 

circuit (both the p-FET and n-FET), exposing just the probe test pads.       

 

The names and descriptions of the layers are as follows.  Names in quotation marks are 

the exact names that appear on the photomasks: 

“GATE”  -  The gate of the transistors, the first mask in the fabrication process. 

“DIEL”   - The gate dielectric, the small dielectric and the first layer of dielectric, if two  

  dielectric layers are used.    

“DIEG” -  Also the gate dielectric, the large dielectric and the second layer of dielectric,  

  if two dielectric layers are used. 

“SDM” -  The source and drain of transistors. 

“VIAS” -  The interconnections between “SDM” and “GATE”, used at sharp edges. 

“PR” -  Sacrificial protection (or photoresist) layer for the n-FET side. 

“ORG1” -  P-FET OSC active channel. 

“PAS1” -  Passivation layer for the p-FET side, as a protection for the p-FET before  

  continuing on deposition on the n-FET side. 

“ORG2” -  N-FET OSC active channel. 

 

The n-FETs can be passivated by using the “PR” or “DIEG” mask.  The number of masks 

needed for a complete O-CMOS circuit fabrication including the passivation is nine (ten 

if two dielectric layers are utilized).  All of the masks are made of Mylar films, except the 

“GATE” and “SDM” masks, which are made of glass as mentioned.  The minimum 

feature size is 10 μm, but there is no reason it cannot be lower.  The resolution restriction 

is due to the cost of higher resolution photomask.   

8.7.3  The Complete O-CMOS Fabrications 

In this section, we describe a complete photolithography process for realizing O-CMOS 

with arbitrary gate and SD placements.  Here, a complementary inverter is shown for the 
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demonstration but it applies to any circuits.  First, the top view of each layer is shown one 

by one (Figure 8.13) and then the details of patterning are discussed with accompanying 

cross sectional views (Figure 8.14). 

 

The first layer is the gate metal, where two gates are connected to Vi pad (Figure 8.13a).  

Vi pad is the input to the inverter.  There are three other square pads for Vdd, Vss, and Vo,  

which have dimensions of 200 × 200 μm each.  Vdd is the positive rail supply to the 

inverter, Vss is the negative rail supply, and Vo is the output of the inverter.  The next 

layer can be the large dielectric (Figure 8.13c) and/or small dielectric (Figure 8.13b) -- 

depending on how many dielectric layers are utilized in the fabrication.  This is followed 

by the SD metal layer which consists of the connections between the two transistors, Vdd, 

Vss, and Vo (Figure 8.13d).  It also forms another metal layer on top of all the pads, but 

notice that it does not connect to the Vi pad.  Next, the interconnection layer ensures the 

SD lines have no discontinuity at the sharp edges of small or large dielectric (Figure 

8.13e).  The next layer is the protection layer on the n-FET side of the inverter as shown 

in Figure 8.13f; the p-FET is on the left, while the n-FET is on the right.  The first OSC 

layer on the p-FET side is next (Figure 8.13g), followed by its encapsulation layer 

(Figure 8.13h).  Finally, the second OSC layer for the n-FET (Figure 8.13i), followed by 

its encapsulation layer. 

 

With many complications, challenges, trouble shooting, improvements, and 

brainstorming, we finally reach the complete proposed fabrication methods for O-CMOS 

and are ready to demonstrate the feasibility of this approach.  The cross section view will 

help in visualizing the fabrication comprehensively.  The substrate is a highly doped 10 

cm Si wafer with 100 nm thermally grown SiO2.  The Si/SiO2 is not actually part of the 

device; it is used as substrate due to its very flat surface. 
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Vss Vi Vdd

Vo(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
 

Figure 8.13  Top view of complete deposition process of O-CMOS.  The p-FET is on the 

left, and the n-FET is on the right.  (a) gate metal, (b) first dielectric, (c) second dielectric, 

(d) SD metals, (e) interconnections between gate and SDM, (f) PR for n-FET protection, 

(g) first OSC, (h) p-FET encapsulation, (i) second OSC. 

 

The fabrication process flows are as follows and illustrated in Figure 8.14: 

Gate metal layer: 

1) 30 nm of parylene is deposited on the wafer (Figure 8.14a), followed by the 

patterning of PR using “GATE” mask.  The wafer is placed in OPE to etch  

unwanted parylene for opening the “trench” for the gate.  Cr/Au (5nm/25nm) gate 

metal is deposited and lifted-off.  This defines the gate metal in the parylene 

“trench” as illustrated in Figure 8.14b.  This “GATE” mask process also defined 

all the contact pads.  The wafer is rinsed with acetone, IPA, methanol, DI water, 
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and blown dry with air.  Then, it is placed in an oven and baked under vacuum at 

105 oC for more than 5 hours to evaporate all solvents.  These cleaning steps are 

also employed in between each of the following steps below.  
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Figure 8.14  (a) through (e), figure continued on next page. 

 

Dielectric polymer layer(s): 

2) Parylene is deposited and patterned with PR using the “DIEL” mask.  This is  

followed by OPE to remove unwanted parylene, and stripping of PR with stripper 

solution (Figure 8.14c).  Notice that the initial 30 nm of parylene is also etched 

except below the PR defined by the “DIEL” mask.  The thickness for this first 

dielectric layer is typically between 100 to 150 nm.  
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Figure 8.14  (f) through (h), figure continued on next page. 

 

3) For the second dielectric, Cytop with a ratio of 3:14 to solvent is spin coated and 

cured to obtain thickness of 87 nm.  Light RIE (20 W RF, 150 mTorr, 20 sccm 

O2, 5 s) is performed so that PR can be spin coated on top and patterned using 

“DIEG” mask (Figure 8.14d).  Cytop needs to be annealed to repair the defects on 

the surface (due to the RIE) before proceeding as explained in Section 8.6.1.  If 

only one dielectric layer is desired, omit step 2, and use only the “DIEG” mask.  

In this case, if only parylene is used for the dielectric, its thickness can be 

between 150 nm or more.  On the other hand, if Cytop is used, its thickness can 
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also be 150 nm or more, and this requires multiple spin coatings of Cytop on top 

of another or the use of a more concentrated Cytop solution.     
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Figure 8.14 (i) through (k), systematic and complete photolithographic processes for 

realizing O-CMOS.  Parylene can also replace the use of PVA-R. 

 

 

 



 

163  

Source and drain metal layers: 

4) 50 nm of Au for the SD metal is patterned using “SDM” mask with lift-off 

(Figure 8.14e).  Au adheres well to parylene (in agreement with [49]), and the 

“DIEG” mask patterned parylene provides the platform for gold to connect from 

transistor to transistor and to the pads (refer back to 8.13d for the top view).  The 

pad thickness is now 80 nm and thick enough for probing.      

5) At this point, depending on the thickness of the dielectric(s), there might be a 

discontinuity of the SD metals to the pads as shown in (Figure 8.14e).  If required, 

Al or Ag is deposited using “VIAS” mask with lift-off for the interconnections, 

and this layer thickness depends on the thickness of the dielectric(s).  This is 

illustrated in Figure 8.14f. 

Organic semiconductor layers: 

6) Since the patterning of the OSC requires the use of OPE step, one of the transistor 

dielectric has to be protected while the other side is worked on.  We prefer to 

deposit pentacene before PTCDI-C13 due to the fact that pentacene is relatively 

less sensitive to the process.  Thick PR of 1.5 μm or more is patterned using “PR” 

mask on the n-FET side to protect its dielectric from the subsequent process 

especially the OPE that can damage its surface and thin it down (Figure 8.14g).  

7) 50 nm of pentacene is deposited using “ORG1” mask with PVA-R as shown in 

Figure 8.14h.  Notice the top of the pentacene is covered, but the side-walls are 

not.  Parylene can also be used instead of PVA-R. 

8) Although most of the pentacene is encapsulated from the previous process, its 

side walls are still exposed.  For this reason, parylene is deposited for a total 

encapsulation of the pentacene and this is achieved by using the “PAS1” mask 

(Figure 8.14i).  As far as the thickness is concerned, this encapsulation can be as 

thick as possible; it should not, however, interfere with the next spin coating 

steps.  Note that there will be parylene left-over on all side-walls of the PR due to 

the larger (vertical) parylene thickness there, but this should not effect the 

subsequent fabrication.  If needed, the left-over can be thinned down by OPE, as 

the protection layers on the pentacene and PTCDI-C13 are sufficiently thick. 
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9) The PR that covers the n-FET side can now be removed with a stripper solution or 

acetone.  PTCDI-C13 layer (50 nm) is then deposited using “ORG2” mask with 

PVA-R or parylene (Figure 8.14j).  

10) For the encapsulation of the PTCDI-C13 layer, Parylene is deposited and defined 

using either the “PR” or the “DIEG” mask (“PR” mask is shown in Figure 8.14k).  

The fabrication process is now complete, and the encapsulating parylene 

thickness can be as thick as 2 μm.     

  

Parylene adheres well to SiO2, although at some point during the fabrication process, we 

suspected the parylene adhesion was the cause for the device’s poor operation.  An 

adhesion promoter is used to promote better adhesion between two films; for example, 

HMDS (hexamethyldisilazane) is often coated on a Si wafer before spin coating of 

photoresist for a better adhesion.  Hence, we have tried to use parylene adhesion 

promoter gamma-methacryloxypropltrimethoxysilane (commercially called A-174) prior 

to coating the parylene; however, some parylene peeled off even with the promoter 

treatment.  Indeed, further investigation showed that expiration of the PVA-R was the 

cause.  To confirm this, devices were fabricated according to the step 1 to 7 above.  

Devices were tested before and after the patterning of the pentacene with PVA-R, where 

they failed to work after the PVA-R process.  Furthermore, we observed (by visual 

inspection and microscope) that the PVA-R did not develop well, where it became thicker 

(increase in viscosity) and hence harder to strip away by the developer (DI water) even 

after prolonged dipping.         

 

Thus far, we have demonstrated the fabrication up to the step 7 above, and in principle, 

the complete steps should be feasible in fully realizing photolithographic O-CMOS 

circuits.  Step 2 was omitted and only a single layer of parylene dielectric (~ 300 nm) was 

used.  To make a fair comparison of the full photolithographic patterning of our 

pentacene p-FET is not that straightforward, since not many papers have reported devices 

with the same construction and materials.  Devices reported by Kymissis et al. [49] are 

the best benchmark as far as our devices are concerned.  They reported pentacene OTFTs 

with full photolithographic patterned p-FET inverters.  The average mobility of our p-
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FETs as deposited was 0.053 cm2/Vs; this is comparable to the ones reported by them 

[49].  The pentacene was then covered with parylene and patterned using 

photolithography followed by the removal of PR that covered the parylene using acetone.  

Interestingly, at this same fabrication stage, Kymissis et al. [49] did not find any 

degradation in the mobility, only Vt shifted to more positive, as we did find for our 

devices as well.  However, we do not know clearly if solvent was involved in their 

process that exposed the pentacene, or how large was the overlap for the patterned active 

channel area in the design, since larger overlap would make solvent penetration via side-

walls slower and more difficult.  In other literature, however, Kymissis et al. [78] 

mentioned the use of solvent to remove PR on parylene had reduced the performance of 

their transistors. In our case, the mobility degraded by 3 to 5 times after exposing the 

sample to acetone for the PR removal.  Furthermore, in almost the same circumstances, 

Han et al. [75] reported a degradation in the mobility after exposing their pentacene/PVA 

stacked OTFTs with solvent for the next encapsulation process.  Again, we believe that 

the solvent penetrates through the exposed pentacene side-walls, very similar to our case, 

and this causes the degradation in the OTFTs performance.  Figure 8.15 presents the 

photographs of the full photolithographic organic devices on a 10 cm wafer. 

