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There is significant need to improve the sensitivity and selectivity for detecting

chemical and biological agents. This need exists in a myriad of human endeavors, from

the monitoring of production of consumer products to the detection of infectious agents

and cancers. Although many well established methodologies for chemical and biological

sensing exist, such as mass spectrometry, gas or liquid phase chromatography, enzyme-

linked immunosorbent (ELISA) assays, etc., it is the goal of the work described herein to

outline aspects of two specific platforms which can add two very important features, low

cost and portability. The platforms discussed in this dissertation are organic

semiconductor field-effect transistors (OFETS), in various architectural forms and

chemical modifications, and ion channels immobilized in tethered lipid bilayers

integrated with solid state devices. They take advantage of several factors to make these

added features possible, low cost manufacturing techniques for producing silicon and

organic circuits, low physical size requirements for the sensing elements, the capability to
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run such circuits on low power, and the ability of these systems to directly transduce a

sensing event into an electrical signal, thus making it easier to process, interpret and

record a signal. In the most basic OFET functionality, many types of organic

semiconductors can be used to produce transistors, each with a slightly different range of

sensitivities. When used in concert, they can produce a reversible chemical “fingerprint”.

These OFETS can also be integrated with silicon transistors - in a hybrid device

architecture - to enhance their sensitivity while maintaining their reversibility. The

organic semiconductors themselves can be chemically altered with the use of small

molecule receptors designed for specific chemicals or chemical functional groups to

greatly enhance the interaction of these molecules with the transistor. This increases both

sensitivity and selectivity for discrete devices. Specially designed nanoscale OFET

configurations with individually addressable gates can enhance the sensitivity of OFETS

as well. Finally, ion channels can be selected for immobilization in tethered lipid bilayer

sensors which are already inherently sensitive to the analyte of choice or can be

genetically modified to include receptors for many kinds of chemical or biological

agents.
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CHAPTER 1 INTRODUCTION

There is significant need for fast, reliable, highly sensitive and highly selective

methodologies for detecting a plethora of chemical and biological species that greatly

affect the quality of human life, both positively and negatively. From monitoring

fermentation during the production of alcoholic beverages [1] to looking for landmines

[2] to the early detection of Alzheimer’s [3], this need mandates continual improvements

and adjustments to the techniques and platforms for low-cost, real-time, portable (on-

site), and specific detection of these important chemical and biological agents. Many

current technologies for meeting some of these requirements are quite powerful. These

include such techniques as mass spectrometry [4], the various types of spectroscopy

(infrared, fluorescent, Raman, etc.) [5], liquid or gas phase chromatography [6], enzyme-

linked immunosorbent assays (ELISA) [7], etc. It is clear, however, that they presently

do not meet all of the aforementioned requirements discussed herein, specifically

portability, continuity (continuous sampling), and low cost. In addition, the apparatus

needed to utilize these techniques are usually expensive. Thus, the focus of this

dissertation is to investigate two such platforms, organic semiconductor field-effect

transistors (OFETS), in various architectural forms and chemical modifications, and ion

channels immobilized in tethered lipid bilayers. In the case of the immobilized ion

channel platforms, an evaluation of promising solid-state devices will be conducted to

ascertain which seems the most promising for amplifying the picoampere level currents

generated by single ion channels.

There are many reasons for developing highly selective and sensitive artificial

chemical and biological detection techniques. Less than 1 µg of anthrax constitutes ag of anthrax constitutes a

fatal dose [8]. Prostate specific antigen, a marker for prostate cancer, is considered
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suspiciously elevated when its blood level reaches 2.6 ng/mL [9]. Growing amounts of

data on endocrine disruptors, molecules which are similar to and/or mimic the actions of

hormones (the chemical messengers of the human endocrine system) [10], have shown

that these chemicals can cause significant problems at levels of nanograms per liter [1].

Finally, recent work has shown that it may be possible to enhance early detection of

Alzheimer’s disease by looking for certain marker proteins in femtomolar concentrations

in spinal fluid [3]

1.1 SENSING SYSTEMS IN NATURE

The ability to monitor both its internal and external chemical environments is

essential for the survival of all living organism. Highly evolved systems for detecting

and distinguishing billions of chemical species, from airborne odorants which give clues

to the whereabouts of food, the possibility of nearby predators or social group members,

the pathways of migration [11], to invasive viruses and bacteria and their byproducts

[12], have been shown to have some of the most efficient, selective, and sensitive

chemical detection capabilities known to man. Emulating these biological systems

artificially, such as attempting to create an “electronic nose” [13], or isolating and

utilizing their components, such as performing assays using immune system protein

markers called antibodies to label dangerous foreign invaders called antigens [7], or at

least matching their performance, has been and will continue to be an ongoing and

sustained area of research for many years to come [1, 14, 15].

The mammalian olfactory system has evolved many distinct features for chemical

vapor detection which make it extremely powerful and very hard to duplicate using

conventional sensor technology. First, although the individual receptor neurons respond
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to a limited range of odorants or classes of odorants, when working as a whole these

systems have the ability to distinguish among millions of odors subsequently generating a

unique pattern of neuron receptor responses which can be interpreted by the brain [11].

This broad ensemble activity allows for a high degree of sensitivity and selectivity for a

myriad of olfactory stimuli which can then be rapidly recorded, processed, and stored

directly into memory. The dog, which possesses one of the best examples of a well

developed olfactory system, has 220 million receptors with which to detect odors as

compared to about 50 million for humans [16]. 

A second very important aspect of the olfactory system is its ability to process

new stimuli quickly. Olfactory systems allows for direct neuronal stimulation of several

parts of the brain, such as the area which deals with memory [11]. This means that in

addition to allowing higher intelligence areas of the brain to analyze the new odor

signature, the stimuli can be instantly recorded in memory and can stimulate certain

physical and emotional responses [11]. Some mammals, such as the dog, have a much

larger portion of their brains devoted to olfactory signal processing than do humans [17]

due to the increased evolutionary importance of scent for finding food, and detecting

predators, which requires in many instances more quickly directed responses to olfactory

stimuli [11]. In terms of the brain, this requires a more interconnected olfactory system

[11]. Figure 1 shows a pattern of responses of individual receptor cells in a frog’s

olfactory epithelium (the olfactory membrane which provides a substrate for the receptor

cells) to various analytes as an example of this pattern recognition [18].
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Figure 1. Diagram representing receptor cell activity in a frog olfactory
epithelium during stimulation with a variety of analytes. The spot size is
roughly proportional to the spike frequency (response intensity). The
numbers on the left represent the individual receptors tested. Reprinted
from Brain Research, vol. 292, G. Sicard, and A. Holley, “Receptor cell
responses to odorants: Similarities and differences among odorants.” pp.
283-296, 1984, with permission from Elsevier [18]

The serial numbers on the left represent the individual receptor cells measured. The

analytes are listed on the top and include anisole (ANI), acetophenone (ACE), thiophenol

(PHO), pyridine (PYR), phenol (PHE), isovaleric acid (IVA), L-menthol (MEN), thymol

(THY), 1,8-cineole (CIN), (±)-camphor (CAM), cyclodecanone (CDN), n-heptanol

(HEP), n-butanol (BUT). Methyl amylketone (MAC), isoamyl acetate (ISO),
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cyclohexanone (XON), cyclohexanol (XOL), (+)-citronellol (DCI), (+)-limonene (LIM),

and p-cymene (CYM). The spot size is roughly proportional to the spike frequency

(intensity of response) [18].

A third very attractive feature of the olfaction system is its ability to renew itself.

The olfactory neuron is the only type of neuron that can regenerate [11]. This means that

individual receptors can rapidly be replaced if damaged or otherwise not properly

functioning [11].

Finally, mammalian olfactory perception can follow small odor gradients to their

source and can pick up scents which are many hours to days old [19, 20] (some

mammals, such as dogs, are better at following gradients than others). These gradients

can be caused either by convection, such as scents blown by the wind, or by diffusion,

which creates a concentration gradient over time such as the odors left by an escaping

convict which can yield directional information [19, 20]. The ability to sniff, or sample

the air in defined bursts, is one of the primary ways that animals can achieve this ability

[19].

It is these traits which make the mammalian olfactory system so adept at detecting

odors. It has been shown that dogs can detect 1 mg of butyric acid (a fatty acid (see

figure 2)) in 108 m3 of air, or about .010 parts-per-trillion (ppt) [19].

Figure 2. Butyric Acid (CH3CH2CH2COOH)

H3C OH

O
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In terms of detecting agents of more immediate interest to humans from a safety

standpoint, dogs can detect about 10 ppt of 2,4-dinitrotoluene (DNT), a common

explosive [19]. Figure 3 shows the sensitivity of canines for several other explosive

chemicals and one drug-related chemical (methyl benzoate) [19].

Figure 3. Canine olfaction sensitivity curves. These chemicals are all
specific for explosives except methyl benzoate which is a cocaine
derivative. “Reprinted with permission from Gary S. Settles, “Sniffers:
Fluid-Dynamic Sampling for Olfactory Trace Detection in Nature and
Homeland Security – The 2004 Freeman Scholar Lecture.” Journal of
Fluids Engineering vol. 127(2005) pp. 189-218, and the American Society
of Mechanical Engineers.”

It is for this reason that dogs are still the preferred detection entity used by the military,

law enforcement, and border control agents for finding explosives, illicit drugs, and

illegally imported animals and produce [16, 19]. Due to their lighter weight, ease of

training, faster reproduction, and greater ability to perform highly repetitive tasks, rats are

now replacing dogs when it comes to looking for land mines [2]. APOPO, an

organization in Africa dedicated to searching for landmines, has demonstrated that rats

can detect 0.001 ppt of 2,4,6-trinitrotoluene (TNT) [2]. Dogs have even been used for

cancer detection, since there are certain biochemical markers found in the breath of
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cancer patients [21]. So far, no man made system has been able to replace these animals

in terms of cost effectiveness, ease of use, and world wide applicability.

There are negatives to using animals. Like all mammals, dogs and rats need to

sleep, feed, be trained, and reproduce to be effective [19, 22]. They are also living

breathing organisms and therefore cannot be exposed to dangerous gasses or aerosols and

are at risk when seeking active explosives such as landmines (one reason rats are being

used as opposed to dogs to search for landmines is that they are lighter animals and thus

won’t trigger the mines) [2, 19]. This type of training can be quite resource intensive,

since these animals must use nonverbal queues to tell trained personnel where the items

in question are located [19]. They cannot be used for 24 hours a day monitoring and may

not always cooperative. This limits their ability to be used for continuous real time

monitoring [19]. Finally, the biological systems and methodologies animals use to detect

various chemical targets are not completely understood and therefore can provide for

some degree of uncertainty [23]. It is for these reasons that so much effort over the last

25 years or so has been put into artificial olfactory methodologies [13]. 

 As for biological sensing, the mammalian immune system has evolved a wealth of

structures which can be adopted to use in external sensing apparatus. One such structure

is a specialized protein, called an antibody (shown in figure 4), which identifies and tags

biologically significant chemical or biological intruders, called antigens, with a high

degree of specificity [1, 7].
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Figure 4. Schematic representation of an antibody (left) [24] and the
corresponding molecular model (right) [25]

Once an antibody is isolated and purified for a target antigen of interest, usually by

expression of the antibody in an animal system [7], the extreme high degree of specificity

means the only obstacle to developing a test is to then find a scheme for demonstrating a

positive binding result using as few antibody molecules as possible. One such technique

developed at Northwestern University uses nanoparticles, magnetic microparticles,

antibodies, and “barcode DNA” to amplify the effect of a single antibody binding event.

This approach allows for detection limits down to 30 attomolar concentrations [26]. A

single antibody is attached to a gold nanoparticle along with many strands of DNA. The

DNA is then hybridized to their complementary strands referred to as the “DNA

barcode.” Many antibodies sensitive to other regions, or epitopes, of the antigen are also

attached to a magnetic microparticle. After the magnetic miroparticle is exposed to and
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binds with the antigen, the same mixture is exposed to the nanoparticle. A magnetic field

is used to separate the bound nanoparticles from the unbound ones, since the

nanoparticles are bound to the magnetic particles. Then the hybridized barcode DNA is

released. This released DNA is then assayed by hybridizing part of the barcode DNA to

an immobilized complement and the other part to a complement attached to a

nanoparticle [26]. The size of this particle is then chemically amplified with another

metal and the optical adsorption of the assay area is measured (a single assay area may

have a large number of these particles). The larger number of barcode DNA strands than

antibodies on the initial nanoparticles gives an instant amplification and thus allows for

extremely low detection limits [26].