 

We have demonstrated the following aspects involved in developing and improving the 

fabrication process: the sample cleaning, the dimension and shape of layers, the thickness 

of films, and placement of layers.  Along the way, the fabrication process and material 

selection also have evolved and fine-tuned to closely follow the objective of this research.  

These should be made as the guidelines in completing the complete fabrication process 

for O-CMOS and for further refinements. 
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(a) (b)

(c)

(a) (b)

(c)  
Figure 8.15  (a) 10 cm wafer with various blocks consist of devices such as transistors, 

capacitors, O-CMOS inverters, O-CMOS ring oscillators, (b) an O-CMOS inverter, (c) an 

O-CMOS ring oscillator.  Note that the color discrepancies are due to different camera 

used and lighting conditions. 
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CHAPTER 9 CONCLUSION 

9.1  FUTURE WORK 

The future of this work needs to focus on these three main subjects: completing the O-

CMOS processes as discussed in Chapter 8, improving the fabrication process, and 

improving the transistors’ electronic performance.  The following discussion should be 

examined together with Figure 8.13 and 8.14 as references to aid in the visualization and 

understanding of the topics being discussed. 

9.1.1  Completion of O-CMOS Fabrication 

In principle, we firmly believe that steps 8 through step 10 in Section 8.7.3 should work 

well enough as proposed.  Some changes in the performance (improvement or 

degradation) of the pentacene are expected due to the subsequent processes for patterning 

of the OSC on the n-FET side.  The exact origin of the performance change is unclear; 

however, it could be due to the doping activation of pentacene [49] which arises from the 

baking and oxygen plasma etching processes.  Doping activation is the release of 

electrons or holes by thermal treatment after dopant is implanted, where the dopant in this 

case is the oxygen.  Having said this, once both types of transistors can operate decently 

as discrete devices, other circuits such as inverters and ring oscillators will be tested (they 

are already incorporated in the photomask layout design, refer to Figure 8.15).  Inverters 

and more notably ring oscillators are usually the basic prototype circuits for 

demonstrating circuits’ operation, and hence in our case, proving that arbitrary placement 

of gate and SD metals are possible for more complicated organic circuits.  New Labview 

software needs to be developed for testing the inverter.  Normally, the input voltage will 

be swept from high to low and back to high (or in the reverse order) while the output 

voltage is monitored.  It is probably of interest to study the current supplied by Vdd to 

estimate the power consumption of the inverter as well.  As for the ring oscillator, the use 

of an oscilloscope is sufficient to measure the output signal’s amplitude and frequency.  

Keep in mind that this testing has to be performed in an inert environment, however.  For 

future study, testing could be done in air to investigate how well the parylene 

encapsulation layer works in protecting the O-CMOS.  If however, more air stable OSCs 
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with competitive electronic performance emerge, then the data measurements can be 

performed in an ambient environment.    

9.1.2  Fabrication Process Improvement 

If parylene plus PR is used to pattern the pentacene active layer in step 7 (Section 8.7.3), 

the stripping of PR (after plasma etching of the unwanted parylene) should also be 

performed using plasma etching, and to make it simpler, the plasma etching can be run 

longer to etch the PR in the same parylene stripping process.  In this way, the sidewalls of 

the pentacene transistors will not be exposed to harmful solvents before they are actually 

encapsulated in step 8.  For this to work, the photoresist (“ORG1” mask) on the p-FET 

that covers the parylene/pentacene stack below should be thinner than the photoresist that 

protects the n-FET dielectric (“PR” mask), so that the PR that protects the n-FET’s 

dielectric will not be completely etched before the PR on the p-FET side.  For 

precautionary purposes, photoresist of “ORG1” could be made thin around 0.5 μm, and 

for the “PR” it could be as thick as 2 μm.  It is all right to over etch the 0.5 μm 

photoresist and into the parylene beneath as long as the pentacene below is not breached.  

This process also should be applied when patterning the n-FET active channel (if 

parylene is used).  The advantage of this process over the PVA-R technique is that it does 

not involve baking and exposure of the OSC to solvents (including water).  As a result, 

the OSC is basically in its as deposited condition.    

 

9.1.3  Performance Improvement 

In the fabrication, we started with a thick dielectric to ensure that proper operation of 

OTFTs could be achieved without having to deal with gate leakage, breakdown, and 

pinhole.  During device testing, we have applied gate voltages up to 50 V with low gate 

leakage, and at times applied 80 V with the same result and no breakdown.  Clearly, 300 

nm of parylene can withstand this potential field as predicted.  Since thinner dielectric is 

desirable, in theory if the dielectric is made thinner, the threshold voltage and 

subthreshold swing can also be reduced.  Hence, improvement can be made by using 2 or 

even 3 times thinner parylene dielectric.  Using other dielectrics such as Cytop may 
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breakdown at lower fields if it is thinned.  Depending on the type of dielectric used, the 

optimized thickness (for performance advantages) will need to be determined without 

compromising the devices’ operation.  Furthermore, recall that the interconnect metals 

(“VIAS” mask) are designed to deal with the issue of edge coverage if thick dielectric is 

utilized.  However, if thin dielectric is utilized instead, the elimination of step 5 will 

simplify the O-CMOS fabrication greatly.  Recall that the reduction is not only on just 

one process reduction, since the patterning of the interconnects involves PR patterning, 

metal deposition, and lift-off.  

 

Performance enhancement can also be obtained by improving the injection of carriers 

from the SD electrodes to the active channel, and this can be achieved by treating the SD 

electrodes with thiol based SAM [4][50][65].  It should be coated just prior to the OSC 

deposition.  Upon reviewing others’ work on thiol SAMs treatment for OTFTs (Section 

2.7), we are certain that the SAM will improve the performance of the O-CMOS.  The 

thiol SAM treatment may have to be applied twice (once on p-FET, once on n-FET), 

depending upon the thiol resistance against baking, solvents, and OPE in the fabrication 

processes.   

    

Apart from the above mentioned improvement, cost improvement can also be  

appropriately applied for the benefit of competitiveness with other technologies.  Using 

flexible plastic may be a good cost reduction approach.  The use of plastic substrate may 

degrade the OTFTs’ performance slightly.  The trade-off between the cost and 

performance may be justified.  

     

9.2  CONCLUDING REMARKS 

Among the four electronic parameters, the mobility in all cases is the most important 

parameter.  The mobility is always reported first before others, and sometimes only 

mobility is mentioned in the literature.  Figure 9.1 shows the mobilities reported for small 

molecules and polymers with their deposition methods for n-FET and p-FET from 1984 

through 2009 (in ambient air).  Mobilities improved by many orders of magnitude until 
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around 2000, and continued to increase at a slower rate.  Small molecule vacuum 

processed p-FETs reached the 1 cm2/Vs mark first -- the rest followed closely.  Vacuum 

process n-FET development started a decade later than the p-FET, and solution 

processable n-FET development only began in 2002.  

  

    
Figure 9.1  Mobilities development comparison between p-FETs and n-FETs.  They are 

divided categorically into small molecules (vacuum and solution processed), and 

polymers [2].  Reproduced by permission of The Royal Society of Chemistry. 

 

In Chapter 1, we talked about the general research methodology and the experimental 

goal.  The research involved many hands-on routines with repetitive procedures.  Care 

and attention to detail were paramount to obtaining good performance, similar to VLSI 

fabrication.  In this chapter, we have also reviewed the motivations behind organic 

electronics, and their use in areas that would suit the applications, particularly in display 

technologies.  Organic semiconductors are not expected to compete with crystalline Si 

that is dominantly used in VLSI technology.  However, OSCs have matched and recently 

surpassed the performance of a-Si thin-film transistors.  Hence, organic electronics could 

one day replace a-Si in display applications and also in low frequency circuits.  Their 

low-cost and attractive physical properties (flexibility) will definitely become a selling 
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point in the near future.  The importance of patterning the organic semiconductors was 

highlighted, in particular achieving smaller channel geometry using photolithography, 

followed by the need for complementary organic inverters.  

 

In Chapter 2, organic thin-film transistors were explained, including the use of the ideal 

FET equations, and how the deviations from the ideal characteristics were observed in 

OFETs.  Four performance metrics are usually highlighted in the literature: the mobility, 

threshold voltage, on-to-off current ratio, and subthreshold swing; all can be extracted 

from the transfer characteristic (Id vs. Vgs) curve.  The manner in which contact resistance 

affects the ideality was discussed, as well as the role a devices’ geometry played in the 

contact effects.  Self-assembled monolayers were explained, and how they were utilized 

to improve OTFTs’ performance.  In addition, OTFTs structures were presented, and 

each component such as the substrate, gate electrodes, dielectric, SD electrodes, and 

organic semiconductors were discussed for their suitability in the realization of mass 

producible O-CMOS.  This chapter has demonstrated the differences and similarities of 

OTFTs with their inorganic Si counterparts.  A few undesirable features exist in the 

world of OTFTs, but care can be exercised to reduce these parasitic effects.   

 

Device fabrication is the focal point in this research and it was discussed in Chapter 3.  It 

started with basic thin-film deposition techniques, and how different materials (metals, 

insulators, and OSCs) could be deposited.  The widely used techniques in our lab were 

vacuum vapor deposition, and spin coating.  This was followed by steps for 

photolithographic patterning of each material.  Patterning of metals and insulators were 

trivial using conventional photolithography; however, the challenge was to pattern OSC 

layers since they were very sensitive to processing parameters.  Many OSC patterning 

methods are available; however, for photolithography the most suitable ones are the use 

of PVA-R and parylene-C plus PR.  Reliance on conventional Si photolithography 

technology provides well developed manufacturing benefits.  Photolithography is also 

used in reel-to-reel processes; hence, it is cheaper than Si technology batch processing.   
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Chapter 4 discussed the work of other research groups in realizing O-CMOS.  Some have 

explored ambipolar OTFTs to realize this; however, the OSC patterning was done using 

stencil masks.  We proposed simple complementary OTFT construction, but the 

fabrication was not simple and for this reason, probably would not be feasible.  Hence, 

they were never fabricated, and were replaced later with a complete photolithographic 

version in Chapter 8.   

  

Chapter 5 talked about the published joint work by our group and Princeton’s group.  

Using custom synthesized SAMs, we have demonstrated high performance pentacene 

based OTFTs, where all the electronics parameters were improved simultaneously with 

the new SAM treatment.  Here, we were able to achieve one of the highest mobilities 

reported to date. 

 

Chapter 6 discussed work that is intended for publication.  Photolithographic patterning 

using PVA-R has mainly been performed on p-FET pentacene transistors with promising 

results.  Here, we demonstrated the same method could be used to pattern PTCDI-C13 (n-

FET) with excellent characteristics.  With this method, we are a step closer to patterning 

two organic materials on a single substrate to realize O-CMOS.  

    

Chapter 7 discussed work that has been accepted for publication.  This work involved the 

study of bias stress stability of organic transistors.  We explored many different dielectric 

modifications to investigate their performance.  The modification included SAMs, 

parylene-C, and Cytop coating on SiO2 dielectrics.  Both the parylene-C and Cytop 

treatments showed very stable in device performance, while the SAMs showed lesser 

stability, but were still much better than the control OTFTs (bare SiO2).  We proposed 

that Parylene-C and Cytop are very good candidates for OTFT’s dielectric materials due 

to their stability.  Since they are also polymers, they are suitable for use in “all organic” 

and flexible devices.  

  

In Chapter 8, we discussed important experiments that led to the complete 

photolithographic patterning of O-CMOS.  Some of the experiments might not be directly 
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related towards the final goal; nonetheless, they were definitely very important to the 

learning process.  Here, we also showed how the evolution of the O-CMOS fabrication 

took place for the full photolithographic processes.  Top view and side view figures were 

presented for every step in the fabrication.  The main idea was to protect the n-side 

dielectric while the OSC on the p-FET was patterned, then the p-side was protected while 

the OSC on the n-side was patterned.  In comparison to other patterning methods, we 

have shown experimentally and principally that O-CMOS photolithography patterning is 

realizable using two methods, PVA-R and parylene-C.  The fabrication processes are 

slightly complex but much simpler than conventional VLSI MOSFET and a-Si TFT 

fabrications and potentially much cheaper as well.   

 

This research has contributed to the organic electronics in many ways.  With the SAMP 

treated OTFTs, we have improved the electronic performance significantly.  The hole 

mobilities of SAMP-treated pentacene OTFTs were among the highest reported.  

Threshold voltages and subthreshold swings were relatively small which are advantages 

for low-power applications.  We have shown stable OTFT operations can be achieved by 

using Cytop or parylene as a gate dielectric.  Furthermore, we have demonstrated the 

patterning of an n-channel OSC using conventional photolithography, which is 

compatible with low-cost, high-throughput manufacturing.  This enables fabrication of 

both n-channel and p-channel devices using photolithography on the same substrate to 

realize mass-producible O-CMOS.   

 

The advantages of organic electronic are low cost and the attractiveness of flexible 

devices.  Hence, OSCs may replace a-Si in the near future, where the future also lies in 

the low-cost patterning method.  Considering that OTFTs are still a relatively new 

technology, the progress has been tremendous in the past decades.  In the end, it all 

comes down to the trade-off between resolution, performance, and fabrication simplicity.  

Luck may also come into the marketing picture, perhaps similar to VHS versus Betamax, 

and Blu-Ray versus HD-DVD?  

 



 

174  

REFERENCES 
 
[1] J. McGinnes, P. Corry, P. Proctor, “Amorphous Semiconductor Switching in 

Melanins,”  Science 183 (4127), 853–855, 1974. 
 
[2] H. Klauk, “Organic Thin-Film Transistors,” Chem. Soc. Rev., 39, 2643-2666, 

2010. 
 
[3] P.K. Weimer, “The TFT-a New Thin-Film Transistor,” Proc. IRE, 50, 1462-9, 

1962. 
 
[4] I. Kymissis, C.D. Dimitrakopoulos, S. Purushothaman, “High Performance Bottom 

Electrode Organic Thin-film Transistors,” IEEE Trans. Electron Devices, 48, 1060 
(2001). 

 
[5] P.V. Necliudov, M.S. Shur, D.J. Gundlach, T.N. Jackson, “Contact Resistance 

Extraction in Pentacene Thin-film Transistors,” Solid-State Electronics, 47 (2003) 
259-262. 

 
[6] G. Horowitz, “Organic Field-Effect Transistors,” Adv. Mater. 10, No. 5, 1998. 
 
[7] B. Anderson, R. Anderson, Fundamentals of Semiconductor Devices, McGraw Hill 

2005. 
 
[8] M.J. Panzer, C.D. Frisbie, “Contact Effects in Organic Field-Effect Transistors” in 

Organic Field-Effect Transistors.  Z. Bao, J. Locklin, Florida: CRC Press 2007, pp. 
144. 

 
[9] H. Klauk, W. Radlik, G. Schmid, W. Weber, L. Zhou, C. D. Sheraw, J.A. Nichols, 

T.N. Jackson, “Contact Resistance in Organic Thin-film Transistors,” Solid-State 
Electronics, 47, 297 (2003). 

 
[10] S. Mun, J.-M. Choi, K.H. Lee, K. Lee, S. Im, “Determining the Optimum 

Pentacene Channel Thickness on Hydrophobic and Hydrophilic Dielectric 
Surface,” Appl. Phys. Lett., 93, 233301 (2008). 

 
[11] C. Jung, A. Maliakal, A. Sidorenko, T. Siegrist, “Pentacene-Based Thin-film 

Transistors with Titanium Oxide-Polystyrene/Polystyrene Insulator Blends: High 
Mobility on High K Dielectric Films,” Appl. Phys. Lett., 90, 062111 (2007). 

 
[12] K.C. Liao, A.G. Ismail, L. Kreplak, J. Schwartz, I.G. Hill, Designed 

Organophosphonate Self-Assembled Monolayers Enhance Device Performance of 
Pentacene-Based Organic Thin-Film Transistors,” Adv. Mater., 2010, 22, 3081-
3085. 

 



 

175  

[13] A.S. Grove, Physics and Technology of Semiconductor Devices, Wiley, New York, 
1967. 

 
[14] B. Chandar Shekar, J. Lee, S. Rhee, “Organic Thin-film Transistors: Materials, 

Processes and Devices,” Korean J. Chem. Eng., 21(1), 267-285 (2004). 
 
[15] M.G. Kane, “Organic Thin-film Transistors for Flat-Panel Displays” in Organic 

Field-Effect Transistors.  Z. Bao, J. Locklin, Florida: CRC Press 2007, pp. 558. 
 
[16] D. Kolb, “Pentacene-Based Organic Transistors,” School of Engineering, 

University of Durham, http://www.eco.li/writings-talks/PhD/yr1-
PentaceneTransistors.pdf 

 
[17] T.W. Kelley, P.F. Baude, C. Gerlach, D.E. Ender, D. Muyres, M.A. Haase, D.E. 

Vogel, S.D. Theiss, “Recent Progress in Organic Electronics: Materials, Devices, 
and Processes.” Chem. Mater., 2004, 16, 4413-4422. 

 
[18] Z. Bao, Material Matters, Vol. 2, No. 3, 2007. 
 
[19] A. Dodabalapur, L. Torsi, H.E. Katz, “Organic Transistors: Two-Dimensional 

Transport and Improved Electrical Characteristics,” Science, Vol. 268, 1995.  
 
[20] R. Ruiz, A. Papadimitratos, A.C. Mayer, G.G. Malliaras, “ Thickness Dependence 

of Mobility in Pentacene Thin-Film Transistors,” Adv. Mater., 2005, 17, 1795-
1798. 

 
[21] M. Halik, H. Klauk, U. Zschleschang, G. Schmid, C. Dehm, M. Schutz, S. Malsch, 

F. Effenberger, M. Brunnbauer, F. Stellacci, “Low-Voltage Organic Transistors 
with an Amorphous Molecular Gate Dielectric,” Nature, Vol. 431, 2004. 

 
[22] M. McDowell, I.G. Hill, J. McDermott, S.L. Bernasek, J. Schwartz, “Improved 

organic thin-film transistor performance using novel self-assembled monolayers,” 
Appl. Phys. Lett., Vol. 88, 073505 (2006). 

 
[23] T. Ohmi, K. Kotani, A. Teramoto, M. Miyashita, “Dependence of Electron Channel 

Mobility on Si-SiO2 Interface Microroughness,” IEEE Electron Dev. Lett., Vol. 12, 
No. 12, 1991. 

 
[24] S.E. Fritz, T.W. Kelley, C.D. Frisbie, “Effect of Dielectric Roughness on 

Performance of Pentacene TFTs and Restoration of Performance with Polymeric 
Smoothing layer,” J. Phys. Chem. B 2005, 109, 10574-10577. 

 
[25] K. Shin, C. Yang, S.Y. Yang, H. Jeon, C.E. Park, “Effects of Polymer Gate 

Dielectrics Roughness on Pentacene Field-Effect Transistors,” Appl. Phys. Lett. 88, 
072109 (2006). 

 

http://www.eco.li/writings-talks/PhD/yr1-PentaceneTransistors.pdf�
http://www.eco.li/writings-talks/PhD/yr1-PentaceneTransistors.pdf�


 

176  

[26] T. Umeda, D. Kumaki, S. Tokito, “High Air Stability of Threshold Voltage on Gate 
Bias Stress in Pentacene TFTs with Hydroxyl-Free and Amorphous Fluoropolymer 
as Gate Insulators,” Organic Electronics 9 (2008) 545-549. 

 
[27] L.L. Chua, J. Zaumsell, J.F. Chang, E. C.-W. Ou, P. K.-H Ho, H. Sirringhaus,  R.H. 

Friend, “General Observation of N-type Field-Effect Behaviour in Organic 
Semiconductors,” Nature, Vol. 434, 10 March 2005. 

 
[28] H. Klauk, U. Zschieschang, R.T. Weitz, H. Meng, F. Sun, G. Nunes, D.E. Keys, 

C.R. Fincher, Z. Xiang, “Organic Transistors Based on Di(phenylvinyl)anthracene: 
Performance and Stability,” Adv. Mater., 2007, 19, 3882-3887. 

 
[29] A. Maliakal, “Dielectric Materials: Selection and Design” in Organic Field-Effect 

Transistors.  Z. Bao, J. Locklin, Florida: CRC Press 2007, pp. 242. 
 
[30] C.C. Wu, Y.K. Leung, C.S. Chang, M.H. Tsai, H.T. Huang, D.W. Lin, Y.M. Sheu, 

C.H. Hsieh, W.J. Liang, L.K. Han, W.M. Chen, S.Z. Chang, S.Y. Wu, S.S. Lin, 
H.C. Lin, C.H. Wang, P.W. Wang, T.L. Lee, C.Y. Fu, C. W. Chang, S.C. Chen, 
S.M. Jang, S.L. Shue, H.T. Lin, Y.C. See, Y.J. Mii, C.H.Diaz, Burn J. Lin, M.S. 
Liang, Y.C. Sun, “A 90-nm CMOS Device Technology with High-Speed, -General 
Purpose, Low-Leakage Transistors for System on Chip Applications,” Int. Elec. 
Dev. Meet. Tech. Dig. 65-68, IEEE 2002. 

 
[31] H. Klauk, U. Zschieschang, J. Pflaum, M. Halik, “Ultralow-Power Organic 

Complementary Circuits,” Nature, Lett., Vol.445, 2007. 
 
[32] K.D. Kim, C.K. Song, “Low Voltage Pentacene Thin-film Transistors Employing a 

Self-Grown Metal-Oxide as a Gate Dielectric,” Appl. Phys. Lett. 88 233508 (2006). 
 
[33] K. Han, S. Lee, H.W. Kang, H.H. Lee, “Stable and Robust Low-Voltage Pentacene 

Transistor Based on a Hybrid Dielectric,” Microelec. Eng., 84 (2007) 2173-2176. 
 
[34] L. Lan, J. Peng, M. Sun, J. Zhou, J. Zou, J. Wang, Y. Cao, “Low-Voltage, High-

Performance N-channel Organic Thin-Film Transistors Based on Tantalum 
Pentoxide Insulator Modified by Polar Polymers,” Organic Electronics 10 (2009) 
346 – 351. 

 
[35] S. Tatemichi, M. Ichikawa, S. Kato, T. Koyama, Y. Taniguchi, “Low-Voltage, 

High-Gain, and High-Mobility Organic Complementary Inverters Based on N,N’ – 
Ditridecyl-3,4,9,10-Perylenetetracarboxylic Diimide and Pentacene,” Phys. Stat. 
Sol. (RRL) 2, No. 2, 47-49 (2008). 

 
[36] M. Houssa, P.W. Mertens, M.M. Heyns, J.S. Jeon, A. Halliyal, B. Ogle, “Soft 

Breakdown in Very Thin Ta2O5 Gate Dielectric Layers,” Solid-State Electronics 44 
(2000) 521-525. 

 



 

177  

[37] H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik, “High-Mobility 
Polymer Gate Dielectric Pentacene Thin-film Transistors,” J. Appl. Phys. Vol. 92, 
No. 9 (2002). 

 
[38] S.C. Lim, S.H. Kim, J.B. Koo, J.H. Lee, C.H. Ku, Y.S. Yang, T. Zyung, 

“Hysteresis of Pentacene Thin-film Transistors and Inverters with Cross-Linked 
Poly(4-vinylphenol) Gate Dielectrics,” Appl. Phys. Lett. 90, 173512 (2007). 