Antibodies are not the only markers which can be isolated from the mammalian

immune system. DNA, with its capability of forming large numbers of hydrogen bonds,

can also be used as antigen markers. When DNA is used in this fashion it is referred to as

aptamers [27]. Furthermore, enzymes, such as glucose oxidase which breaks down

glucose into gluconic acid and hydrogen peroxide, can also serve as sensing elements

whose action can be monitored [28].

Thus there are a large number of elements from the mammalian immune system

which also demonstrate how exquisitely biological systems are geared towards chemical

and biological agent detection. In the case of the immune system, a better understood

system than mammalian olfaction, elements are already being used to create highly

sensitive and selective sensing techniques.

1.2 THE CASE FOR ORGANIC SEMICONDUCTOR SENSORS

Organic semiconductor field effect transistors are attractive as chemical sensors

for several reasons. One is that many types of these semiconductors, unlike silicon, are
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inherently quite sensitive to a unique range of chemical analytes [29]. For certain analyte

semiconductor combinations, such as NO2 and copper phthalocyanine, detection limits

down to the single digit parts-per-million range can be achieved [30]. Second, many of

these semiconductors are soluble in various organic solvents making it possible to drop-

cast or spin coat the semiconductors onto preformed source/drain contacts and

interconnects [31], or to ink jet print them to make devices and circuits, all of which

greatly reduce the cost of fabrication [32]. Finally, they can be incorporated on a variety

of substrates, including flexible substrates which can be quite large in area without

adding significant complexity to the fabrication process [32]. Figure 5 shows a flexible

all polymer humidity sensor.

Figure 5. On the left is a printed organic electrochemical transistor
humidity sensor which uses Nafion, a proton conductor, as the humidity
sensitive layer and is produced on a polyethylene coated fine paper. The
dimension of the entire device is 5 cm x 4 cm. The device maintains good
electrical performance even while bent at a radius of curvature of
approximately 5 cm, shown on the right. Reprinted from Sensors and
Actuators B, vol. 86, David Nilsson, Thomas Kugler, Per-Olof Svensson
and Magnus Berggren, “An all-organic sensor-transistor based on a novel
electrochemical transducer concept printed electrochemical sensors on
paper.” pp. 193-197, 2002, with permission from Elsevier [33]. 
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1.3 THE CASE FOR IMMOBLIZED ION CHANNELS

The primary job of ion channels in the body is to passively translocate ions across

the cell membrane which is driven by an ion concentration gradient of a membrane

potential [34]. The activation of these ion channels, their opening and closing

characteristics, can either be intrinsic or extrinsic. Intrinsic implies random and

uncontrolled activation. Extrinsic activation, on the other hand, is activation controlled

through voltage gating, ligand gating (something binds to the surface of the channel and

blocks it), sensitivity to changes in the mechanical properties of the membrane it resides

in, or temporary covalent modification [35]. The fact that the primary job of these

channels is to control these ion fluxes naturally yields the ability to directly transduce a

chemical sensing event into an electrical signal by measuring conductance changes when

the entity of interest interacts with the channel [36]. Thus, there is no need to use optical

techniques to read fluorescent dye intensities. This would also yield the ability to provide

continuous testing as long as there is a way to periodically cycle out the ions when the

potential drop and/or the ion gradient across the membrane equilibrates, in the case of a

tethered membrane system, and the biological components can be engineered to have

sufficient lifetimes (this is by no means a trivial task). Furthermore, in their natural

environments these ion channels are usually sensitive to a host of various biological and

chemical analytes but it has been shown that they can be engineered through chemical

modification of their surface residues or genetic mutation of their amino acid sequences

to be sensitive to a range of new analytes [37]. This surface modification can include the

incorporation of a large number of other receptors discussed earlier, such as antibodies

and aptamers [36]. High sensitivities have been demonstrated already using tether lipid

bilayer systems, but with an ensemble of channels not single ion channels, which can

detect picomolar concentrations of proteins [36]. Single ion channels conductances have
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been measured using the patch clamp amplifier, which will be discussed later, which can

also detect very low concentrations, in the nanomolar range [37]. Being able to see

individual ion channel activity can also allow for the ability to better distinguish between

small concentrations of analytes which are very similar in size and/or charge

characteristics, such as Co2+ and Zn2+ since the ion channel’s response to these species

differs in its opening and closing frequency and conductance [37]. The patch clamp

amplifier currently being used is not particularly portable, however, and thus the reason

for our ongoing attempts to integrate them with single solid-state devices and/or small

integrated circuits. Thus, the combination of targeting flexibility, in addition to the direct

transduction of these sensing responses into electrical signals, makes this a very

promising technology for chemical and biological sensing for various applications

ranging from hazardous material detection to targeted drug delivery studies and many

more.
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CHAPTER 2 ORGANIC THIN-FILM FIELD-EFFECT
TRANSISTORS (OTFTS)

The electrical properties of organic materials have been studied for nearly a

century [1, 2]. In the last thirty years, major breakthroughs in the synthesis of organic

and polymeric electronic grade materials, the fabrication of devices such as field-effect

transistors, light emitting diodes and photovoltaics, and the physical understanding of the

properties of these materials has progressed to the point where large scale

commercialization of products using organics is on the horizon. Organic radio frequency

identification tags [3], emissive displays and back planes [4, 5], chemical sensors [6], and

electronic paper [7] have already reached the initial capital investment stage [8, 9]. The

following chapter deals with some of the history of organic electronics development and

then goes into a discussion of the origin of the conductive properties of these materials,

the fabrication of organic transistors, and an overview of the transport properties and

injection effects which dominate their electrical characteristics. This is of crucial

importance if one is to better understand their chemical sensing behavior.

2.1 THE HISTORY OF OTFTS

The beginnings of the study of organic compounds capable of conducting

electrical current can be traced back to the early 20th century [1]. In 1906, an Italian

scientist named Pochettino first investigated the photoconductivity of anthracene,

pictured in Figure 1 [1, 2]. This was shortly followed by an investigation of anthracene’s

dark current in 1910 by Konigsberger and Schilling at the University of Freiburg/Brg. in

Germany [2]. The first organic photovoltaic prototype was then demonstrated in 1913 by

Vollmer at the University of Leipzig [2]. In the 1940’s, further impetus for looking into
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organic materials as conductors and semiconductors was provided by Robert S. Mulliken

and Albert Szent-Gyorgi when they put forth the concept of donor-acceptor charge

transfer complexes and the possibility that proteins might not be insulators [10]. In the

1960’s, it was discovered that anthracene displayed the ability of electroluminescence

when it was shown that it could emit blue light when carriers were injected into it from

external electrodes [1].

Figure 6. Anthracene [1]

The first organic metal, a combination of two small organic molecules

tetrathiofulvalene and tetracyanoquinodimethane or TFF-TCNQ (see Figure 2), to

approach the conductivity of inorganic metals was synthesized in 1973 and had a

conductivity of 8000 S/cm (inorganic metals have conductivities around 10,000 S/cm)

[1].

Figure 7. Tetracyanoquinodimethane (left) and tetrathiofulvalene (right) [1]
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In 1977, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa discovered that by

doping polyacetylene (see figure 3) with chlorine, bromine, or iodine vapor, they could

adjust its conductivity by eleven orders of magnitude [11]. For this discovery they won

the Nobel Prize in 2000 [12].

After the seminal work by MacDiarmid et al in the late 1970s, which

demonstrated that organics materials could be very interesting due to the amazing range

over which their conductive properties could be tuned, the 1980s marked a period when

significant efforts were launched to determine what kinds of electronic structures could

be produced with these molecules [1, 13]. One of the first electrical devices produced

which demonstrated that conductivity could be modulated by the presence of an external

electric field, as opposed to chemical doping, was fabricated in 1983 by Ebisawa [1].

This earliest example of a thin-film transistor made from an organic material was built on

glass with a patterned gate followed by a dielectric layer made from polysiloxane, a

semiconductor layer consisting of polyacetylene and metallic source/drain contacts (see

figure 3) [1]. Due to significant amounts of impurities, however, this device had limited

conductivity modulation [1].

Figure 8. The chemical formula of the monomer unit of polysiloxane can
be seen on the left [14]. On the right is the cis and trans isomers of
polyacetylene [12].

In 1986, Tsumura, Koezuka, and Ando produced a device with significantly better

transistor characteristics, such as many times better gate modulation of channel
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conductivity, than the aforementioned polyacetylene device [1]. The device was built

using an n-type silicon wafer as the substrate (resistivity of 4-8 •·cm) which was covered·cm) which was covered

with a thermally grown 300 nm thick oxide layer which served as the gate insulator [15].

Gold coated chromium source/drain electrodes spaced 10 µm apart and 2 mm long camem apart and 2 mm long came

next, patterned using photolithography with the metals vacuum deposited [15]. Finally a

layer of polythiophene, shown in Figure 4, was electrochemically deposited [15]. This

device was able to achieve a mobility of 10-5 cm2/Vs and had an on/off ratio of about 100-

1000 [15]. By 1996, a polythiophene derivative would achieve a mobility as high as

0.045 cm2/Vs and an on/off ratio of greater than 1000 [16].

Figure 9. Polythiophene [15]

That same year, 1986, C. W. Tang reported a photovoltaic device from a

heterojunction of copper phthalocyanine and a derivative of perylene tetracarboxylic

dianhydride (copper phthalocyanine and the perylene tetracarboxylic derivative are

shown in Figure 5) [17]. It demonstrated a charge generation efficiency which was

independent of the bias voltage leading to a high fill factor [17]. The fill factor is the

ratio of the actual maximum output power to the power which would result from the

maximum possible output voltage (the open circuit voltage) and the maximum output

current (the short circuit current) [18]. This device was capable of a power conversion

efficiency of 1%, an order of magnitude higher than any previously recorded organic

photovoltaic device [17, 19]. Later, also using an organic heterojunction made from 8-

S

n
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hydroxyquinoline aluminum and an aromatic diamine, shown in figure 6, C. W. Tang et

al reported an organic light emitting diode with an external quantum efficiency of 1%, a

luminous efficiency of 1.5 lm/W and a brightness of >1000 cd/m2, all while using a

driving voltage of 10 V [20].

Figure 10. The structure of copper phthalocyanine on the left and a
perylene tetracarboxylic derivative on the right [17].

Figure 11. The structure of 8-hydroxyquinoline aluminum is shown on the
left and the aromatic diamine is shown on the right [20]

One of the first small organic molecule thin-film transistors which also

demonstrated appreciable gate modulation and carrier mobilities was created in 1988 by

Clarisse et al [1]. This device was made from two forms of phthalocyanine, whose
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structure is similar to the copper phthalocyanine shown in Figure 5 but with a different

metal ion at the center [1, 21]. In the case of diphthalocyanine, two phthalocyanine

molecules coordinate to the central metal atom. The device structure was similar to that

produced by Tsumura et al, mentioned above, whereby n-type doped silicon was used as

the substrate covered with 100 nm of thermally grown oxide as the gate dielectric [21].

The combination of 300 Å of scandium diphthalocyanine (ScPc2) deposited on top of

1000 Å of nickel phthalocyanine (NiPc) acted as the semiconductor layer, which was

followed by the deposition of gold that served as the source drain electrodes [21]. The

scandium diphthalocyanine’s thickness had to be carefully controlled to prevent the

device from becoming a resistor. It was the mixing of the two organic molecules at the

interface which yielded the semiconductor properties. Too much ScPc2 and its

conductivity would dominate and eliminate the possibility for channel conductance

modulation [21]. This thin-film transistor had a mobility of 10-3 cm2/Vs, one to two

orders of magnitude higher than comparable polymer thin-film transistors that were being

produced at the time [1, 21].

This decade of groundbreaking research into novel organic and polymeric

electronic devices was capped off in 1990 with the unveiling of the first polymer light

emitting diode (LED) by Burroughes et al [22]. The device was based on poly(p-

phenylene-vinylene) (see figure 7) and several combinations of metal and metal oxide

contacts, one with a high work function and one with a low work function. One contact

was also required to be semi transparent [23]. It could achieve a photoluminescence (PL)

quantum yield of ~8% [23] (this is the ratio of excitons which decay radiatively to the

total number of decaying excitons [24]). The PL quantum yield is due to nonradiative

recombination at defect sites [23].
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Figure 12. Poly(p-phenylene-vinylene) [23]

The 1990s was another explosive period for organic and polymeric electronics.