 
[39] H.Y. Choi, S.H Kim, J. Jang, “Self-Organized Organic Thin-Film Transistors on 

Plastic,” Adv. Mater. 2004, 16, No. 8. 
 
[40] S.H. Kim, H.Y. Choi, J. Jang, “Effect of Source/Drain Undercut on the 

Performance of Pentacene Thin-Film Transistors on Plastic,” Appl. Phys. Lett. Vol. 
85, No. 19, 2004. 

 
[41] S.H. Han, S.M. Cho, J.H. Kim, J.W. Choi, J. Jang, “Ring Oscillator Made of 

Organic Thin-film Transistors Produced by Self-Organized Process on Plastic 
Substrate,” Appl. Phys. Lett. 89, 093504 (2006). 

 
[42] H.S. Byun, Y.X. Xu, C.K. Song, “Fabrication of High Performance Pentacene 

Thin-film Transistors Using Poly(4-vinylphenol) as the Gate Insulators on 
Polyethyleneterephthalate Substrates,” Thin Solid Film, 493 (2005) 278-281.  

 
[43] F.C. Chen, C.H. Lian, “Improved Air Stability of N-Channel Organic Thin-Film 

Transistors with Surface Modification on Gate Dielectric,” Appl. Phys. Lett. 93, 
103310 (2008). 

 
[44] J. Zhou, F. Zhang, L. Lan, S. Wen, J. Peng, “Influence of Polymer dielectrics on 

C60-Based Field-Effect Transistors,” Appl. Phys. Lett. 91, 253507 (2007). 
 
[45] K.N. Narayanan Unni, A.K. Pandey, J.M. Nunzi, “N-Channel Organic Field-Effect 

Transistors Using N,N’-Ditridecylperylene-3,4,9,10-tetracarboxylic Diimide and a 
Polymeric Dielectric,” Chem. Phys. Lett. 407 (2005) 95-99. 

 
[46] N. Benson, M. Schidleje, C. Melzer, R. Schmechel, H.v. Seggern, “Complementary 

Organic Field Effect Transistors by Ultraviolet Dielectric Interface Modification,” 
Appl. Phys. Lett. 89, 182105 (2006). 

 
[47] J. Collet, O. Tharaud, A. Chapoton, D. Vuillaume, Low-Voltage, 30 nm Channel 

Length, Organic Transistors with Self-Assembled Monolayer as Gate Insulating 
Films,” Appl. Phys. Lett., Vol. 76, No. 14, 2000. 

 
[48] S.H. Jin, J.S. Yu, C.A. Lee, J.W. Kim, B.G. Park, J.D. Lee, “Pentacene OTFTs with 

PVA Gate Insulators on a Flexible Substrate,” J. Korean Phys. Soc., Vol. 44, No. 1, 
2004, 181-184. 

 



 

178  

[49] I. Kymissis, A.I. Akinwande, V. Bulovic, “A Lithography  Process for Integrated 
Organic Field-Effect Transistors,” J. Disp. Tech., Vol. 1, No. 2, (2005). 

 
[50] C.D. Dimitrakopoulos, D.J. Mascaro, “Organic Thin-Film Transistors: A Review of 

Recent Advances,” IBM J. Res. & Dev., Vol. 45, No. 1 (2001). 
[51] S. Tatemichi, M. Ichikawa, T. Koyama, Y. Taniguchi, “High Mobility N-Type 

Thin-Film Transistors Based on N,N’-Ditridecyl Perylene Diimide with Thermal 
Treatments,” Appl. Phys. Lett., 89, 112108 (2006). 

 
[52] S.K. Park, T.N. Jackson, J.E. Anthony, D.A. Mourey, “High Mobility Solution 

Processed 6,13-bis(triisopropyl-silylethynyl) Pentacene Organic Thin-film 
Transistors,” Appl. Phys. Lett., 91, 063514 (2007). 

 
[53] T. Yamamoto, K. Takimiya, “Facile Synthesis of Highly π-Extended Heteroarenes, 

Dinaphtho[2,3-b:2’,3’-f]chalcogenopheno[3,2-b]chalcogenophenes, and Their 
Application to Field-Effect Transistors,” J. Am. Chem. Soc., 2007, 129, 2224-2225. 

 
[54] H. Meng, F. Sun, M.B. Goldfinger, F. Gao, D.J. Londono, W.J. Marshal, G.S. 

Blackman, K.D. Dobbs, D.E. Keys, “2,6-Bis[2-(4-pentylphenyl)vinyl]anthracene: 
A Stable and High Charge Mobility Organic Semiconductor with Densely Packed 
Crystal Structure,” J. Am. Chem. Soc., 2006, 128, 9304-9305. 

 
[55] M. Kitamura, Y. Arakawa, “Low-Voltage-Operating Complementary Inverters with 

C60 and Pentacene Transistors on Glass Substrates,” App. Phys. Lett. 91, 053505 
(2007). 

 
[56] R.J. Chesterfield, J.C. Mckeen, C.R. Newman, C.D. Frisbie, P.C. Ewbank, K.R. 

Mann, L.L. Miller, “Variable temperature film and contact resistance measurements 
on operating n-channel OTFTs,” J. Appl. Phys.,Vol. 95, No. 11 (2004). 

 
[57] Y. Wen, Y. Liu, C. Di, Y. Wang, X. Sun, Y. Guo, J. Zheng, W. Wu, S. Ye, G. Yu, 

“Improvements in Stability and Performance of N,N’-Dialkyl Perylene Diimide-
Based N-Type Thin-Film Transistors,” Adv. Mater, 2009, 21, 1-5. 

 
[58] H. Yan, Z. Chen, Y. Zheng, C. Newman, J.R. Quinn, F. Dötz, M. Kastler, A. 

Facchetti, “A High-Mobility Electron-Transporting Polymer for Printed 
Transistors,” Nature, Vol. 457, 2009. 

 
[59] D. Shukla, S.F. Nelson, D.C. Freeman, M. Rajeswaran, W.G. Ahearn, D.M. Meyer, 

J.T. Carey, “Thin-Film Morphology Control in Naphthalene-Diimide-Based 
Semiconductors: High Mobility n-Type Semiconductor for Organic Thin-Film 
Transistors,” Chem. Mater. 2008, 20, 7486-7491. 

 
[60] R. Schmidt, J.H. Oh, Y.S. Sun, M. Deppisch, A.M. Krause, K. Radacki, H. 

Braunschweig, M. Könemann, P. Erk, Z. Bao, F. Würthner, High-Performance Air-



 

179  

Stable n-Channel Organic Thin-film Transistors Based on Halogenated Perylene 
Bisimide Semiconductors,” J. Am. Chem. Soc., Vol. 131, No. 17, 2009. 

 
[61] J.H. Oh, S. Liu, Z. Bao, R. Schmidt, F. Würthner, “Air-Stable N-Channel Organic 

Thin-Film Transistors with High Field-Effect Mobility Based on N,N’-
bis(heptaflourbutyl)-3,4:9,10-Perylene Diimide,” Appl. Phys. Lett., 91, 212107 
(2007). 

 
[62] M.J. Panzer, C.D. Frisbie, “Contact Effects in Organic Field-Effect Transistors” in 

Organic Field-Effect Transistors.  Z. Bao, J. Locklin, Florida: CRC Press 2007, pp. 
140. 

 
[63] D.J Gundlach, K.P. Pernstich, G. Wilckens, M. Gruter, S. Haas, B. Batlogg, “High 

mobility n-channel OTFTs and complementary inverters,” J. Appl. Phys., 98, 
064502 (2005). 

 
[64] R. J. Chesterfield, J. C. Mckeen, C. R. Newman, C. D. Frisbie, Paul, C. Ewbank, K. 

R. Mann, L. L. Miller, “Variable temperature film and contact resistance 
measurements on operating n-channel OTFTs,” J. Appl. Phys., Vol. 95, No. 11.  

 
[65] K. Asadi, Y. Wu, F. Gholamrezie, P. Rudolf, P.W.M. Blom, “Single-Layer 

Pentacene Field-Effect Transistors Using Electrodes Modified with Self-Assembled 
Monolayers,” Adv. Mater., 2009, 21, 4109-4114. 

 
[66] X. Liu, S.H. Mohamed, J.M. Ngaruiya, M. Wuttig, T. Michely, “Modifying The 

Growth of Organic Thin-films by a Self-Assembled Monolayer,” J. Appl. Phys., 
Vol. 93, No. 8, April 2003. 

 
[67] Y. Hosoi, D. Tsunami, H. Ishii, Y. Furukawa, “ Air-Stable N-channel Organic 

Field-Effect Transistors Based on N,N’-bis(4-triflouromethylbenzyl)perylene-
3,4,9,10-tetracarboxylic Diimide,” Chem. Phys. Lett., 436 (2007) 139-143. 

 
[68] T.D. Anthopoulos, D.M. de Leeuw, E. Cantatore, S. Setayesh, E.J. Meijer, C. 

Tanase, J.C. Hummelen, P.W.M. Blom, “Organic Complementary-Like Inverters 
Employing Methanofullerene-Based Ambipolar Field-Effect Transistors,”  Appl. 
Phys. Lett., Vol. 85, No. 18 (2004). 

 
[69] L.K. Lafleur, J. Dong, B.A. Parviz, “Using Molecular Monolayers as Self-

Assembled Photoresist,” The 13th International Conference on Solid-State Sensors, 
Actuators and Microsystems, Seoul, Korea, 2005. 

 
[70] C. Huang, H.E. Katz, J.E. West, “Solution Processed Organic Field-Effect 

Transistors and Unipolar Inverters Using Self-Assembled Interface Dipole on Gate 
Dielectrics,” Langmuir 2007, 23, 13223-13231. 

 
[71] http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/menfre.html#c3 

http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/menfre.html#c3�


 

180  

 
[72] J. Wang, B. Wei, J. Zhang, “Fabricating an Organic Complementary Inverter by 

Integrating Two Transistors on a Single Substrate,” Semicond. Sci. Tech., 23 
(2008), 055003. 

 
[73] C.D. Sheraw, L. Zhou, J.R. Huang, D.J. Gundlach, T.N. Jackson, M.G. Kane, I.G. 

Hill, M.S. Hammond, J. Campi, B.K. Greening, J. Francl, J. West, “Organic Thin-
Film Transistor-Driven Polymer-Dispersed Liquid Crystal Displays on Flexible 
Polymeric Substrates,” Appl. Phys. Lett. Vol. 80, No. 6 (2002). 

 
[74] H. Klauk, M. Halik, U. Zschieschang, F. Eder, D. Rohde, G. Schmid, C. Dehm, 

“Flexible Organic Complementary Circuits,” IEEE Trans. Electron Devices, Vol. 
52, No. 4 (2005). 

 
[75] S.H. Han, J.H. Kim, Y.R. Son, J. Jang, “Passivation of High-Performance 

Pentacene TFT on Plastic,” J. Korean Physical Soc., Vol. 48, 2006, S107-S110.  
 
[76] K.C. Dickey, K.S. Lee, Y.L. Loo, “Soft Lithography for Fabricating Organic Thin-

Film Transistors” in Organic Field-Effect Transistors.  Z. Bao, J. Locklin, Florida: 
CRC Press 2007, pp. 435. 

 
[77] J.A. DeFranco, B.S. Schmidt, M. Lipson, G.G. Malliaras, “Photolithographic 

Patterning of Organic Electronic Materials,” Org. Elec., 7 (2006) 22-28. 
 
[78] I. Kymissis, C.D. Dimitrakopoulos, S. Purushothaman, “Patterning Pentacene 

Organic Thin-film Transistors,” J. Vac. Sci. Technol. B 20(3), 2002. 
 