Devices made with pentacene, similar to anthracene but including five fused benzene

rings as opposed to three (see Figure 8), were demonstrated to have mobilities as high as

1.5 cm2/Vs [25] and on/off ratios greater than 108 [26]. This meant that they now

approached and, in some cases, exceeded the mobility of amorphous silicon, the form in

which silicon appears when deposited as a thin film. These films had to be vacuum

evaporated. Recently, the same group which generated these results was able to realize a

device made from a soluble form of pentacene with a mobility greater than 1.5 cm2/Vs

and an on/off ratio of ~106 [27]

Figure 13. Pentacene [26]

Most of the semiconductors described above are p-type. Development of n-type

organic semiconductors had not been as straightforward due to the normally increased

reactivity to oxygen of molecules with extra electrons [28]. One of the first n-type

semiconductors, demonstrated in 1993, was C60 which had a mobility of 10-4 cm2/Vs

(shown in figure 9) [29]. This was increased two years later by another group, Haddon et

al, to 0.08 cm2/Vs [30]. These devices were some of the most susceptible to reaction with

oxygen and subsequent loss of stable characteristics [28].

n
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Figure 14. C60 [31]

In 1994, another n-type material was presented by Brown et al,

tetracyanoquinodimethane (TCNQ) [32]. This material had a fairly low mobility, 3x10-5 

cm2/Vs, but actually had an improved on/off ratio of 450 upon exposure to air due to

oxidative dedoping [32].

There were several other n-type materials presented in the 1990s culminating in

the presentation of fluorinated copper phthalocyanine, depicted in figure 10 [33]. This

obtained one of the highest n-type mobilities of the decade for an air stable n-type

semiconductor material, 0.03 cm2/Vs [33].

Figure 15. Hexadecafluorinated copper phthalocyanine [33]
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The middle of this decade also saw the beginnings of applications such as early

prototypes of organic LED emissive displays [34]. Some of these displays were in full

color, had good resolution, and could achieve video level refresh rates but were fairly

small in area [34].

The beginning of the 21st century saw continued improvement of organic

semiconductor electronic properties and stability [31] (this reference is also a good,

recent review of many different organic semiconductors including tables of their

mobilities). Devices made from single crystal, mainly p-type, began to become more

prevalent such as rubrine, with a mobility that approaches 20 cm2/Vs (see figure 11) [31].

Until this point, most thin film transistors had active materials which had a

polycrystalline morphology and therefore suffered from substantial disorder at the

domains between grains [35]. N-type devices also continued to make steady

improvements towards higher mobilities and better stability [31].

Figure 16. Rubrene [13]

The big emphasis now switched to realizing the real potential of organic

electronics, low cost manufacturing. The major problem so far with organic and polymer

semiconductors was that if the material had good carrier mobility it needed to be vacuum

evaporated, such as with pentacene [25]. Solution processable materials usually had
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pretty bad mobility or at least not as high as was necessary to compete with amorphous

silicon [36]. Therefore a large amount of focus went to finding solution processable

materials which could be inkjet printed [37], drop cast or spun [38]. Attempts are

underway to achieve this by either trying to make small organic molecules soluble [27] or

improving the properties of polymers [31].

Finally, the end of the 20th, beginning of the 21st Century saw significant attempts

at using the inherent sensitivity of many organic semiconductors to their surrounding

environments to create organic transistor chemical and biological sensors [39]. Many of

the phthalocyanine derivatives had been used as chemiresistors with very good detection

limits for such gases as NO2 [40]. Concentrations as low as 1 part-per-billion (ppb) were

detected in 1984 with such resistive sensors [40]. Phthalocyanine derivatives had also

been used as the sensitizing layer for silicon chemical field-effect transistors

(CHEMFETs) [41, 42]. CHEMFETS are silicon transistors where the gate medal has

been replaced by a sensitizing layer. This sensitizing layer interacts with the analyte of

choice to produce a change in the charge on the gate or a change in the work function of

the sensitizing material and thus changes the transistor channel conductance [41, 42, 43].

The mechanism by which the phthalocyanine can so effectively measure nitrogen dioxide

is that the gas adsorbs to the surface of phthalocyanine at specific sites on the film and

then diffuses [41]. The gas then oxidizes the phthalocyanine molecule and creates more

excess holes which either affects the conductivity of the phthalocyanine, in the case of a

chemresistor, or the charge state in the case of a CHEMFET [41]. In 2000, Torsi et al

showed that organic transistors have a major advantage over chemiresistors since more

device parameters could be probed, such as shifts in threshold voltages and changes to

the field induced mobility and conductivity in addition to adjustments to the bulk

conductivity and mobility [44]. Crone et al later demonstrated an array of organic thin
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film transistors which were sensitive to a host of organic vapors [39]. The devices could

easily and quickly be refreshed by reverse biasing the gate [39]. These devices could

then reproduce the same responses to chemical vapors many times very accurately [39].

Organic devices have also been demonstrated which can detect biologically important

analytes, such as glucose, or use biological components as a functioning part of their

structure. Transistors utilizing poly(3-hexylthiophene) and glucose oxidase were used to

detect glucose concentrations [45]. Bernards et al demonstrated a device which used a

bilayer lipid membrane as the gate for an organic electrochemical transistor (OECT) [46].

A reservoir was created above a layer of poly(3,4-ethylenedioxythiophene) doped with

poly(styrene sulfonate) (PEDOT:PSS) by use of polydimethylsiloxane (PDMS) [46].

The OECT was gated by the addition of gramicidin ion channels which allowed ions to

flow into the reservoir [46]. These ion channels, and thus the sensor itself, could

distinguish between monovalent and divalent ions due to the inherent properties of the

gramicidin [46]. The important consideration for most biological sensors is that the

sensors usually must be able to operate under aqueous conditions, an ability which has

been demonstrated for organics by many groups over the last few years [45].

2.2 ORGANIC SEMICONDUCTORS REALIZED FROM PI-CONJUGATED MATERIALS

The origin of the conductive and semiconductive properties of organic and

polymeric materials is their high level of conjugation, or alternating single and double

bonds [13]. Carbon has an atomic number of 6 which indicates six protons, six electrons,

and in its most common isotope, six neutrons. This means that in order to have a stable

octet carbon requires four more electrons in its valence electron shell [47]. This could be

satisfied by forming a combination of single, double and triple covalent bonds with other
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atoms. Looking at the energy level filling of carbon, there would be two electrons in its

2s orbital and two electrons in its 2p orbitals [48]. In the case of four single, or , bonds,

these bonds do not differ in energy nor are the electrons delocalized over the whole

molecule [48]. The 2s and 2p orbitals do not reside at the same energy but the four bonds

have the same bond energy and bond length. The highest probability of finding the

electrons, the area of highest electron density, in one of these bonds will be between the

bonded nuclei, not symmetrically surrounding the atomic nuclei (as is the case for s

orbitals, a sphere surrounding the nucleus, and p orbitals, a dumbbell shape with two

lobes centered around the nucleus, as seen in figures 12a and 12b) [48]. To satisfy these

criteria, the orbitals of the carbon hybridize (this is similar for most period 2 elements

other than the alkali metals in groups 1 and 2 which tend to form ionic compounds), as

shown in figure 12c [47, 48]. In their lowest energy state, called the bonding state, the s

and p orbitals combine in such a way as to heavily favor having the highest electron

density between the two nuclei of the bonding atoms and not symmetrically distributed

around a single nuclei [48]. In higher energetic states, the area of highest electron density

can exist in line with the two nuclei but outside of them, not between them [47]. This is

referred to as an antibonding state. The nature of how these bonding and antibonding

states, called bonding and anti bonding molecular orbitals, fill with electrons from the

two bonding components, either atoms or molecules, determines whether the molecule is

stable [48]. The bond angles between the bonds arrange to maximize the distance

between them [47]. The number of hybrid orbitals depends on the number of bonds in

the molecule. When four atoms are bonded to carbon, there are four bonds and thus

four hybrid orbitals and the molecule is said to be sp3 hybridized (see figure 12d) [47].

When three bonds are required, there are three hybridized orbitals and the molecule is

sp2 hybridized (see Figure 12e). Finally, when two bonds are present, there are two
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hybridized orbitals which are then referred to as sp hybridized (see figure 12f) [47].

There must be the same number of hybrid orbitals in the molecule as the total of

combined s and p orbitals required to form bonds [48]. Thus, if three bonds are

required, then two p orbitals (such as px and py) must hybridize with the s orbital to make

an sp2 hybridized molecule [48]. When discussing nitrogen or oxygen, which have

nonbonding paired electrons, the electrons can be treated the same as if they were

bonding electrons and still reside in a hybrid orbital [47, 48].
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Figure 17. a) A representation of an s orbital where the nucleus resides in
the middle of the orbital. b) The three pairs of lobes of the three p orbitals
with the nucleus also residing at the origin (one orbital includes both an
orange and green lobe on the same axis). c) A hybridized orbital showing
the unequal lobe sizes which yields the directional nature of the covalent
bond with the nucleus residing between the lobes. d) The sp3
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hybridization (small lobes not shown for clarity). The bond angles are all
109.5º. e) The sp2 hybridization showing the unhybridized p orbital
mutually perpendicular to the sp orbitals. The bond angles for the sp
orbitals are all 120º and they are all in the same plane. f) The sp
hybridization with a bond angle of 180º. This diagram also shows the two
unhybridized p orbitals which are at right angles to the sp orbitals. For all
the diagrams, the signs indicate positive and negative phases of the
electron wave functions which are vital to determining whether molecular
orbitals are bonding or antibonding and thus whether the molecule is
stable. The colors in a), b), and c) also indicate the same as the signs,
green and magenta being negative phases and red, orange, and blue
representing positive phases. These color differences then help to
distinguish the various orbitals in d), e), and f) [47, 48].

The other bonds which are formed, in the case of double bonds and triple bonds,

are called bonds and do not require hybridization to explain them [47, 48]. They are

bonds formed off the axis which directly connect the two nuclei [47]. These bonds have

lower bond energies than bonds and, in their bonding (or lowest energy) state, can be

delocalized over the entire molecule provided there is more than one bond in close

molecular proximity (see figure 13c) [48]. This means that electrons can be withdrawn

or added to bonding orbitals much easier than to bonding orbitals [48]. Furthermore,

once the molecule has been ionized, the normally reactive ionic state can be stabilized,

made less reactive, by diffusing or delocalizing the effects of the added or subtracted

electron wave functions over the whole molecule. When a lot of double bonds or triple

bonds exist near each other on a molecule, either right next to each other or alternating

with single bonds, the molecule is called a -conjugated system [48]. Molecules with a

high degree of -conjugation can act as good organic conductors and semiconductors

because carriers can easily be added and removed and passed to the next molecule

without a significant increase in the molecule’s reactivity [1, 2, 13]. Figure 14 shows

three such molecules, copper phthalocyanine, pentacene, and regioregular poly(3-

hexylthiophene). All three are normally p-type semiconductors. The focus of much of
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the experimental work described in Chapter 3, and the following discussions of thin-film

transistor characteristics and physics, will focus on copper phthalocyanine and pentacene.

There will be a very brief description of an experiment with regioregular poly(3-

hexylthiophene) also described in Chapter 3 within the context of small molecule

receptors. Procedures for synthesizing these molecules can be found in [1, 49, 50] for

pentacene, in [51] for copper phthalocyanine and in [52] for poly(3-hexylthiophene).

Figure 18. a) The structure of ethane showing the bonds aligned on the
axis between the nuclei of the hydrogens (whose s orbitals are represented
by red circles) and the carbons and between the two carbons. b) The
structure of ethene showing the bonds which all lie in the same plane and
the bonds located out of the plane. c) The delocalized orbitals of the
conjugated benzene ring whose chemical structure is shown above [47,
48].
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Figure 19. Chemical structures of Copper phthalocyanine (CuPc),
regioregular poly(3-hexylthiophene) (P3HT), and pentacene [15, 17, 26].

2.3 FABRICATION OF OTFTS FROM MICROSCALE TO NANOSCALE

The methodologies used to fabricate devices for the chemical sensing studies

described in Chapter 3 are some of the very same used to pattern and process silicon

devices. Since most of these experiments were designed to demonstrate the chemical

sensitivity of the organic transistors and not to test novel techniques for creating them,

silicon processing on heavily doped silicon wafers (used as the gate) was the easiest way

to produce high performance micro and nanoscale devices [53, 54]. The two basic device

geometries used in these studies was the bottom contact and the top contact device

structures shown in Figure 15 (there are two cases in Chapter 3 where device processing

techniques differ from these more generic techniques described in this Section which will

also be elucidated in Chapter 3).
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Figure 20. The top and bottom contact device geometries [53, 54].

Heavily doped silicon was used as both the substrate and the gate. 1000 Å of thermally

grown silicon dioxide served as the gate dielectric. In a few studies, an additional

dielectric, glass resin which is a molecule with a silicon oxygen back bone but alkane

side chains, was spun on top of the silicon dioxide. This dielectric is more hydrophobic

then silicon dioxide [55]. In the case of the top contact geometry, some amount of

semiconductor, in most cases pentacene or CuPc, was thermally evaporated. Poly(3-

hexylthiophene) was drop cast onto the surface. The thermally evaporated
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semiconductors were deposited to a thickness usually between 30 and 50 nm (it is

difficult to control the thickness of drop cast films). The deposition rate had to be very

carefully controlled to achieve optimal molecular alignment [26]. To reduce gate leakage

current, the semiconductor could be patterned through a shadow mask. This would then

reduce the surface area of the substrate covered by the semiconductor which would allow

for fewer pinholes to be accessed when biasing the device. Pinholes are defects in the

dielectric which allow leakage current to flow through. Spin coating was rarely used at

this stage due to the large amount of semiconductor needed. Gold was then thermally

evaporated through a shadow mask to form source and drain contacts [53]. Gold was

chosen due to its high work function (•5.2 eV) which should match well with (is greater5.2 eV) which should match well with (is greater

than) the energy levels of the highest occupied molecular orbitals (HOMO) (the

ionization energy) of both CuPc (•5.0 eV) and pentacene (•4.95.0 eV) and pentacene (•4.9-5.1eV) [1, 13, 56] (for

reasons discussed later, this simple matching of energy levels is not completely accurate).

In the case of the bottom contact geometry, gold source and drain contact areas were

defined by either photolithographic or electron beam lithographic techniques. These

techniques use a UV light or electron sensitive polymer called resist. It comes in the

form of positive or negative resist which distinguishes between whether the polymer is

made soluble by exposure to light or electrons (positive) or insoluble (negative). To form

the contacts, a thin layer of about 3 nm of titanium was deposited first, for purposes of

better gold adhesion to the silicon dioxide, followed by 50 nm of gold in an electron

beam evaporator [54]. Afterwards, the resist was removed using acetone or another type

of solvent. What was left was only the gold that had been in contact with the surface of

the thermal oxide and not the gold that had been on top of the resist. This procedure is

called liftoff. Liftoff is most effective when the edge profile of the resist is either

perpendicular or has a negative slope (the top of the resist wall overhangs the bottom).
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With electron beam lithography, the resists are normally designed to have very

perpendicular walls, and the electron beam is very carefully focused to achieve this.

With photolithography, negative sloped walls could be realized by performing image

reversal (a capability with AZ 5214 made by Clariant Corporation). Image reversal is

used when the resist is switched from positive to negative after exposure, which usually

yields very nice negative edge profiles due to the shadows cast by the contact mask

which prevents a perpendicular profile upon initial exposure [57]. This was followed by

the deposition of the semiconductor in a similar fashion to that described for the top

contact devices [54]. In several studies, nanoscale transistors were utilized. Some of

these devices had source to drain spacing of 5 to 10 nm (see figure 16) [54].

Figure 21. On the left is an SEM of source/drain electrodes, the horizontal
pair of electrodes, of a bottom contact nanoscale device prior to
semiconductor deposition with a source to drain spacing around 5-10 nm.
On the right is a similar nanoscale device after semiconductor has been
deposited and after the device’s electrical characteristics have been
measured. This device also has a horizontal source to drain spacing of less
then 10 nm. The outside guarding electrodes, the vertical pair of
electrodes, are designed to reduce spreading current to allow the true
nanoscale behavior of the electrodes to be investigated. They are typically
biased to the same potential as the drain. This is necessary due to the very
poor width to length ratio. The scale bars for both devices are 100 nm
[54].
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To produce devices with these nanoscale characteristics a JEOL JBX-6000FS/E Electron

Beam Lithography system was used. At its maximum acceleration voltage, this tool is

capable of a minimum spot size of 5 nm, with a minimum accurate beam deflection

capability of 1.25 nm [58]. With this tool, in addition to the extremely small gaps shown

in figure 16, we have been able to write gold lines which are 25 nm wide (see figure 17).

Figure 22. A set of gold wires created using a lift off procedure with the
JEOL JBX-6000Fs/E. The right most wire is 25 nm in width. The scale
bar is 100nm.

Achievement of this kind of source drain spacing requires a significant amount of dose

testing and the inclusion of a range of gap sizes in the design. The dose is the amount of

charge used to expose a certain area of resist, usually given in C/cm2. The equation for

the dose is Q= I*T/P2 (as quoted from JEOL) [58]. Q is the dose requirement for the

particular resist and is usually predetermined by the company which produces it. I is the

electron beam current, T is the dwell time, or shot time, of the beam on a particular spot

and P is the pitch, the spacing between adjacent spots where the electron beam will

expose the resist. As mentioned earlier, the minimum pitch for this tool is 1.25 nm. It is

important to do at least one trial exposure on any new type of substrate or substrate

coating on which the resist will reside to insure that the proper dose is realized. Usually
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this is accomplished by using a representative pattern, such as a large number of dots of

different sizes or small parallel lines with small interstitial spacing. In our case, we

simply dose tested with our nanogaps. Many copies of these patterns are exposed with

different doses to see which dose will produce the best results. It may also be necessary

to include a small range of doses on the actual sample wafer to insure that the desired gap

is achieved. This is due to the fact that 5 nm are gaps are below what is considered to be

reproducible with this machine. The other important aspect of achieving small gaps is to

design several source-to-drain gap sizes into the exposure pattern to insure that at least a

few will develop properly. To create the electrodes, the liftoff procedure described above

was used. One of the main reasons dose testing and multiple gaps designs are necessary

is due to surface charging [59]. Since we are creating these devices on an insulator,

cannot etch the electrodes effectively with a dry process due to the fact we are using gold

(gold is a very bad contaminant in silicon the processing of which most of the etchers in

the clean room are intend for), and do not want any residues between the electrodes and

the silicon dioxide, we are forced to pattern the devices directly on the dielectric. This

means that the effect of surface charging must be factored into our design since surface

charging causes over exposure of the pattern.

When we design a particular source to drain spacing, we usually must make the

designed gap much larger than the final desired gap size. We also have to worry about

surface curvature [60]. Since the thermal oxide causes surface stress to the silicon wafer

due to a difference in thermal expansion coefficients, the wafer bends slightly such that a

focus point obtained for writing patterns in the middle of the wafer may not be accurate

for the edge of the wafer. This can be compensated for by either focusing at many

different points on the wafer before exposing that area, or by making sure the range of

designed gap sizes can accommodate for any shifting focus. Focusing with the electron
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beam, however, causes exposure of the resist. A contamination spot must be created by

allowing the beam to expose one point of the resist continuously which leaves a small

blemish. This blemish can then be used for focusing. However, the constant scanning of

the beam over the blemish area also exposes the resist. It is therefore not necessarily

advantageous to have to perform the focusing procedure a large number of times.

Instead, one can use successive exposures to determine how much the focus shifts and

plan accordingly. The shift is not large but neither is the feature being written.

2.4 MORPHOLOGY AND CRYSTAL STRUCTURE OF THE THIN ORGANIC FILMS

Once deposited, the thin films of pentacene and CuPc can assume a variety of

morphologies. The films are usually polycrystalline, which is the case for all devices

described in Chapter 3 (see figure 18), although there are now reports of devices made

with single crystal pentacene with high mobility [61]. The size and conformation of the

crystalline domains in these films is substrate temperature and deposition rate dependent

[26]. They are also dependent on the type of substrate [62] and whether the substrate

surface is more polar (silicon dioxide) or nonpolar (glass resin) (which will come into

play in sensing as well). The morphology of any organic semiconductor can thus be

altered by preparing the surface with various self assembled monolayers (SAMs), such as

octadecanethiol, which can change the polarity of the surface, in this case making it more

nonpolar [63]. Pentacene, however, arranges quite well on silicon dioxide [26]. Device

performance is largely dependent on how well and how closely packed the molecules in

the film can arrange themselves in their molecular lattices, maximizing molecular overlap

of their conjugated orbitals [26, 64]. These materials also do not form well on gold (see

figure 19). This does not matter when fabricating top contact devices as the gold is

deposited on top of the semiconductor. This can make a large difference, however, when
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the devices are scaled down to the nanoscale. Poor morphology of the organic material at

the contact such as a high amount of disorder or a region next to the contact with no

semiconductor present, due to geometry considerations, can substantially affect charge

injection into the material and reduce device performance. To reduce this problem, the

gold can be covered by a second SAM called nitrobenzenethiol which can present a gold

surface more friendly to organic semiconductor crystal formation without yielding good

electrical connection between the contact and the organic semiconductor [65].

Figure 23. On the left are three atomic force microscopy (AFM) images
of CuPc deposited on polyimide which has been spun on ITO covered
glass. The crystalline domains are spindle-like in appearance and show
two different phases, large spindles and small spindles. This is almost
certainly influenced by the morphology of the underlying material. ITO
covered glass is usually very rough compared to silicon. The scans in the
insets are of equal area, 5 um by 5 um (these AFM images of CuPc were
provided by Dr. Andre Gesquiere). The image on the right is a scanning
electron micrograph (SEM) of pentacene grains deposited without
substrate heating. The scaling bar is 200 nm.
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Figure 24. Pentacene grains on silicon dioxide (darker areas) and on gold
source/drain electrodes (brighter areas) without nitrobenzenethiol.

Both pentacene and copper phthalocyanine tend to form a herring bone molecular

crystal lattice with the individual molecules standing close to perpendicular to the surface

when deposited on silicon dioxide (see figure 20 for pentacene with copper

phthalocyanine not shown but whose crystal structure and molecular orientation is

similar) [13, 66]. As can be seen from figure 20, the molecular overlap is much better in

the horizontal than vertical directions [13, 66].

Figure 25. On the left is the pentacene crystal lattice as seen parallel to the
dielectric interface. This shows the layered arrangement whereby the
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molecular overlap is much better in the horizontal than vertical directions.
The geometrical shape shown in the picture is the unit cell. On the right is
a representation looking into the unit cell perpendicular to the dielectric
surface showing the herring bone structure. [66] This molecular
arrangement is similar for copper phthalocyanine [13]. “Reprinted in part
with permission from Christine C. Mattheus, Gilles A. de Wijs, Robert A.
de Groot, Thomas T. M. Palstra, “Modeling the Polymorphism of
Pentacene.” Journal of the American Chemical Society vol. 125, no. 20
(2003) pp. 6323-6330. Copyright 2003 American Chemical Society.”

2.5 ELECTRICAL CHARACTERIZATION OF OTFTS

Once the OTFTs had been fabricated, it was necessary to characterize their

performance. To do this, an HP 4145B or Agilent 4155C parameter analyzer was used.

Source to drain current was measured for a series of gate voltages. A typical set of

curves are shown in Figure 21 for both a CuPc and a pentacene transistor.
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OTFTs are accumulation mode devices in that they are not doped and so do not have to

drive away majority carriers to create a channel. The selection between using holes or

electrons as charge carriers is made through the intrinsic properties of the material and

not through doping. Conduction is known to occur in the first few monolayers from the

gate dielectric/semiconductor interface [67]. Plots of IDS vs. VDS and •IIDS vs. VGS were

generated to extract important parameter values to determine if the OTFT was a fully

operational device. These important parameters can be extracted by the use of equations

similar to those used with transistors made from inorganic materials [13]. The

relationships between current and voltage in the linear region of device operation and the

saturation region are shown in equations I and II, respectively [13].

I

II

IDS is the source to drain current, VDS is the source to drain voltage, VGS is the source to

gate voltage, W is the device width (length of source and drain electrodes), L is the

device length (distance from source to drain electrodes), Ci is the capacitance per unit

area of the gate insulator, µ is the mobility and Vis the mobility and Vt is the threshold voltage which can be

extracted from the plot of IDS vs. VGS (not shown). To enter the saturation regime requires

the following criteria to be met (seen in equation III) [1].