[79] S.H. Han, K.J. Lee, S.H. Lee, J. Jang, “N-Type Organic Thin-Film Transistor Using 

N,N’-Dioctyl-3,4,9,10-Perylene Tetracarboxylic Diimides Grown by Organic 
Vapor Deposition,” J. Non-Cryst. Sol. 354 (2008) 2870-2874. 

 
[80] E.J. Meijer, D.M. De Leeuw, S. Setayesh, E.V. Veenendaal, B.-H. Huisman, 

P.W.M. Blom, J.C. Hummelen, U. Scherf, T.M. Klapwijk, “Solution-Processed 
Ambipolar Organic Field-Effect Transistors and Inverters,” Nature Material, Vol. 2 
(2003). 

 
[81] A. Knobloch, A. Manuelli, A. Bernds, W. Clemens, “Fully Printed Integrated 

Circuits from Solution Processable Polymers,” J. Appl. Phys. Vol. 96, No. 4, 2004. 
 
 
[82] Y.L. Loo, R.L. Willett, K.W. Baldwin, J.A. Rogers, “Additive, Nanoscale 

Patterning of Metal Films with a Stamp and a Surface Chemistry Mediated Transfer 
Process: Applications in Plastic Electronics,” Appl. Phys. Lett., Vol. 81, No.3, 
2002. 

 



 

181  

[83] K. Fujita, T. Yasude, T. Tsutsui, “Flexible Organic Field-Effect Transistors 
Fabricated by the Electrode-Peeling Transfer with an Assist of Self-Assembled 
Monolayer,” Appl. Phys. Lett., Vol. 82, No. 24, 2003. 

 
[84] Z. Wang, J. Zhang, R. Xing, J. Yuan, D. Yan, Y. Han, “Micropatterning of Organic 

Semiconductor Microcrystalline Materials and OFET Fabrication by “Hot Lift 
Off”,” J. Am. Chem. Soc., 2003, 125, 15278-15279. 

 
[85] C.D. Müller, A. Falcou, N. Reckefuss, M. Rojahn, V. Wiederhin, P. Rudati, H. 

Frohne, O. Nuyken, H. Becker, K. Meerholz, “Multi-Color Organic Light-Emitting 
Displays by Solution Processing,” Nature, Vol. 421, 2003. 

 
[86] C.C Kuo, T.N. Jackson, “Direct Lithography Top Contacts for Pentacene Organic 

Thin-Film Transistors,” Appl. Phys. Lett., 94, 053304 (2009). 
 
[87] IEEE Standard Test Methods for the Characterization of Organic Transistors and 

Materials, IEEE Std 1620TM-2004. 
 
[88] R. Ye, M. Baba, K. Suzuki and K. Mori, “Fabrication of Highly Air-Stable 

Ambipolar Thin-Film Transistors with Organic Heterostructure of F16CuPc and 
DH-α6T,” Solid State Electronics, 52 (2008) 60-62. 

 
[89] K. Yamane, H. Yanagi, S. Hotta, “Ambipolar Field Effect Transistors with 

Heterojunction of Organic Semiconductors,” Thin Solid Films, 516 (2008) 3157-
3161. 

 
[90] S.D. Wang, K. Kanai, Y. Ouchi, K. Seki, “Bottom Contact Ambipolar Organic 

Thin-film Transistor and Organic Inverter Based on C60/Pentacene Heterosructure,” 
Organic Electronics 7 (2006) 457-464. 

 
[91] R. Schemechel, M. Ahles, H. von Seggern, “A Pentacene Ambipolar Transistor: 

Experimental and Theory,” J. App. Phys. 98, 084511 (2005). 
 
[92] T. B. Singh, Farideh Meghdadi, S. Günes, N. Marjanovic, G. Horowitz, P. Lang, S. 

Bauer,N. S. Sariciftci, “High-Performance Ambipolar Pentacene Organic Field-
Effect Transistors on Poly(vinyl alcohol) Organic Gate Dielectric,” Adv. Mater. 
2005, 17, 2315-2320. 

 
[93] M. Ahles, R. Schmechel, H. von Seggern, “Complementary Inverter Based on 

Interface Doped Pentacene,” Appl. Phys. Lett. 87, 113505 (2005). 
 
[94] Y. Inoue, Y. Sakamoto, T. Suzuki, M.. Kobayashi, Y. Gao, S. Tokito, “Organic 

Thin-Film Transistors with High Electron Mobility Based on Perflouropentacene,” 
Jap. J. of Appl. Phys., Vol. 44, No. 6A, 3663-3668 (2005). 

 



 

182  

[95] R.T. Weitz, K. Amsharov, U. Zschieschang, E.B. Villas, D.K. Goswani, M. 
Burghard, H. Dosch, M. Jansen, K. Kern, H. Klauk, “Organic N-Channel 
Transistors Based on Core-Cyanated Perylene Carboxylic Diimide Derivatives,” J. 
Am. Chem. Soc., Vol. 130, No.14, 2008. 

 
[96] B. Yoo, A. Madgavkar, B.A. Jones, S. Nadkarni, A. Facchetti, K. Dimmler, M.R. 

Wasielewski, T.J. Marks and A. Dodabalapur, “Organic Complementary D Flip-
Flops Enabled by Perylene Diimides and Pentacene,” IEEE Electron Device Lett., 
Vol. 27, No. 9 (2006). 

 
[97] B.K. Crone, A. Dodabalapur, R. Sarpeshkar, R.W. Filas, Y.-Y. Lin, Z. Bao, J.H. 

O’Neill, W. Li, H.E. Katz, “Design and Fabrication of Organic Complementary 
Circuits,” J. Appl. Phys., Vol. 89, No. 9, 2001. 

 
[98] J.E. McDermott, M. McDowell, I.G. Hill, J. Hwang, A. Kahn, S.L. Bernasek, J. 

Schwartz, “Organophosphonate Self-Assembled Monolayers for Gate Dielectric 
Surface Modification of Pentacene-Based Organic Thin-Film Transistors: A 
Comparative Study,” J. Phys. Chem. A, 2007, 111, 12333. 

 
[99] Y. Ito, A.A. Virkar, S. Mannsfeld, J.H. Oh, M. Toney, J. Locklin, Z. Bao, ” 

Crystalline Ultrasmooth Self-Assembled Monolayers of Alkylsilanes for Organic 
Field-Effect Transistors,” J. Am. Chem. Soc., 2009, 131, 9396. 

 
[100] E.L. Hanson, J. Schwartz, B. Nickel, N. Koch, M.F. Danisman, “Bonding Self-

Assembled, Compact Organophosphonate Monolayers to the Native Oxide Surface 
of Silicon,”  J. Am. Chem. Soc., 2003, 125, 16074. 

 
[101] E.L. Hanson, J. Guo, N. Koch, J. Schwartz, S.L. Bernasek, “Advanced Surface 

Modification of Indium Tin Oxide for Improved Charge Injection in Organic 
Devices,” J. Am. Chem. Soc., 2005, 127, 10058. 

 
[102] D. Guo, T. Miyadera, S. Ikeda, T. Shimada, K.J. Saiki, “Analysis of Charge 

Transport in a Polycrystalline Pentacene Thin-film Transistor by Temperature and 
Gate Bias Dependent Mobility and Conductance,” J. Appl. Phys., Vol. 102, 023706 
(2007). 

 
[103] M. Shtein, J. Mapel, J.B. Benziger, S.R. Forrest, “Effects of Film Morphology and 

Gate Dielectric Surface Preparation on the Electrical Characteristics of Organic-
Vapor-Phase-Deposited Pentacene Thin-Film Transistors,” Appl. Phys. Lett., Vol. 
81, No. 2 (2002). 

 
[104] F.-J. M. zu Heringdorf, M.C. Reuter, R.M. Tromp, "Growth Dynamics of 

Pentacene Thin-films," Nature 2001, 412, 517. 
 



 

183  

[105] P.F. Baude, D.A. Ender, M.A. Haase, T.W. Kelly, D.V. Muyres, S.D. Theiss, 
“Pentacene-Based Radio-Frequency Identification Circuitry,” Appl. Phys. Lett. Vol. 
82, No. 22, 2003.  

 
[106] S. Jung, T. Ji, V. Varadan, “Point-of-Care Temperature and Respiration Monitoring 

Sensors for Smart Fabric Applications,” Smart Mater. Struct. 15 (2006) 1872-1876. 
[107] J. Lee, D.K. Hwang, C.H. Park, S.S. Kim, S. Im, “Pentacene-Based Photodiode 

with Schottky Junction,” Thin Solid Films 451-452 (2004) 12-15. 
 
[108] T.W. Kelley, L.D. Boardman, T.D. Dunbar, D.V. Muyres, M.J. Pellerite, T.P. 

Smith, “High-Performance OTFTs Using Surface-Modified Alumina Dielectrics,” 
J. Phys. Chem. B 2003, 107, 5877-5881. 

 
[109] R.J. Chesterfield, J.C. Mckeen, C.R. Newman, P.C. Ewbank, D.A. da Silva Filho, J. 

Bredas, L.L. Miller, K.R. Mann, C.D. Frisbie, "Organic Thin-film Transistors 
Based on N-Alkyl Perylene Diimides: Charge Transport Kinetics as a Function of 
Gate Voltage and Temperature,"  J. Phys. Chem. B, 108, 19281 (2004). 

 
[110] H. Klauk, D.J. Gundlach, M. Bonse, C.C. Kuo, T.N. Jackson, “A Reduced 

Complexity Process for Organic Thin-film Transistors,” Appl. Phys. Lett. Vol. 76, 
No. 13, 2000. 

 
[111] S. De Vusser, S. Steudel, K. Myny, J. Genoe, P. Heremans, “Integrated Shadow 

Mask Method for Patterning Small Molecule Organic Semiconductors,” App. Phys. 
Lett., 88, 103501 (2006). 

 
[112] Y. Zhang, J.R. Petta, S. Ambily, Y. Shen, D.C. Ralph, G.G. Malliaras, “30 nm 

Channel Length Pentacene Transistors,” Adv. Mater. 2003, 15, No. 19. 
 
[113] B. Yoo, T. Jung, D. Basu, A. Dodabalapur, B.A. Jones, A. Facchetti, M.R. 

Wasielewski, T.J. Marks, “High-Mobility Bottom-Contact N-Channel Organic 
Transistors and Their Use in Complementary Ring Oscillators,” Appl. Phys. Lett., 
88, 082104 (2006). 

 
[114] P.R.L. Malenfant, C.D. Dimitrakopoulos, J.D. Gelorme, L.L. Kosbar, T.O. Graham, 

A. Curioni, W. Andreoni, “N-type Organic Thin-Film Transistor with High Field-
Effect Mobility Based on a N,N’-dialkyl-3,4,9,10-perylene Tetracarboxylic 
Diimide Derivative,” Appl. Phys. Lett.,Vol. 80, No. 14, 2002. 

 
[115] F.V. Di Girolama, C. Aruta, M. Barra, P.D’ Angelo, A. Cassinese, “Organic Film 

Thickness Influence on the Bias Stress Instability in Sexithiophene Field Effect 
Transistors,” Appl Phys. A (2009), 96, 481-487. 

 
[116] F.V. Di Girolamo, M. Barra, V. Capello, M. Oronzio, C. Romano, A. Cassinese, 

“Bias Stress Instability in Organic Transistors Investigated by AC Admittance 
Measurements,” J. Appl. Phys., 107, 114508 (2010). 



 

184  

 
[117] T.N. Jackson, “Organic Thin-film Transistors - Electronics Anywhere,” 

Proceedings of 2001 International Semiconductor Device Research Symposium, 
340 (2001). 