III

IV

Rearranging equation II. yields an expression for the mobility shown in equation V.
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From this equation, the calculated saturation region mobilities for the devices above are

0.00016 cm2/Vs for CuPc and 0.025 cm2/Vs for pentacene. These values are both low for

what has been reported in the literature (0.02 cm2/Vs for CuPc [68] and 1.5 cm2/Vs for

pentacene [25]). For chemical sensing, however, it is not as important to have the highest

mobility devices possible, just to have devices that operate consistently. Since both CuPc

and pentacene are p-type semiconductors (primary charge carrier is holes), they have

their gates and drains biased negatively with respect to the source in accumulation mode

(these are accumulation mode devices, not inversion mode devices like silicon

transistors). There are other important parameters which can also be extracted. One such

parameter is the on/off ratio, which for these devices is 42 for the CuPc OTFT and 121

for the pentacene OTFT at a gate voltage of -30 volts and a drain voltage of -40V, also

significantly lower than reported literature (4x105 for CuPc [68] and greater than 108 for

pentacene [69]). This is also not a significant problem since we are running our sensors

in steady state in most of these studies. The high off currents may be due to impurities

and can be alleviated by purification of the semiconductor before deposition [69]. There

is also the subthreshold swing, not identified for these devices. This is a measure of how

easy it is to turn the device off. Below the threshold voltage, the IDS vs. VGS relationship is

usually exponential (although the absolute current is quite small by comparison).

Plotting the log of the source to drain current versus the gate voltage can allow this slope

to be extracted. For single crystal silicon, it is usually around 60 mV/decade [69].

Amorphous silicon is around 0.3-1.5 V/decade [69]. Reports for pentacene yield around

1.6 V/decade, close to amorphous silicon [69]. Figure 22 shows current vs. voltage

characteristics for a nanoscale pentacene transistor [54]. In this particular device, the

current does not saturate due to the inability to raise the source to drain voltage to high
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enough levels to satisfy the criteria from equation III due to the high electric fields

generated at nanoscale source/drain geometries and the dielectric thickness which is

larger than the gap size.

Figure 27. IDS vs. VDS for the device pictured on the right in figure 16 with
a source to drain spacing of less than 10 nm. The guarding electrodes are
biased to the same potential as the drain [54]. “Reprinted with permission
from Liang Wang, Daniel Fine, Taeho Jung, Debarshi Basu, Heinz von
Seggern, Ananth Dodabalapur, “Pentacene field-effect transistors with
sub-10-nm channel lengths.” Applied Physics Letters vol. 85, no. 10
(September 6, 2004) pp. 1772-1774 and the American Institute of
Physics.”

2.6 CHARGE TRANSPORT IN OTFTS

Understanding exactly how these carriers move through these materials can be

quite complex. Adding to this complexity is the nature of how charges are introduced

into organic materials, which will be discussed in the next Section. It is, however,

imperative that an understanding of these phenomena be obtained so that device

performance can be improved allowing for their integration into architectures designed

for many modern applications.
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The organic molecules, as discussed, have their electrons distributed in molecular

orbitals at different energies, the energy levels for each orbital corresponding to the

amount of energy required to remove the electron from that orbital to the vacuum level

(off the molecule) [70]. The highest molecular orbital in the molecule which is filled

with electrons is referred to as the highest occupied molecular orbital or HOMO. The

lowest unoccupied molecular orbital is called the LUMO [70]. When these molecules

form solid phases, either crystalline, polycrystalline or amorphous, the HOMO and

LUMO rearrange themselves to form concentrated bands of energy states [70]. In a

highly conductive polymer (similar to a metal), the HOMO and LUMO levels are very

close to each other or overlapping and there is a large number of empty energy states in

the LUMO level so that electrons previously confined to a particular state in the HOMO

level can now easily find new states to occupy and become mobile. In a semiconductor

these two energy levels are separated by a forbidden gap which is usually low enough in

energy to allow electrons to be excited into the LUMO level with a moderate amount of

added energy (either thermal or optical). When an electron is excited like this it leaves a

hole in the HOMO level. An insulator has a very wide forbidden gap and therefore is

unlikely to have any mobile carriers in the LUMO level. Another way to get carriers,

holes and electrons into the HOMO and LUMO level is to inject them from an outside

source like a metal contact.

When carriers are excited or added to organic molecules in the crystal, they exist

as ionic states on a particular molecule [70]. Transport occurs by transitioning these

states from one molecule to the other [70]. Due to the relatively weak intermolecular

interactions between molecules in organic crystals, which are governed primarily by van

der Waals forces (a blanket term for various attractive forces between atoms and

molecules which include dipole-dipole interactions, induced dipole-dipole interactions,
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and induced dipole-induced dipole interactions which are also called dispersion forces

[47]), HOMO and LUMO levels can be further stabilized (indicating a reduction in the

energy of the HOMO and LUMO levels and thus their energy separation) by the fact that

organic materials can be polarized upon formation of these ionic states [70]. A molecular

ion in the crystal lattice deforms the other molecules around them by inducing a dipole,

i.e., a polarization, which lowers the energy of the ionic state [70]. The carrier combined

with its polarized lattice distortion is called a polaron. Small polarons are those in which

this lattice polarization does not extend beyond a single lattice site. Large polarons

extend to many lattice sites within the crystal [70]. The polarization causes the carrier to

become localized on that crystal site, reducing its mean free path and making movement

to the next site more difficult (mean free path of most polyacenes is on the order of the

intermolecular spacing at room temperature) [70]. In an inorganic semiconducting

crystal, such as germanium, there is significantly less polarization of the lattice due to the

crystals strong covalent inter-atomic bonds, and thus the carrier is delocalized over a

large portion of the crystal (the mean free path of Ge at room temperature is 1000Å while

the inter-atomic spacing is 2.45Å) [70].

Polaron transport can occur through three predominant mechanisms depending on

whether the polarization energy is larger than the interaction energy of a lattice site to its

neighbor [70]. The first is band transport which is similar to the case of inorganic

semiconductors. Band transport dominates when carriers move as highly delocalized

waves in a wide carrier band with a large mean free path (Ge has a valence band (holes) •

3eV, a relatively high scattering time of 10-3 seconds, and a mean free path discussed

earlier) [70]. It is characterized by a power law dependence of mobility to temperature

shown in equation VI:

VI1, >∝ − nT nµ
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Band transport puts the most emphasis on the collective nature of conduction states [70].

The second is thermally activated hopping which involves highly localized

carriers which move by hopping from one site to another at the same energy level [70]

(energy levels can be adjusted and brought into coincidence by phonon coupling [71]).

In materials where this mechanism dominates, there is a narrow carrier band, very low

time between scattering events, and low mean free paths [70]. The relationship between

mobility and temperature in this type of transport is characterized in equation VII:

VII

where E is the activation energy, k is Boltzmann’s constant [70]. Thermally activated

hoping puts the most emphasis on the molecular nature of conduction states [70].

Hopping transport is dependent on intermolecular overlap [72]. The polaron binding

energies for most polyacenes are in the range of 21-35 meV [70]. There are two theories

to describe the hopping transport of small polarons, the theories of correlated and

uncorrelated hopping [70]. Uncorrelated hopping occurs when the lattice polarization

relaxes faster than the mean time between hops so that future hops can be considered

independent of past hops [71]. Correlated hopping occurs when the lattice polarization

does not relax faster than the time until the next hop, so that hopping to a new site is

influenced by the site on which the carrier was previously due to a transfer of the

relaxation energy [71]. This form of hopping actually has a reduced activation energy

and thus the temperature dependence of this mode of transport is significantly reduced

[71]. Correlated hopping is considered when the mobility of the organic material

approaches 1 cm2/Vs [71]. There are examples of organic semiconductors which
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demonstrate both hopping and band-like transport, such as in some of the polyacenes,

with a transition from one to the other occurring at low temperatures [70].

The third transport mechanism is carrier tunneling between one site and another

through the barrier between them [73]. This mechanism is temperature independent.

These transport mechanisms occur in pristine crystals. The transport in most

OTFTs, however, is largely governed by traps [13]. Traps, or impurities or physical

deformities in the crystal lattice, can create energy levels in the forbidden gap into which

carriers can fall energetically [70]. These carriers can then not participate in normal

conduction and are stuck in position spatially. When there is a vacancy in the crystal

lattice, the extent of the polarization of the surrounding material will be reduced by the

fact that there will be a portion of the material which will not participate in polarization.

This effect is even more pronounced at the surface where surface molecules are missing a

significant number of their neighbors (there are no dangling bonds in organic materials

since each lattice site is composed of a full molecule) [70]. This reduction in polarization

increases the energy of that state since the polarization energy is less and can now act as a

scattering center for those materials exhibiting band transport [70]. Conversely,

compression to the lattice increases polarization energy and thus forms a trap since this

energy can push the energy state of that lattice site into the forbidden gap [70]. Both

trapping and scattering are detrimental to obtaining high mobilities. Large amounts of

disorder in the crystal can create a situation where the polarization energies of the

different lattice sites within the crystal are not all the same [70]. This disparity creates a

spreading of the bands at the HOMO and LUMO levels [70]. This energy level spreading

has been modeled as either a Gaussian distribution of energy states or an exponentially

decaying distribution of energy states from the edge of the HOMO (for holes) or LUMO

(for electrons) bands with the tails of the distributions extending into the band gap [70].
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As these distributions tail off, the density of states close enough in energy and space for a

carrier to hop to becomes significantly reduced, and thus these energy levels can act as

traps [13].

Depending on the organic semiconductor deposition conditions, even in

transistors made from highly purified materials (low impurity concentrations), the

boundaries between grains can be highly disordered [74]. It is thus these grain

boundaries which dominate transport in these devices [74]. The hopping mechanism in

this case is between disorder-induced localized states with activation energies much

larger than the polaron binding energy, around 130 meV (depending on deposition

conditions) and follows a Poole-Frenkel relationship with Coulomb potential barriers

which can be lowered by the longitudinal electric field (electric field from source to

drain) [74]. This is influenced by the amount of charge accumulated by the gate field

[74]. Figure 23 shows mobility (µ) versus longitudinal electric field (•(V) versus longitudinal electric field (•(VDS/L), where L is

the channel length) for transistors fabricated with several different channel lengths [74].

The graph show fits for the Poole-Frenkel model and the polaron model for two different

temperatures. It is clear from this data that the Poole-Frenkel model fits that data more

closely [74]. The Poole-Frenkel relationship predicts a dependence of mobility to

temperature as seen in equation VIII as opposed to the dependence seen in equation VII

[74].

VIII

where is the field dependent coefficient as proposed by Gill in an empirical relationis the field dependent coefficient as proposed by Gill in an empirical relation

[75].
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Figure 28. Mobility (µ) vs. longitudinal electric field (•(V) vs. longitudinal electric field (•(VDS/L)) for OTFTs
of several channel lengths. The gray dotted line and the purple dotted line
are the fits for the Poole-Frenkel model and the polaron model
respectively. It is clear the Poole-Frenkel model for transport in a
disordered system fits the data more accurately. “Reprinted with
permission from Liang Wang, Daniel Fine, Debarshi Basu, Ananth
Dodabalapur, “Electric-field-dependent charge transport in organic thin-
film transistors.” Journal of Applied Physics vol. 101, article # 054515
(2007) pp. 1-8 and the American Institute of Physics.”
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2.7 INJECTION EFFECTS IN OTFTS

In addition to considering how carriers move through the semiconductor, it is also

important to understand how they are injected into the semiconductor. Unlike silicon,

where the use of doping can shield the channel from the metal contacts by adjusting the

energy level difference between the silicon Fermi level and the metal work function to

make the contacts ohmic (an indication that charge transport is not limited by the nature

of the contact), organic transistors usually have metal contacts deposited directly on to

the active material. There are reports of using doped regions directly adjacent to the

metal contact [76] or self assembled monolayers chemically attached onto the contact to

improve the injection characteristics [77]. Careful consideration must be made as to what

types of metals to use and whether to chemically modify the contacts in order to get the

most efficient charge injection.

The typical choice of metal for many p-type materials, such as pentacene, is gold

due to the close alignment of the work function of gold to many p-type organic

semiconductors’ ionization energies (the amount of energy to take an electron from the

HOMO level to the vacuum level) (•5.1 eV for both) [1, 56], and the fact that gold is5.1 eV for both) [1, 56], and the fact that gold is

inert. Investigations into contact resistances using scanning-probe potentiometry have

shown that large resistances can be associated with Schottky barriers caused by the work

function of the metal being significantly lower than the ionization energy of the

semiconductor (this is for p-type semiconductors) [78]. This energy mismatch also

produces reduced (in terms of noninjection limited current), super linear current at low

source to drain potentials [78]. By changing metals (and thus work function) Bürgi et al

demonstrated that the contact resistance varies exponentially with the Schottky barrier

height after a certain threshold, depending on the semiconductor (their study used
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polymers) [78]. The barrier height that was measured, however, was lower than that

predicted by previous reports of diffusion limited thermionic emission [78].

Furthermore, they suggested that below this Shottky barrier threshold, the contact

resistance is dominated not by injection but by transport through the depleted layer of the

semiconductor adjacent to the contact [78]. In this region, there is no channel formation

induced by the gate either because an ionization energy/work function difference has

created a reverse electric field which opposes the source to drain electric field (dominant

at the source), or the drain potential is too close to the gate potential which precludes

accumulation near the drain [78]. This would be alleviated by increasing the gate

potential [78].

As was mentioned earlier, the surfaces of most organics usually have lower

polarization energies due to lattice sites which have incomplete numbers of neighbors

[70]. When the metal is deposited on the surface, however, the polarization of the

organic lattice sites just inside the contact can be much higher because metals are usually

quite polarizable in that they can produce image charges [70]. HOMO and LUMO bands

could then be adjusted or split at the metal/organic interface since the polarization energy

is larger at the interface and thus the forbidden energy gap, Eg, would be expected to get

smaller. This has been demonstrated for pentacene and gold by F. Amy et al using ultra-

violet photoemission spectroscopy (UPS) and inverse photoemission spectroscopy (IPES)

[79]. There studies have quantified the band gap narrowing of pentacene at the contact

[79]. They have also shown an interface dipole forming at the pentacene/gold contact

which has also been shown by Diao et al and increases the injection barrier by about 0.5-

0.6 eV [79, 80]. Diao et al used sandwiches of various metals around pentacene to

measure their Schottky barrier behavior and extract the dipole shift from the diode

reverse bias currents [80]. This dipole is represented as a shift of the vacuum level in the
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organic so that the metal and organic vacuum levels are no longer aligned (see figure 24)

[81, 82].

Figure 29 Schematic of the interface dipole for pentacene/gold showing
the vacuum level shift (LUMO level is not shown) [80].

Injection issues usually get worse as devices are scaled. Work by Wang et al

demonstrated that nanoscale devices usually suffer from significant injection limitations

[54]. This may be due to a significant amount of disorder near the contact from

morphology differences between the semiconductor deposited on the dielectric to the

semiconductor deposited on the metal [78]. Furthermore, shadowing effects can occur

from the metal contacts which are deposited first in the bottom contact configuration

[78]. These problems seem to become much worse as the channel size is scaled down.

Wang et al also demonstrated, however, that in some of these devices, when considering

the high electric fields present at these small source/drain geometries, Fowler-Nordheim

tunneling is possible [54]. This tunneling occurs through a triangular potential barrier at

the source when the barrier width is thinned by the high electric field. Instead of needing

enough thermal energy to surmount the entire barrier height, carriers now need only to

reach an energy level from which they can tunnel, thus effectively reducing the injection

barrier height [54]. This barrier height can be further reduced by applying a gate bias.
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Further data from the studies demonstrating the Poole-Frenkel relationship depicted in

the previous section (see Figure 30) show a departure from normal semiconductor limited

transport when the channel sizes get sufficiently small [81].

Figure 30. Mobility (µ) vs. longitudinal electric field (•(V) vs. longitudinal electric field (•(VDS/L)) for OTFTs
of several channel lengths. The dashed green line is a fit for the Poole-
Frenkel model. The circled data indicate devices which due not fit the
Poole-Frenkel model and therefore constitute injection limited devices
[81].

Understanding injection limitations is crucial to improving the design and

fabrication for better organic devices. It is also crucial to being able to evaluate the

potential of new materials. As we will see in Chapter 3, it is vital to understanding the

chemical sensing response of OTFTs to many classes of analytes.
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CHAPTER 3 ORGANIC THIN-FILM TRANSISTORS (OTFTS) AS
CHEMICAL SENSORS

Organic thin-films, such as the various forms of the phthalocyanines, have been

shown to sensitively detect certain gases, such as electron withdrawing NO2, when

utilized as either chemically sensitive resistors (chemiresistors) or sensitizing layers for

silicon chemical field-effect transistors (CHEMFETs) [1, 2]. These devices have

achieved detection limits in the 50 parts-per-billion (ppb) range [1]. There have also

been reports of organic thin-film field-effect transistors which have been used to detect

organic vapors which do not chemically react with the sensing material, such as vapors

composed of polar organic molecules [3]. These transistor sensors have been measured

achieving detection limits of 10 ppm, but they are predicted to be able to go as low as 1

ppm for many types of these organic vapors [3].

It is the goal of this Chapter to explore the interaction between organic vapors and

organic semiconductor thin-film transistors in order to understand how these sensors

produce their responses to these analytes. Furthermore, interesting changes to these

sensor responses occur as these devices are scaled down to nanometer dimensions which

shall also be described. Finally in Chapter 3, device architectures which can further

exploit these interactions to produce even lower detection limits and enhance vapor

selectivity will be detailed.

3.1 THE CHEMICAL CHARACTERISTICS OF TARGET ANALYTES

The analytes chosen for the studies outlined in Chapter 3 consisted of high vapor

pressure organic molecules. These organic molecules are shown in Figure 34 and include
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alkanes, alcohols, ketones, esters, ethers, aldehydes, aromatic compounds or some

combination thereof.

Figure 34. A list of the organic analytes used in the studies outlined in this
Chapter with their molecular formulas [4].

The important aspect to notice is that almost all of these substances have moieties which

are either polar, such as the carbonyl group in heptanone (C=O), or conjugated, such as

the aromatic ring in toluene. The length of the alkane chain in these molecules also plays

a role as well as the position of the polar functional group on the molecule, although, to

first order, these considerations are not as important as the presence and dipole strength

of the polar or aromatic moiety. Hexane, for example, was tried in a few experiments
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utilizing copper phthalocyanine (CuPc) based OTFTs but produced no electrical response

in any of them. Torsi et al have demonstrated the importance of alkyl chain length in the

electrical responses of a pair of polythiophene derivatives to two organic alcohols,

ethanol and 1-hexanol [5]. The reason for the importance of the polar or aromatic

functional groups will be discussed in later Sections. Tanese et al have also

demonstrated polymer thin films with the ability to distinguish analytes based on chirality

[6], although this property of the molecules or the organic thin films will not be discussed

in this thesis. It is important to remember that water vapor is also polar. Several groups

have reported using organic transistors as humidity sensors [7, 8]. The importance of this

property of water will also be discussed in a later Section as it relates to the polar

functional groups in the organic analytes.

3.2 MEASURING THE SENSING RESPONSE OF AN OTFT TO AN ANALYTE

In order to measure the response of the OTFTs to the analytes, three experimental

apparatus were used. The first apparatus is illustrated in Figure 35 and shall be referred

to hereafter as experimental apparatus number 1. A peristaltic pump is used to blow air

through an irrigation syringe which contains a section of filter paper saturated with one of

the high vapor pressure organic analytes shown in Figure 34. The peristaltic pump is

used to allow for the movement of air without exposing the pumping apparatus to the

analyte being investigated. A rubber stopper with a hole in it is placed into the back of

the syringe into which Tygon tubing is fed. The tip of the irrigation syringe is positioned

over the active area of the OTFT using a micromanipulator.
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Figure 35. One experimental apparatus used for measuring the electrical
response of the OTFTs to the organic analytes. A peristaltic pump was
used to blow air through the irrigation syringe which contained a piece of
filter paper saturated with the organic analyte. The syringe was positioned
using the micromanipulator.

The apparatus shown in Figure 35 was useful in studying how the organic semiconductor

would respond to the analyte. It was not as useful in determining the lower detection

limits of the OTFTs since it was only capable of presenting saturated vapors to the

devices. The only way to change the concentration at the surface of the transistor was to

adjust the height of the tip off the surface and let the concentration adjust through

diffusion. Thus, it was hard to determine precisely what the concentration was at the

semiconductor

n+ Si substrate

SiO2

Au
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surface if the tip wasn’t at its closest point when it approached the known partial pressure

of the organic liquid (even though it may not have been exactly that depending on

whether the filter paper remained fully saturated).

In order to achieve more quantitative data, i.e., the exact concentration which the

device was detecting, a second experimental apparatus was used as shown in Figure 36,

which will be referred to as experimental apparatus number 2.

Figure 36. A second experimental apparatus used to measure OTFT
sensing responses. It consists of a vacuum probe station (on the right)
connected to two valves used to bleed in analyte/nitrogen mixtures and
pure nitrogen (circled on the left) to further dilute the mixture.

The OTFT was loaded into a vacuum probe station which was subsequently pumped out

using a turbo pump to around 10-4 Torr. Two valves were used to then bleed into the

chamber controlled amounts of a nitrogen/ethanol mixture (5 ppm of ethanol in nitrogen)

and pure nitrogen. The pure nitrogen was used to dilute the 5 ppm of ethanol to lower
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concentrations. Ethanol was the only analyte used with experimental apparatus number 2

because ethanol would not condense on the surface of the apparatus and is not caustic at

the low concentrations used for this experiment (which might have contaminated or

damaged the vacuum probe station). The final concentration of ethanol in the chamber is

shown in equation IX [9].

IX

A draw back to experimental apparatus number 2 is that it is difficult to test

repeated exposures due to the fact that the entire overhead space of the device must be

returned to low vacuum, a process which takes a considerable amount of time. In order

to be able to rapidly expose the devices repeatedly while maintaining knowledge of the

exact analyte concentration, a third apparatus is currently being developed, which will be

referred to as experimental apparatus number 3. This apparatus consists of a series of

mass flow controllers which feed into a small Teflon chamber in which the transistor is

secured. As of now, however, it has only been used for some preliminary testing. An

example of a response which can be measured using this apparatus is given in the next

section. This apparatus will not be discussed in detail since it is in the early stages of

development and was not used to any significant degree in the experiments discussed in

this work.

For each of the experimental apparatus used to introduce the organic vapor

described above, an Agilent 4155C was used to record the electrical output of the OTFT.

The devices themselves were fabricated using the techniques outlined in Section 2.3 and

have channel lengths which range from 300 µm down to 60 nm. Both top and bottomm down to 60 nm. Both top and bottom

contact devices were used in these studies.

nitrogenethanol
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3.3 TYPICAL ELECTRICAL RESPONSES OF OTFTS TO CHEMICAL ANALYTES FROM
THE MICROSCALE TO THE NANOSCALE

Typical responses of microscale top contact pentacene and copper phthalocyanine

(CuPc) OTFTs to several organic vapors are shown in Figure 31 [10].

Figure 31. The top graph shows the response of a top contact pentacene
OTFT to 100 ppm of ethanol [10]. The bottom graph shows the
responses of top contact CuPc OTFTs to an array of highly concentrated
(saturated) organic vapors [11]. The source to drain currents have been
normalized at a point prior to analyte introduction for easier response
comparison. The yellow portion of the top graph shows the period of time
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that the ethanol vapor was presented to the sensor. In the bottom graph,
the exposures of single analytes to separate CuPc OTFTs have been
experimentally timed so that all exposures initially occur at roughly the
same time.

The response of the pentacene OTFT to ethanol (the only example of a sensing response

measured using experimental apparatus number 3) shows a decrease of the source to

drain current upon exposure to ethanol vapor and then a slight recovery of the current

when the exposure has ended. Not all organic vapor/organic semiconductor

combinations produce the same response, as can be seen from the bottom graph in Figure

31 for CuPc OTFTs (this CuPc data was measured using experimental apparatus number

1). Crone et al demonstrated that the responses of a large number of semiconductors to

various organic vapors can result in a response pattern, or chemical fingerprint as shown

in Figure 32, similar to the one recorded for olfactory receptor neurons shown in Figure 1

(Chapter 1) [3].