 
[118] L.S. Zhou, A. Wanga, S.C. Wu, J. Sun, S. Park and T.N. Jackson, “All-organic 

active matrix flexible display,” Appl. Phys. Lett. 88, 083502 (2006). 
 
[119] M.P. Walser, W.L. Kalb, T. Mathis, B. Batlogg, “Low-Voltage Organic Transistors 

and Inverters with Ultra-Thin Fluoropolymer Gate Dielectric,” Appl. Phys. Lett., 
95, 233301 (2009). 

 
[120] M. P. Walser, W. L. Kalb, T. Mathis, T. J. Brenner, and B. Batlogg, “Stable 

complementary inverters with organic field-effect transistors on Cytop 
fluoropolymer gate dielectric,” Appl. Phys. Lett. 94, 053303 (2009). 

 
[121] Cytop amorphous fluoropolymer catalog, AGC Chemicals, Asahi Glass Company 

limited, Tokyo, January 2009. 
 
[122] Y. Fujisaki, Y. Nakajima, D. Kumaki, T. Yamamoto, S. Tokito, T. Kono, J. 

Nishida, Y. Yamashita, “Air-Stable N-Type Organic Thin-Film Transistors Array 
and High Gain Complementary Inverter on Flexible Substrate,” Appl. Phys. Lett., 
97, 133303 (2010). 

 
[123] D. Kumaki, T. Umeda, S. Tokito, “Influence of H2O and O2 on Threshold Voltage 

Shift in Organic Thin-Film Transistors: Deprotonation of SiOH on SiO2 Gate-
Insulator Surface,” Appl. Phys. Lett., 92, 093309 (2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

185  

 
APPENDIX A   Experimental Procedures 

 
Positive Photoresist Procedures:  

Photoresist (PR): Positive resist SPR 220 3.0 

PR developer: CD-30 or CD-26 

PR remover: 1165, acetone 

Manufactured by MicroChem 

 

1) Clean wafer if necessary. 

2) Mount wafer into spin coater using alignment tool.  Apply ~3-4 mL of SPR220 with a 

syringe or pipette in puddle at centre of wafer and allow it to spread out. Spin @ 3000 

rpm for 40 s. 

3) Place wafer on hotplate and soft-bake @ 75 oC for 90 s. 

4) Mount wafer in Cobilt CA-800 mask aligner. Mount photomask and expose wafer 

under mercury arc lamp approximately 50 s. 

5) Place wafer on hotplate and post-bake @ 75 oC for 90 s. 

6) Immerse wafer in developer CD-30 bath and lightly agitate until device profiles are 

well developed, this usually takes between30 to 50 s.  Rinse wafer with DI water or 

immerse in DI water bath, then blow dry with compressed air.  If CD-26 is used 

instead, decrease exposure time in step 4 to 30 s. 

7) Optional step:  Hard bake.  Place wafer on hotplate and bake @ 75 oC for 90 s.  This 

is to make the photoresist harder for wet etching.  

 

Notes: 

- Photoresist can be stripped using acetone, 1165 solution, or RIE. 

- Make sure the mercury arc lamp has been ON for at least 15 min. 

 

Negative Photoresist/Metal lift-off procedures: 
 
Photoresist (PR): Negative resist NR9-1000PY 

PR developer: RD6 

PR remover: RR5 
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Manufactured by Futurrex 

 
1)  Clean wafer if necessary. 

2)  Mount wafer into spin coater using alignment tool.  Drop ~ 4mL of  NR9-1000PY in 

the middle of the wafer with a syringe or pipette in puddle at centre of wafer and allow it 

to spread out. Spin @ 3000 rpm for 40 s. 

3)  Soft-bake @ 150 oC for 1 min on a hotplate. 

4)  Mount wafer in Cobilt CA-800 mask aligner. Mount photomask and expose wafer for 

 2 min. 

5)  Post-bake @ 100 oC for 1 min. 

6)  Develop in RD6 for ~20s, then rinse well with DI water and blow dry. 

 

Check wafer under microscope to see if any underdeveloped PR exists, repeat 

development for 10 to 15s if necessary.  Wafer is now ready for metal deposition. 

 

7)   Deposit metal. 

8)   Immerse wafer in RR5 (or acetone) and sonicate for until all unwanted metal has    

been lift-off. Do this in the fumehood, it will take between 20 to 60 min. 

9)   Rinse wafer with DI water or immerse in DI water bath, followed by rinsing with 

acetone, IPA, MeOH, DI water and blow dry. 

 

Notes: 

- Photoresist can be stripped using acetone, RR5 solution, or RIE. 

- Make sure the mercury arc lamp has been ON for at least 15 min. 

 

Mask Aligning Procedures: 
 
Get familiarized with the names of the bits and pieces of the Cobilt CA800 first before 

following this documentation by consulting the Cobilt CA800 manual.  The manual also 

contains more detailed procedures. 

 

Turn ON the Mercury arc lamp  
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It takes at least 15min to charge it, so turn the lamp first before doing anything else. 

1.  Turn ON the power bar and make sure the fan at the back is functioning. 

2.  Turn the power supply (ORIEL Corporation of America.) for the lamp to ON, it’s the      

black switch on the right. 

3.  Press Start (red button) and depress quickly, DON’T turn ON the power supply for the 

aligner yet while doing this.  If the red light is suddenly OFF, it means that the fuse 

has blown. Change the fuse, the fuse rating is 250V, 10A. 

 

Turn ON the Aligner 

1.  Turn ON the power supply (Computervision Cobilt Division) for the aligner, it’s the 

white switch on the left. 

2.  Turn the air ON (red valve by the right side of the aligner). 

3.  Turn on the pump. 

 

Aligning Mask 

1.  Lift the head up by pushing the Head Lift switch up.  Remove the glass covering and 

replace with the desired photomask. Make adjustment by hand so that it fits nicely on 

the maskholder.  Push the Mask Clamp up so that the mask is clamped firmly. 

2.  Lower the head. 

3.  Using the Splitfield microscope, find the alignment marks on the mask.  Use the Focus 

Control to focus.   Press the Scan button and move the Micromanipulator (mouse) to 

position the mask so that you can see alignment marks on both the left and right 

splitfields.  Adjust the splitfield separation if necessary by using the Splitfield 

Separation knob.  Release the Scan button when finished.   

4.  You want to get the left and right alignment marks horizontally aligned under the 

splitfield.  To do this, unclamp the mask and adjust it by hand while looking at the 

splitfield. Re-clamp the mask once they are horizontally aligned.  

5.  Depress the Load Tip button and place a wafer on the chuck.  Align the flat of the 

wafer against the load tip and release the load tip.  The wafer will be moved to the 

contact position and then will move to separation position.  The green Separation 

Indicator will light. 
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6.  Align the wafer and alignment marks using the Micromanipulator and the Rotation (θ) 

knob.  The white button on the Micromanipulator controls the alignment mode; 

pressing the button selects the coarse (2:1) mode, releasing it selects the fine 

alignment (100:1) mode.  The Rotation (θ) knob rotates the wafer ± 5 degrees.  You 

need a lot of practice for this step. 

7.  Press the red button on the Micromanipulator to go into contact mode.  The red 

Contact Indicator should light. 

8.  Set the exposure Timer for the desired exposure time.  Wear UV glasses to protect 

your eyes before proceeding to step 9. 

9.  Depress the Expose button.  The splitfield assembly will extend and the wafer will be 

automatically exposed.  The assembly will then retract and the wafer will be returned 

to the turntable.  If nothing happens when Expose button is depressed, do a “manual” 

exposure.  Have a stopwatch ready and toggle the Hg Test switch up to expose and 

then down when desired exposure time reached.  Depress the red Contact Indicator 

(wafer will be in separation mode and the green Separation Indicator should light), 

then depress the Turntable or/and Reset button to retrieve the exposed wafer. 

 

Notes: 

- The Mercury Arc lamp has limited operating hour, do not leave it ON for more 

than an hour or so. 

- Italic words refer to the names specific to the mask aligner taken from the manual. 

 

Organic PVA-R Patterning Procedures: 

The sensitized PVA resist will be called PVA-R henceforth. 

 

1)  Clean wafer if necessary. 

2)  Deposit organic film. 3.  Drop about 10mL PVA-R to cover most of the wafer.  Allow 

it to spread out for about 20s. 

3)  Spin at 1000rpm for 30s. 

4)  Soft-bake @ 70 oC for 15 s on a hotplate. 

5)  Expose for 30 s[a] (make sure the mercury arc lamp has been ON for at least 15min). 
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6)  Develop in DI water for 2 min[b].  Rinse with DI water then blow dry.  Check under 

microscope to see that you have a well defined pattern.  Do a final hot plate drying @ 

105 oC for 2 min. 

Notes: 

a) The bake time and develop times may need to be adjusted each time you make a 

new batch of PVA-R. The times above work for the PVA-R that I made. 

b) To determine bake and develop times, start with something like this: 
Bake time Develop time Result 

2min 

5min   

4min   

3min   

2min   

1min   

1min 

5min   

4min   

3min   

2min   

1min   

 

And so on…… 

 

………. ……… 

 

c) Experiment with the times, even a few seconds may yield different result.  Bake 

and then develop (do not expose) to see if all the PVA-R has dissolved. 

d) I found that baking for a long time made it harder to develop/remove the PVA-R. 

 

7)  Using the RIE, etch with the “Oxide Plasma Clean” recipe for 2 min (for a 500Ǻ thick 

organic). All unwanted organic should be removed now.   
 

[a]  90s works better than 30s exposure for the 2nd batch of PVA-R 

[b]  4 min with agitation (sonication for better resolution) for the 2nd batch PVA-R 

 
 
Making PVA resist procedures: 
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Dissolving PVA can be tricky; a water jacket needs to be used so that you don’t get a hot 

spot.  A chef would call it a “double boiler”, it is just one container that is suspended 

inside another.  The idea is that the inner container is only heated by the boiling water in 

the outer container, and therefore can never reach above 100 oC. 

 

Start with 10% PVA then thin it down to 4%.  For the Ammonium Dichromate 

(NH4)2Cr2O7, start with 10%. Mix the thinned down 4% PVA and 10% (NH4)2Cr2O7 to 

get 4% (NH4)2Cr2O7, 3 to 6% also works.  DI water is used throughout these procedures.  

Use yellow light throughout these procedures if applicable (I turned the cleanroom lights 

OFF). 

 

It’s advisable to perform all procedures in a fumehood although it’s not mentioned in 

some steps below.  However, when dealing with Ammonium Dichromate, a fumehood 

MUST be used.    

 

(a) 10% PVA (I used 300g water/33.33g PVA to start with) 

1.  Place a brick (or any poor heat conductor that can stand well above 100 oC ) in a 4L 

beaker.  Place a 1L beaker inside the 4L beaker on top of the brick. The 1L beaker is 

thermally “suspended”.  Now, place the whole set-up on a hot plate. 

2.  Add water to the 4L beaker as the “water jacket” 

3.  Put the right amount of water and PVA to get 10% PVA in the 1L beaker.  Stir 

constantly using motor stirrer (not magnetic stirrer).  The stirrer is kept running until 

the end of this process. Make sure the water jacket level is higher than the solution 

being mixed; add more if necessary but not too much as the 1L beaker will float! 

4.  Heat and stir until the mixture reaches ~80 oC [a], this takes about an hour. Let it stir 

for another 10min before turning OFF the stirrer.  Allow to cool and as soon as the 

beaker is manageable, transfer the solution into 1L storage jar. 

 

Look at the residue at the bottom of the beaker, if you see little clear balls or anything 

that suggests that the PVA has any undissolved “stuff” in it, you should pitch the batch 

out and start again. This is probably due to not stirring fast enough, not getting hot 
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enough or getting too hot.  Rinse the 1L beaker and stirring rod immediately with hot 

water (use the hot water jacket) before the PVA starts to stick. 