Figure 32. The chemical responses of various organic vapors to an array
of organic semiconductors. Positive changes in source to drain current of
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the semiconductor when exposed to the analyte are shown in blue and
negative changes are shown in red. White indicates negligible responses
and black represents that no data for that combination is available. For
most of these combinations, the responses are reversible [3]. “Reprinted
with permission from B. Crone, A. Dodabalapur, A. Gelperin, L. Torsi, H.
E. Katz, A. J. Lovinger, Z. Bao, “Electronic sensing of vapors with
organic transistors.” Applied Physics Letters vol. 78, no. 15 (April 9,
2001) pp. 2229-2231 and the American Institute of Physics.”

These responses are reversible over time. Source to drain current recovery time can be

significantly shortened by means of applying a reverse bias to the gate of the OTFT [3].

Reverse biasing the gate is realized by flipping the gate voltage from negative to positive

in the case of transistors made from p-type materials such as pentacene, or positive to

negative for n-type materials, while maintaining a nonzero source to drain voltage (the

reason for this will be explained later) [3]. By using this recovery technique, Crone et al

also proved that these responses are highly reproducible, as shown in Figure 33 [3].

Figure 33. A demonstration of the highly reproducible responses which
can be achieved for an OTFT, in this case di-dodecyl-alpha-sexithiophene
(dH 6T), to an organic vapor, 16T), to an organic vapor, 1-hexanol. The gray area represents the
duration of vapor exposure. The test was repeated greater than 70 times
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[3]. “Reprinted with permission from B. Crone, A. Dodabalapur, A.
Gelperin, L. Torsi, H. E. Katz, A. J. Lovinger, Z. Bao, “Electronic sensing
of vapors with organic transistors.” Applied Physics Letters vol. 78, no. 15
(April 9, 2001) pp. 2229-2231 and the American Institute of Physics.”

An interesting phenomenon occurs, however, when the channel length of these

devices is scaled down below a few hundred nanometers, as illustrated in Figure 34

(measure with experimental apparatus number 1) [12].

Figure 34. Chemical sensing responses of pentacene OTFTs to a saturated
vapor of 1-pentanol for several channel lengths ranging from 1 µm downm down
to 60 nm. A clear crossover can be observed whereby the response
changes from a decrease to an increase upon exposure to the 1-pentanol.
These responses are normalized at a point prior to analyte introduction for
purposes of comparison. “Reprinted with permission from Liang Wang,
Daniel Fine, Ananth Dodabalapur, “Nanoscale chemical sensor based on
organic thin-film transistors” Applied Physics Letters vol. 85, no. 26
(December 27, 2004) pp. 6386-6388 and the American Institute of
Physics.”
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The pentacene OTFTs’ responses to 1-pentanol change from a decrease upon analyte

exposure to an increase. As noted in section 2.7 in Chapter 2, this also happens to

correspond to the length scale around which the OTFTs begin to become injection limited

(see Figure 30).

This same type of response, an increase in source to drain current upon exposure

to 1-pentanol, was observed when a metal with a lower work function than the ionization

energy of pentacene is used as the contact material, shown in Figure 35 (also measured

with experimental apparatus number 1) [13]. The contacts for this bottom contact device

are made from nickel. The lower work function of nickel creates a barrier to injection of

holes at the source, as is evident by the low source to drain currents achieved for the

device pictured in Figure 35 when analyte is not present.

Figure 35. The response of a bottom contact pentacene transistor to 1-
pentanol when nickel, a low work function metal, is used as the contact
material. Since the work function is significantly lower than the ionization
energy of the pentacene, nickel is a poor injector of holes into the active
region of this transistor [13].
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Thus it appears that as the devices become injection limited, their response to

organic vapors changes from a decrease to an increase. In some cases, as illustrated in

the bottom graph of Figure 31, this same phenomenon can occur with some

semiconductor/analyte pairs when the strength of the dipole of the polar functional group

increases, as it does when switching from an alcohol group to a carbonyl group (as an

example, the dipole moment of methanol is 1.69 D (debye) [14] whereas the dipole

moment of formaldehyde is 2.33 D [15]).

3.4 ORIGINS OF THE CHEMICAL SENSING RESPONSES OF OTFTS

What then creates the decrease or increase in current upon analyte exposure and

what physical characteristics of the transistor affect how it interacts with these analytes?

To begin to answer this it is first necessary to understand whether the material is actually

chemically reacting with the analyte or interacting with the analyte in another non

chemical way, such as an electrostatic interaction. There are examples of analytes which

do chemically dope the semiconductor, such as electrophilic gases like NO2, which

remove electrons from CuPc and dope the material with holes [2]. The fact that the

responses of many of the microscale organic semiconductor devices exposed to many of

the organic vapors are reversible and reproducible reductions in current (not increases)

would likely exclude any type of chemical reaction, including doping, as the predominant

current modulation mechanism for most of these combinations. This would hold at low

device dimensions as well since it would not seem likely that a switch in the response

characteristics from negative to positive would now be caused by doping when neither

the contacts nor the semiconductor have been changed [12]. One could the argue that the

increased electric fields at these device dimensions might now allow for chemical doping
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or another type of chemical reaction to occur. This argument would not, however,

explain the increase in current magnitude seen by replacing the gold contacts with nickel

(see Figure 35) [13], nor would it explain the increased current due to changing the

strength of the dipole moment of the organic molecules (e.g., by switching from an

alcohol functional group to a carbonyl functional group). Finally, Torsi et al

demonstrated that when the semiconductor di-dodecyl-alpha-sexithiophene (dH 6T) was6T) was

exposed to 1-pentanol, no swelling or thickness changes were recorded as measured by

an ellipsometer [16], also helping to rule out a chemical change. This is believed to be

similar for CuPc and pentacene [17]. Thus, it seems most likely that the interaction

between the organic semiconductor and the organic vapor is not a product of a chemical

reaction.

It is now beneficial to determine where physically on the device the current

modulation occurs. The study performed by Torsi et al also showed that there is very

little penetration of the organic analytes into the highly ordered crystalline grains evident

by the fact that no appreciable swelling was measured [16], most likely due to the tight

crystalline packing of the molecules in the grains [17] (in the case of conducting

polymers, swelling is a known result of exposing them to organic vapors [16]). This

would indicate that there is very likely little interaction, chemical or otherwise, between

the molecules in the ordered grains and the organic vapors. In the same study, dH 6T6T

was deposited on a quartz crystal microbalance and a change in the mass of the

semiconductor was measured when exposed to varying concentrations of 1-pentanol (no

contacts were deposited in this study) [16]. This demonstrated that although the 1-

pentanol did not penetrate into the film, it nonetheless added to its mass. This means that

the analyte adsorbed to the surface of the organic layer [16]. A decrease or increase in

source to drain current must then be attributed to something which occurs outside of the
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crystalline grain. Another study by Someya et al exploring the interaction between the

semiconductor ,, -dihexylquarterthiophene and 1-pentanol demonstrated that the

magnitude of the sensing response was directly related to the number of grain boundaries

in the channel when the interaction resulted in a decrease in IDS [18]. Remembering from

Section 2.5 that almost all of the charge within the channel of an organic semiconductor

lies close to the semiconductor/dielectric interface, it must be the case that the analytes

percolate down to this dielectric interface through the grain boundaries. This cannot

apply to increases in current magnitude since it has been established that doping is not a

predominant mode of current modulation.

What then happens when the change in current magnitude transitions to an

increase? Someya et al further demonstrated that when the number of grain boundaries

in the device was very small, there was very little appreciable change to the channel

current [18]. Analyzing the results from the nanoscale transistor sensor study (Wang et

al [12]), the ,, -dihexylquarterthiophene experiments (Someya et al [18]), the results

from Figure 35 and the bottom graph of Figure 31, and finally to the contact limitations

of nanoscale transistors discussed in Section 2.7, it becomes clear that in the case of

many of these analyte/semiconductor combinations, the increases in magnitude of the

source to drain current must be due to changes in the nature of how charge is injected into

the channel and not by any type of doping effects. The fact that this magnitude increase

was not seen in the Someya et al experiments would indicate that the devices used were

not injection limited.

A structural explanation of where the current modulation occurs therefore

becomes clear. The decrease in current must be due to a phenomenon which occurs in

the grain boundary and an increase in current must be the result of a phenomenon which

occurs at the contact. What then is the nature of these phenomena? In Section 2.6, there
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was a discussion of how important the local polar environment was to how well carriers

can move through organic semiconductors. Changes in the local crystal structure near

carriers localized on a single molecule, and thus changes to the polarizability of the

lattice, could drastically change the local distribution of energy states. This problem was

further exacerbated in the grain boundaries due to a large amount of disorder. When we

consider most of the analyte organic molecules used in this study, most of them have one

thing in common, they all have dipoles (hexane does not but, as mentioned earlier, it did

not produce any appreciable response). The predominant mechanism which leads to a

decrease in the magnitude of the current is increased trapping of carriers in the grain

boundaries due to a modulation of the local electronic environment caused by the

presence of the polar organic vapors (an increase in the polarizability of the

semiconductor in the grain boundaries). An increased number of traps in the grain

boundary would lead to an increase in the activation energy for hopping through the grain

boundaries (see Section 2.6) which was demonstrated by Sharma et al using top contact

pentacene transistors exposed to ethanol [19]. The measured activation energy changed

from 77meV to 92meV when the analyte concentration was changed from pure nitrogen

to 100 ppm of ethanol as measured in experimental apparatus number 2 [19]. Further

evidence for this trapping effect will be demonstrated in the next Section along with a

device architecture which uses this phenomenon to great advantage to achieve a much

lower detection limit than these more conventional OTFTs.

Increases in the magnitude of the current are caused by the same polar nature of

the analytes that causes trapping. Several studies utilizing ultra-violet photoemission

spectroscopy (UPS) [20, 21] and inverse photoemission spectroscopy (IPES) [21]

indicated that at the interface between the metal contact and the semiconductor a dipole

forms. This dipole is the result of a work function/ionization energy mismatch which can
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be further increased by a shift in the vacuum level of the organic material [20, 21]. The

physical realization of this dipole is that for some carriers near the contact it is more

energetically favorable to be drawn back to the contact as opposed to progressing towards

the drain (as suggested by Bürgi et al [22]; see Section 2.7). This small population of

charge can induce an image charge in the contact and create a reverse electric field which

hinders further injection. This is also commonly referred to as an interface dipole. This

also creates a problem when trying to accumulate charge in the channel near the contacts

where the concentration of gate-field induced charge can be significantly less than the

rest of the channel [22]. Contact effects are further complicated by the fact that band

splitting occurs at the semiconductor/contact interface (also covered in Section 2.7 [21,

23]) creating a decreased forbidden gap between the HOMO and LUMO levels. When

carriers are injected into the semiconductor, a large portion of them are likely to be

trapped in the increased number of tail states in the forbidden gap close enough to the

interface to enhance the aforementioned image charge in the metal and thus the reverse

electric field [21, 23]. This trapping is further increased by disorder due to poor crystal

growth at the metal/semiconductor interface. The polarity of the analytes can work to

shield carriers in the semiconductor from the dipole which results from the reverse

electric field due to the image charge. The larger the dipole in the analyte the greater the

shielding effect. When pentacene devices are scaled down, at some point the size of the

gap approaches the size of the grain and very poor morphology at the contact results.

This creates a large amount of disorder and therefore a significant amount of trapping at

the contact. This would indicate that the effective injection barrier in nanoscale

pentacene devices (an increase of the reverse electric field) is more likely due to traps.

This is opposed to the nickel contacts where there is a very bad energy level alignment
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with the nickel work function being less than the pentacene ionization. In this case, the

primary contribution to an effective injection barrier is energy level mismatch.

Illustration 1. A graphic summary of the origins of the sensing response.
The response arises because of trapping in the grain boundaries and/or the
mediation of carrier injection at the contacts.

In the case of some semiconductors, such as CuPc, it seems that there is a delicate

balance between having its source to drain current dominated by the channel or the

contacts. The final sensing behavior will have a strong dependence on the strength of the

dipole, the strength of the interaction between the analyte molecule and the

semiconductor, and the number of grain boundaries present.

One problem with being able to detect these analytes, and a main reason

experimental apparatus number 2 was used (since it could be used under vacuum), is that

water is also polar. In a high humidity environment water can mask the effects of some

of the weaker analyte dipoles which were tested. It is one of the reasons almost all of the

devices used in these experiments demonstrate a current fall off over time even without

the presence of an analyte when tested under atmospheric conditions, as with
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experimental apparatus number 1. Humidity also introduces some small amount of

experimental variability, especially when measuring the responses of an analyte with a

smaller dipole like ethanol. Water vapor also happens to be one of the predominant

problems with consistent operation of organic transistors in general, especially for those

applications where exact performance must be maintained. This problem should also be

alleviated using experimental apparatus number 3 because it should be possible to

completely purge the Teflon chamber with nitrogen before performing the experiment.