 

The PVA solution will be full of bubbles, let it sit for 16 to 24 hours and they all should 

all come out. 

 

(b) Thin down the 10% PVA to 4% 

5.  Measure the amount of 10% PVA (from step (a), I had about 260mL) and water to be 

mixed to get to 4%.  

6.  Pour the 10% PVA back into the storage jar followed by the measured amount of 

water. Shake it hard for a few minutes and then let it sit overnight.  Bubbles should all 

come out next morning. 

 

It’s always a good idea to measure the amount of 10% PVA instead of relying on the 

previously measured amount (my case was ~333mL total of 10% PVA at first, when re-

measured I had ~ 260mL) as PVA mixture is very sticky and you will have “left over” 

sticking on the wall of your beaker, cylinder, jar etc. 

 

(c) 10% Ammonium Dichromate 

7.  Weigh (NH4)2Cr2O7 to get 10% solution in water (I used 2.656g of (NH4)2Cr2O7 and 

23.906g of water).  Do this in a fumehood.   

8.  In a 100mL beaker dissolve the (NH4)2Cr2O7 in water, it will dissolve very easily with 

agitation. 

 

Do all these in a fumehood as Ammonium Dichromate is a toxic material.  Cover 

workspace with aluminum foil and wear double gloves.  Avoid contact with skin, eyes 

and clothing.  Dispose anything that is in touch with Ammonium Dichromate in a 

properly labeled container.  

Finale 4% Ammonium Dichromate 
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9.  Measure the amount of 4% PVA (from step (b)) and the amount of 10% (NH4)2Cr2O7 

to make 4% (NH4)2Cr2O7.  3 to 6% will also work, you will just change the 

sensitivity and the shelf life. 

10.  Pour the 4% PVA back into the storage jar followed by the measured 10% 

(NH4)2Cr2O7.  The darker the jar the better, but since we don’t have a dark 1L jar, I 

wrap aluminum foil around it (label it as it contains Ammonium Dichromate!). 

11.  Shake well for a few minutes and let it sit for one day or two. 

 

Note that sensitized PVA has a shelf life and its properties will change as it sits and 

slowly crosslinks in the dark.  We found that we could only rely on a batch to remain 

good for about one month after it was sensitized [b].  Storing it in a refrigerator may help. 

Expired PVA-R may attack organic. 

 
[a]  100 oC for system at Sarnoff. 

[b]  Information from people at Sarnoff. 

 

 

Phosphonic Acid SAMs procedures: 

1)  Prepare 0.5 mMol of SAM in IPA solution by measuring mass of the n-alkyl SAM   

 needed in a clean container with appropriate volume of IPA.  The concentration does 

 not need to be exact. 

2)  Sonicate the solution for about 10 min until all SAM is dissolved. The solution is now 

 ready. 

3)  Clean sample(s) accordingly and immerse in the solution immediately [a].  

4)  Close container lid and leave for ~ 24 h. 

5)  Pump down vacuum oven and heat to 145 oC [b]. 

6)  Remove sample(s) from the solution and blow dry. 

7)  Vent oven and quickly put sample(s) on an aluminum foil in the oven, followed by a 

 quick pumping down of the oven before the air inside heats excessively.  

8) Bake @ 145 oC for 10 min. 

9) Vent oven and retrieve samples(s).  Rinse sample(s) with clean IPA (not from wash  

 bottle) with pipette at least 10 times and blow dry. 
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10)  Turn OFF oven. 

 
[a]  Sample that is cleaned with RIE needs to be immersed immediately in the solution,         

  the RIE creates a strong polar surface for the SAM to assemble on. 

[b]  If contact angle measurement does not indicating a good coating, baking temperature       

  can be increased up to 205 oC.                                                                               
 

Metal and organic bell jar deposition procedures: 

1)  Mount sample on a sample holder. 

2)  Open bell jar and mount sample holder on the top platform.  If substrate heating is 

 needed, connect the kapton heater clip to the power supply feeder and thermocoupler 

 on the substrate close to the sample as possible. 

3)  Prepare metal and/or organic deposition material in evaporation boat/basket. 

4)  Clean the bell jar’s o-ring and the base plate (where the o-ring touches) with 

methanol. 

5)  Close the bell jar and pump down with the roughing pump until pressure reads 60   

 micron.  Turn on the heater power supply.  

 6)  Check three things before proceeding: there is current to the deposition source(s), 

 thickness monitor software is working (crystal life is more than 75%), and kapton 

 heater is working. 

7)  Close the roughing pump valve and let the diffusion pump to take over. 

8)  When the base pressure reads high 10-6 Torr (the lower the better) and/or substrate 

 temperature reaches the desired value, deposition can be started. 

9)  Increase the current supply slowly and when steady deposition rate is maintained, 

 open shutter.  Close back the shutter when the desired thickness is reached.  Turn 

 off the current supply. 

10) Wait about 20 min before breaking the vacuum.  If substrate is heated, wait until the 

 thermocoupler reads < 40 oC.  

11) To retrieve sample, isolate diffusion pump and turn OFF both diffusion and roughing 

 pump.  Vent bell jar to atmosphere to open it. 

 

Notes: 
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- Diffusion pump can never “see” atmospheric pressure and must be isolated when     

 necessary. 

- Liquid nitrogen can be used to lower the pressure and reduce oil back-streaming in to  

 the deposition chamber. 

- Always keep the bell jar under vacuum for cleanliness even it is not being used. 

 

Parylene deposition procedures: 

1)  Make sure the cold trap, cold trap thimble (for liquid N2), all parts inside deposition 

 chamber and vaporizer are clean.  Place the thimble in the cold trap. 

2)  Spray 2% microsoap to all part inside the chamber and the cold trap probe so that 

 parylene can be remove easily later. 

3)  Release the EMO button if it has been pressed and turn ON the main power. 

4)  Place sample in the chamber and check to see if the gasket-sealing is clean before  

 closing. 

5)  Make an aluminum boat using “aluminum form tube”.  Weigh parylene dimer in the 

 boat and place it in the vaporizer.  Place it such that the dimer is closer to the door. 

6)  Check process points for parylene-C, they should be, Furnace: 690, Gauge: 135, 

 Vaporizer: 175, Vacuum: 20 or 25.  They are normally set, and do not need further 

 adjustment.   

7)  Turn on vacuum, when 200 units pressure are reached (takes less than a minute), fill 

 the thimble with liquid N2 and cover it with foil. 

8)  Pressure should read 0 – 10 units in 2 – 5 minutes.  Then, turn Gauge, Furnace, 

 Vaporizer to ENABLE, and press green start/stop button.  Process is now automatic 

 and it takes about 2h to deposit 1 g of dimer. 

9)  Start/stop button will blink to indicate deposition is complete.  Depress the button. 

10)  Turn the Vacuum to vent and wait for the chamber to reach ambient. 

11)  Turn Gauge, Furnace, Vaporizer to DISABLE. 

12)  If running another deposition, place new sample in the chamber and once the 

 Vaporizer reaches 40 oC, load new dimer and repeat process. 

12)  Remove the cold trap thimble from the cold trap before water condenses and drops 

 inside the cold trap. 
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13)  Wait at least 5 min to open the chamber before retrieving the sample.  It is usually 

 difficult to open the chamber due to the parylene sticking in between.  

14  Turn OFF main. 

 

Notes: 

- All internal parts inside the deposition chamber do not need to be cleaned each time.    

 Wait about 10 depositions before cleaning, so that parylene can be easily peeled off 

 without flaking.  Only spray 2% microsoap once after the cleaning (all parylene has 

 been peeled off) exposing the internal parts, we want to spray the solution on the 

 internal parts not on the parylene that has been deposited prior. 

- The cold trap thimble should be cleaned no more than 2 deposition runs, and sprayed 

 with 2% microsoap on each cleaning. 

- Deposition rate is about 2 μm/h.   

 

Cytop deposition: 

1)  Drop about ~2 mL (for 10 cm wafer) of Cytop on the sample. 

2) Spin coat @ 500 rpm for 10 s then @ 1000 rpm (54 nm film [a]) for 20 s.  

3)  Bake sample on a hotplate @ 100 oC for 90 s, then in oven @ 200 oC for 60 min. 

 
[a]  For Cytop 9% to solvent ration of 3:14 (equivalent to 1.614% of Cytop in solvent). 
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APPENDIX B   Publications 
 
Journal Papers 

• Kung-Ching Liao, Ahmad G. Ismail, Laurent Kreplak, Jeffrey Schwartz   

 and Ian G. Hill, “Designed Organophosphonate Self-Assembled    

 Monolayers Enhance  Device Performance of Pentacene-Based Organic   

 Thin-Film Transistors,” Adv. Mater., 2010, 22, 3081-3085. 

 

• “Stability of N-channel Organic Thin-Film Transistors Using Oxide, SAM  

 Modified Oxide and Polymeric Gate Dielectric,” Ahmad G. Ismail and Ian  

 G. Hill – accepted for publication in Organic Electronics. 

   

• “Photolithographically patterned Active Channel N-channel Organic Thin-Film 

 Transistors,” Ahmad G. Ismail and Ian G. Hill – in preparation. 

 

Non-Refereed Contributions 

•  Institute for Research  in Materials (IRM) at Dalhousie University Annual 

 Research Day 2008, “Patterning Organic Active Layer Using Photolithography,” 

 poster presentation, Ahmad G. Ismail 

 

• Dept of EE, Princeton University, Princeton, NJ, USA, Sept 2010, “High 

Mobility, Stable, N-channel Organic Thin-film Transistors,” Ian G. Hill, Ahmad 

G. Ismail 

 

• PRISM, Princeton University, Princeton, NJ, USA, Sept 2010, “Lithographic 

Patterning of Organic Semiconductors and the Manufacturability of Organic 

Complementary Logic Circuits,” Ian G. Hill, Ahmad G. Ismail 

 

• ESPMI-V, Chiba, Japan, January 2010, “Anthracene phosphonic acid-based self-

assembled monolayers template pentacene growth for high-mobility organic thin-

film transistors,” Ian G. Hill, Ahmad G. Ismail 
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• MRS Fall Meeting, Boston, MA, USA, December 2008, “Self-Assembled 

Monolayer Modified Organic Thin-Film Transistors,” Ian G. Hill, Ahmad G. 

Ismail 
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APPENDIX C   Copyright Permissions 

 

C.1 Permission from Wiley-VCH Verlag GmbH & Co. KGaA 

Date:  Fri, 15 Oct 2010 10:46:19 +0100 [10/15/10 06:46:19 AST] 
From:  Rights DE <RIGHTS-and-LICENCES@wiley-vch.de>   
To:  Ahmad Ismail <AISMAIL@dal.ca>  
Subject:  AW: Copyright Permission (and problem) 
 
 
 
Dear Ahmad Ismail, 
 
Thank you for your email.  
 
We hereby grant permission for the requested use expected that due credit is given to the 
original source. 
Please note that the author's permission is also required. 
 
Please note that we only grant rights for a printed version, but not the rights for an 
electronic/ online/ web/ microfiche publication, but you are free to create a link to the 
article in question which is posted on our website (http://www3.interscience.wiley.com)
 
⇨ You  may use the version of the contribution as originally submitted for publication 
for an electronic presentation of the thesis. The contribution may not be updated or 
replaced with the published version. The version posted must contain a legend as 
follows: This is the pre-peer reviewed version of the following article: FULL CITE. 
 
With kind regards 
 
Bettina Loycke 
********************************************* 
Bettina Loycke 
Senior Rights Manager 
Wiley-VCH Verlag GmbH & Co. KGaA 
Boschstr. 12  
69469 Weinheim 
Germany 
 
Phone: +49 (0) 62 01- 606 -  280 
Fax:     +49 (0) 62 01 - 606 - 332 
Email: rights@wiley-vch.de 
_______________________________ 
 
Wiley-VCH Verlag GmbH & Co. KGaA 
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javascript:popup_imp('/horde/imp/compose.php',700,650,'to=Ahmad Ismail %3CAISMAIL%40dal.ca%3E');�
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Location of the Company: Weinheim  
Chairman of the Supervisory Board: Stephen Michael Smith   
Trade Register: Mannheim, HRB 432833 
General Partner: John Wiley & Sons GmbH, Location: Weinheim  
Trade Register Mannheim, HRB 432296 
Managing Directors : Christopher J. Dicks, Bijan Ghawami, William Pesce  
 
 
 
-----Original Message----- 
From: Ahmad Ismail [mailto:AISMAIL@Dal.Ca]  
Sent: 14 October 2010 23:32 
To: Permissions - US; Permission Requests - UK 
Cc: customercare@copyright.com 
Subject: Copyright Permission (and problem) 
 
Dear Sir/Madam, 
 
This is what it says when I was trying to get permission. In between   
the lines. 
 
------------------------------------------------------------- 
Content Excluded 
 
Permission to reproduce this content cannot be granted via the   
Rightslink® service. Please go to the Wiley Permission?s web site   
http://www.wiley.com/WileyCDA/Section/id-301703.html or email your   
request details to permissionsUK@wiley.com or permissionsUS@wiley com." 
------------------------------------------------------------ 
 
Following the link above, it asked to email permission from @wiley.ca,   
which I did but received a reply saying I have to go back and do it   
online.  It seems like it is an endless loop.  Please read the request   
below. 
 
I have contributed to the Journal titled "Designed Organophosphonate   
Self-Assembled Monolayers Enhance Device Performance of   
Pentacene-Based Organic 
Thin-Film Transistors". 
 
 
Advanced Materials 
Volume 22, Issue 28, pages 3081–3085, July 27, 2010 
 
I was working on the subject towards my PhD. I'd like to have the   
permission to include it within my thesis. 

https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_4ve2d53l9pc0cw84gkocw&index=7121&thismailbox=INBOX�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_4ve2d53l9pc0cw84gkocw&index=7121&thismailbox=INBOX�
http://www.wiley.com/WileyCDA/Section/id-301703.html�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_4ve2d53l9pc0cw84gkocw&index=7121&thismailbox=INBOX�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_4ve2d53l9pc0cw84gkocw&index=7121&thismailbox=INBOX�
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Best Regards, 
Ahmad Ismail 
(PhD. Candidate, EE, Dalhousie University)  
 

C.2 Permission from Royal Society of Chemistry 

Date:  Tue, 16 Nov 2010 13:17:16 +0000 [11/16/10 09:17:16 AST] 
From:  CONTRACTS-COPYRIGHT (shared) <Contracts-Copyright@rsc.org>  
To:  'Ahmad Ismail' <AISMAIL@dal.ca>  
Subject:  RE: Permission Request Form: Ahmad Ismail 
 

Dear Ahmad 

 The Royal Society of Chemistry hereby grants permission for the use of the material specified 
below in the work described and in all subsequent editions of the work for distribution throughout 
the world, in all media including electronic and microfilm.  You may use the material in 
conjunction with computer-based electronic and information retrieval systems, grant permissions 
for photocopying, reproductions and reprints, translate the material and to publish the 
translation, and authorize document delivery and abstracting and indexing services.  The Royal 
Society of Chemistry is a signatory to the STM Guidelines on Permissions (available on 
request). 

Please note that if the material specified below or any part of it appears with credit or 
acknowledgement to a third party then you must also secure permission from that third party 
before reproducing that material. 

Please ensure that the published article carries a credit to The Royal Society of Chemistry in the 
following format: 

[Original citation] – Reproduced by permission of The Royal Society of Chemistry 

and that any electronic version of the work includes a hyperlink to the article on the Royal 
Society of Chemistry website.  The recommended form for the hyperlink is 
http://dx.doi.org/10.1039/DOI suffix, for example in the link http://dx.doi.org/10.1039/b110420a 
the DOI suffix is ‘b110420a’. To find the relevant DOI suffix for the RSC paper in question, go to 
the Journals section of the website and locate your paper in the list of papers for the volume and 
issue of your specific journal.  You will find the DOI suffix quoted there. 

  

Best wishes 

Gill 

Gill Cockhead (Mrs), Contracts & Copyright Executive 
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Royal Society of Chemistry, Thomas Graham House

Science Park, Milton Road, Cambridge CB4 0WF, UK 

Tel +44 (0) 1223 432134, Fax +44 (0) 1223 423623 

http://www.rsc.org 

-----Original Message----- 
From: Ahmad Ismail [mailto:AISMAIL@dal.ca]  
Sent: 16 November 2010 02:58 
To: CONTRACTS-COPYRIGHT (shared) 
Subject: RE: Permission Request Form: Ahmad Ismail 

  

Hello, 

Figure 13, figure 19, and Figure 21. 

  

Best regards, 

Ahmad Ismail 

  

Quoting "CONTRACTS-COPYRIGHT (shared)" <Contracts-Copyright@rsc.org>: 

  

> Dear Mr Ismail 

> Before we can process this request could you please specify which   

> figures etc you wish to reproduce from the article in Chemical   

> Society Reviews? 

>  

> Regards 

>  

> Gill Cockhead 

> Contracts & Copyright Executive 

http://www.rsc.org/�
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>  

> Gill Cockhead (Mrs), Contracts & Copyright Executive 

> Royal Society of Chemistry, Thomas Graham House 

> Science Park, Milton Road, Cambridge CB4 0WF, UK 

> Tel +44 (0) 1223 432134, Fax +44 (0) 1223 423623 

> http://www.rsc.org<http://www.rsc.org/> 

>  

> -----Original Message----- 

> From: aismail@dal.ca [mailto:aismail@dal.ca] 

> Sent: 15 November 2010 02:37 

> To: CONTRACTS-COPYRIGHT (shared) 

> Subject: Permission Request Form: Ahmad Ismail 

> Name    : Ahmad Ismail 

> Address : 

> Department of Physics and Atmospheric Science 

> Dalhousie University 

> Halifax, N.S., Canada 

> B3H 3J5 

> Tel     : 

> Fax     : 

> Email   : aismail@dal.ca 

> I am preparing the following work for publication: 

> Article/Chapter Title  : Photolithography patterning of organic   

> semiconductors 

> Journal/Book Title     : PhD. Thesis 
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> Editor/Author(s)         : Ahmad Ismail

> Publisher              : 

> I would very much appreciate your permission to use the following 
material: 

> Journal/Book Title      : Chemical Society Reviews 

> Editor/Author(s)        : Hagen Klauk 

> Volume Number           : 39 

> Year of Publication     : 2010 

> Description of Material : Title: Organic thin-film transistors 

> Page(s)                 : 2643-2666 

> Any Additional Comments        : 

> To whom it may concern, 

> I would like to ask for permission to include the above journal   

> (image, graph, etc) in my thesis. 

> Best Regards, 

> Ahmad Ismail 

> Dalhousie University, Canada 
 

C.3  Permission from American Institute of Physics 

Date:  Wed, 03 Nov 2010 11:55:07 -0400 [11/03/10 12:55:07 AST] 
From:  RIGHTS <Rights@aip.org>  
To:  Ahmad Ismail <AISMAIL@DAL.CA>  
Subject:  Re: Fwd: Copyright question 
Dear Mr. Ismail: 
 
Thank you for requesting permission to reproduce material from American 
Institute of Physics publications. 
 
Permission is granted – subject to the conditions outlined below – for the 
following: 
 
materials/photos/graphs from: 
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- C.D. Sheraw et. al, Appl. Phys. Lett., Vol. 80, No. 6 (2002). 
- F.C. Chen et. al.,Appl. Phys. Lett. 93, 103310 (2008). 
- J.H. Oh et. al., Appl. Phys. Lett, 91, 212107 (2007). 
- C.-C. Kuo et. al., Appl. Phys. Lett., 94, 053304 (2009) 
 
To be used in the following manner: 
 
Included as part of your PhD thesis for submission to  Dalhousie University, 
Canada. 
 
1. The American Institute of Physics grants you the right to reproduce the 
material indicated above on a one-time, non-exclusive basis, solely for the 
purpose described. Permission must be requested separately for any future or 
additional use.  
 
2.  This permission pertains only to print use and its electronic equivalent, 
including CD-ROM or DVD. 
 
3.  The following copyright notice must appear with the material (please fill 
in the information indicated by capital letters): "Reprinted with permission 
from [FULL CITATION]. Copyright [PUBLICATION YEAR], American Institute of 
Physics.”   
Full citation format is as follows: Author names, journal title, Vol. #, Page 
#, (Year of publication).  
For an article, the copyright notice must be printed on the first page of the 
article or book chapter.  For figures, photographs, covers, or tables, the 
notice may appear with the material, in a footnote, or in the reference list.   
  
4.  This permission does not apply to any materials credited to sources other 
than the copyright holder. 
 
5.  If you have not already done so, please attempt to obtain permission from 
at least one of the authors. The author’s address can be obtained from the 
article.  
 
Please let us know if you have any questions. 
 
Sincerely, 
Susann Brailey 
 
~~~~~~~~~~~ 
Office of the Publisher, Journals and Technical Publications 
Rights & Permissions 
American Institute of Physics 
Suite 1NO1 
2 Huntington Quadrangle 
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Melville, NY  11747-4502 
516-576-2268     TEL 
516-576-2450     FAX 
rights@aip.org       
Ahmad Ismail <AISMAIL@Dal.Ca> 10/27/2010 6:29 PM >>> 
Hello again,  
I would like to include the following materials/photos/graphs in my thesis: 
- C.D. Sheraw et. al, Appl. Phys. Lett., Vol. 80, No. 6 (2002). 
- F.C. Chen et. al.,Appl. Phys. Lett. 93, 103310 (2008). 
- J.H. Oh et. al., Appl. Phys. Lett, 91, 212107 (2007). 
- C.-C. Kuo et. al., Appl. Phys. Lett., 94, 053304 (2009) 
 
Best Regards, 
Ahmad Ismail 
 

C.4 Permission from MShades flikr® 

From: MShades Chris Gladis  

Subject: Re: Copyright Permission 

  

Ghad - 
 
Absolutely. Good luck with the thesis. 
 
Chris 

  

SEND A REPLY
 

 

DELETE

 

Hide 
your 
original 
mail... 

 

Copyright Permission 

9 Nov 10, 6.40AM PST 

Hi there, 
Can I use the XEL-1 Sony OLED photos of yours in my PhD. thesis?
Let me know, thanks. 
 
Cheers, 
Ghad 

 

  

C.5 Permission from RDECOM flikr® 
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From: RDECOM Research Development and Engineering Command  

Subject: Re: Copyright Permission 

  

Mr. Ismail: 
 
All RDECOM photos are in the public domain. The system didn't have an 
option to tag them that way, but you may use any of them you wish.  
 
Generally speaking, anything produced by the U.S. Army (or other 
government agencies) that is paid for with public funds then becomes public 
domain because the public paid for it.  
 
Good luck with your dissertation. 
 
Cheers, 
 
joe f. 
-- 
Joseph Ferrare 
Public Affairs Specialist 
U.S. Army RDECOM 

  

SEND A REPLY
 

 

DELETE

 

Hide 
your 
original 
mail... 

 

Copyright Permission 

9 Nov 10, 6.45AM PST 

Hi there, 
Can I use your flexible display photo in my PhD. Thesis? 
Do let me know soon, thanks. 
 
Best Regards, 
Ahmad G. Ismail 
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