3.5 THE HYBRID SILICON/ORGANIC TRANSISTOR SENSOR

As mentioned earlier, organic transistors in the more standard top or bottom

contact configuration have been shown to achieve detection limits of 10 ppm.
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Figure 36. The side and top view of the hybrid organic/silicon transistor sensor

In an effort to lower that detection limit further, a new configuration was developed.

This configuration blended the chemical sensitivity of an organic device with the
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reliability and high transconductance of a silicon device into a new hybrid silicon/organic

device shown in Figure 36 [24]. As can be seen from the top diagram of Figure 36, the

device is created by first building a silicon transistor with a gate dielectric but no

polysilicon or metal gate, just like a chemical field-effect transistor (CHEMFET). This

was an n-type silicon transistor since it was designed to work with pentacene, a p-type

organic semiconductor. Then a bottom contact organic transistor is built on top. The

channels of the two transistors are cross coupled, the charge accumulated in the organic

device acting as a gate for the inversion charge in the silicon device and visa versa. The

silicon device has a channel implant which attempts to place the middle of its

subthreshold slope at zero volts (see Figure 37) in order to get the maximum change in

the silicon transistor source to drain current for a minimum change in the organic current

characteristics (essentially the silicon gate voltage).

Figure 37. An example of the subthreshold characteristics of a silicon
transistor used in the hybrid device [26].

In the subthreshold regime, the source to drain current follows the proportionality in

equation X [25].
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X

Thus a large change in IDS can be achieved in the silicon channel from a small change in

charge in the organic transistor’s channel. If the subthreshold regime is not pinned at

zero gate voltage, a substrate bias can be applied to shift the threshold voltage.

This device could then be operated in four primary modes. The first mode was to

use the unbiased organic semiconductor as the sensitizing layer for the gate of the silicon

device just like a CHEMFET. The second was to use the silicon device only as a gate for

the organic transistor by keeping its source and drain biased to the same potential. In this

mode the organic device performed the same as the other OTFTs explored earlier in this

Chapter. The third mode of operation was to bias both the silicon and organic field-effect

transistors simultaneously such that they were both on at the same time. This was

performed by applying a differential potential to the source and drain of both transistors,

but with a DC offset on the organic device which was positive with respect to the silicon

device (for instance the source potential might be 15 volts and the drain potential might

be 10 volts for the organic) and a DC offset on the silicon device which was negative

with respect to the organic device (the source potential might be -10 volts and the drain

potential might be -5 volts).

The final mode of operation, and the most interesting, is called the chemical

memory mode. Prior to turning both devices on at the same time, the off current through

the silicon device was measure while no bias was applied to the organic device. Then the

devices were operated in the both on mode in the presence of an organic vapor. Upon

turning off the organic device, the source to drain off current was measured again in the

silicon device without biasing the organic device (leaving the gate of the silicon device to

float).
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The change in response of a hybrid silicon/pentacene device in CHEMFET mode

when exposed to ethanol turned out to be a small percentage increase, around 2.5%, for a

representative device. The total response change for the more standard OTFT mode was

a decrease of about 57% for the same device (this accounts for a much lower absolute

current change than the silicon current change in CHEMFET mode due to the organic

transistor’s on current being much lower than that of the silicon on current). The

chemical memory mode, however, produced a post-exposure off current in the silicon

transistor which was around 45 to 65 times higher than the pre-exposure off current when

measured in air also on the same device (devices tested in air, as mentioned earlier have a

very steep fall off). When measured in nitrogen, the post-exposure off current was about

95 to 97 times higher than the pre-exposure off current. These were by far the best

results recorded for any of the modes tested, including the both on mode. The both on

mode is not listed here because it did not produce as consistent an output as the chemical

memory mode due to the fact that the coupling of the gates while both devices are on can

produce results which can shift in a relatively short time frame. Both on mode also does

not operate the silicon device in subthreshold and so does not produce as great of a

percentage change as the chemical memory mode. The responses quoted n this paragraph

measured for the CHEMFET, OTFT and chemical memory mode as measured in air were

recorded using experimental apparatus number 1 and a stock gas of 5 ppm of ethanol (not

saturated filter paper). The devices measured in nitrogen were measured using

experimental apparatus number 2 [26].

Why then would the chemical memory mode produce better results than any of

the other modes? The reason, as described in Section 3.4 has to do with trapped charge.

When operating in CHEMFET mode, the silicon device is forced to measure the adsorbed

dipoles on the organic semiconductor as a result of having no carriers present in the
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organic transistor channel. Although the organic analytes interact better with the

semiconductor than they would with no material on the gate, these dipoles cannot make a

significant change to the amount of charge on the gate of the silicon device since any

positive charge is automatically accompanied by negative charge. The dipoles may align

at the gate interface which would contribute to the 2.5% change seen in the CHEMFET

mode of the device. But ultimately they would cause very little change to the inversion

charge in the silicon field-effect transistor (FET). In the OTFT mode, the trapped charge

can be detected only as a change in mobility and must rely on only the OTFT to produce

the sensing result. No amplification can be achieved from this mode. The chemical

memory mode, however, directly measures the charge trapped in the OTFT after

exposure to an analyte. By turning both devices on during the exposure, there is charge

present in the channel to be trapped. This trapped charge leaves over a very long time

scale if the organic device is not reverse biased. Thus, the large transconductance of the

silicon device when operated in its subthreshold mode produces large shifts in the

threshold voltage and thus more substantial changes in the off current of the silicon

transistor. This is also superior to the both on mode in which the response can shift due

to the shifting charge distributions as more carriers get trapped, and which does not

benefit from the large current changes that can occur when the silicon FET is operated in

the subthreshold regime. The lowest repeatable detection limit achieved using this hybrid

device, when operated in the chemical memory mode (using experimental apparatus

number 2), is 100 ppb as shown in Figure 38.
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Figure 38. A graph showing the difference between the off currents of the
silicon transistor before (magenta) and after (blue) the hybrid
silicon/pentacene sensing device is exposed to 100 ppb of ethanol. This is
referred to as the chemical memory mode. Each band represents multiple
measurements and thus demonstrates the devices reproducibility [26].

3.6 THE USE OF SMALL MOLECULE RECEPTORS

Combining organic transistor sensors with a silicon device, which acts as an

amplifier and trapped charge detector, is one way to improve the sensitivity of the OTFT

sensors. This does not, however, improve the OTFTs selectivity. In an attempt to

increase the sensitivity and selectivity of the simpler bottom and top contact geometry

OTFT transistor sensors and to augment the sensitivity of the hybrid silicon/organic

transistor sensor with increased selectivity, a second response enhancing technique was

pursued. As mentioned earlier, Torsi et al demonstrated the importance of the analyte’s

alkyl chain length in terms of its interaction with the organic transistor [5]. The longer
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the carbon chain length, the greater the interaction of that analyte molecule with the

semiconductor and the higher the mass uptake. The same group also showed that

increased mass uptake occurred when the side chain of the polythiophene derivative was

made to be polar (by putting an ester in the side chain) [5] (see Figure 39).

Figure 39. The polar (3,3”-dipentoxy-2,2”:5’,2”-terthiophene) and
nonpolar (3.3”-didodecyl-2,2”:5’,2”-terthiophene) polythiophene
derivatives used in the Torsi et al study demonstrating the increased mass
uptake of the organic alcohols ethanol and 1-hexanol when the side chain
is switch from nonpolar to polar [5].

This enhancement of the mass uptake was even more pronounced than the increase

produced by longer analyte carbon chains [5]. This particular study did not show a

significant change in electrical response with 1-hexanol given the switch in side chain

even though there was a significant increase in mass uptake. One reason for this could

have been the result of an adjustment to the mobility corresponding with the switch in

side chain [5]. Ethanol, however, showed no electrical response with the nonpolar side

chain but did show a response with the polar side chain. This was most likely due to a

poor interaction of the short ethanol alkyl chain to the nonpolar side chain and a much

better interaction of the polar ethanol to the polar side chain. This response could be

adjusted with the use of polar versus nonpolar side chain moieties [5].
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Given the demonstration by Torsi et al, was it possible to do the same thing with a

small organic molecule semiconductor like pentacene or CuPc without the necessity of

chemically editing the molecule and without significantly lowering the device’s mobility?

Could this further be used to enhance not only the sensitivity but also the selectivity of

the semiconductor? The answer to both questions was yes. By using small receptor

molecules, a few of which are shown in Figure 40, deposited by drop casting from a

solution of chloroform after the fabrication of a top contact OTFT, it was possible to

adjust the response of the semiconductor (for most of the experiments performed using

this technique the semiconductor was CuPc) to several of the organic vapors listed in

Figure 34. This now enabled the OTFT to select definitively between several chemical

functional groups with a much more pronounced response.

Figure 40. Two representatives of the small molecule receptors used to
adjust the sensing responses of small organic molecule semiconductors to
various organic analytes. The basic interaction between these receptors
and the organic molecules is hydrogen bonding. The receptors shown here
were provided by David F. Cauble and Professor Michael J. Krische at the
University of Texas at Austin, Department of Chemistry.

Figure 41 shows the response of CuPc OTFTs modified with the receptors shown in

Figure 40 to several organic analytes, measured with experimental apparatus number 1.

As can be seen from these graphs, the responses of the receptor modified organic
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transistors (modified with the two receptors shown in Figure 40) to the alcohols do not

change significantly from those of the unmodified OTFTs in the bottom graph of Figure

31, although the devices now seem to react to all the alcohols roughly the same,

irrespective of chain length (the brief increase at the beginning of the responses to

alcohols may be due to the displacement of water vapor, a more polar molecule than most

of these alcohols). The responses to heptanone and allyl propionate change dramatically.

Figure 41. Responses of top contact CuPc OTFTs modified with the two
receptors shown in Figure 40. The responses of the receptor modified
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OTFTs to the organic alcohols are not significantly different from the
responses of neat CuPc OTFTs shown in the bottom graph of Figure 31
and no longer seem to differ with alkyl chain length. The responses of the
receptor modified CuPc OTFTs to allyl propionate and heptanone are
dramatically different from the neat CuPc OTFTs from Figure 31, the
most dramatic change being seen from Circle A. These results were
measured using experimental apparatus number 1.

In fact, for the devices which use the receptor from Figure 40 referred to as Circle A (the

name is derived from this receptor being designed to interact with carboxylic acids as

opposed to Circle K which is targeted for ketones), the receptor causes the device to

nearly turn off upon exposure to heptanone or allyl propionate, an almost 100% reduction

of the source to drain current. Circle K led to an 80% reduction. This is in stark contrast

to an increase in source to drain current seen in the neat CuPc OTFTs (see the bottom

graph of Figure 31) for heptanone and allyl propionate. Based on these results, it now

becomes apparent that these modified OTFTs are showing responses that are now almost

totally dependent on the polar functional group in the analyte instead of the length of its

alkyl chain. Furthermore, whereas in the neat CuPc devices where there seemed to be a

delicate balance between whether the analyte dipole enhanced injection more than it

caused trapping in the channel, in these modified devices trapping was dramatically

favored over injection enhancement in the case of the strongest dipoles, the carbonyl

groups.

What is causing this dramatic change in response? CuPc and pentacene are

hydrophobic materials, meaning that they do not have as strong a reaction to dipoles as to

nonpolar molecules. One reason that neat CuPc may show injection enhancement and

not trapping at the grain boundaries in the presence of strong dipoles like heptanone is

that this analyte has a difficult time percolating to the dielectric/semiconductor interface

in the hydrophobic CuPc. Another reason, which would explain the relatively low
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amount of trapping for all the analytes seen in CuPc sensing responses, may be that these

are high vapor pressure analytes and therefore the individual molecules interact with the

semiconductor for a short amount of time. The receptors shown in Figure 40 were

designed to form hydrogen bonds with the analytes. When the very electronegative

atoms nitrogen, oxygen, or fluorine, are covalently bound to a hydrogen atom, they draw

a large amount of the electron density off of the hydrogen forming a very strong dipole

[27]. Since hydrogen is a small atom with most of its electron density drawn off by its

more electronegative covalently bound neighbor (hydrogen only has one electron in its

valence shell to begin with), it can get very close to the lone pair of electrons of the

nitrogen, oxygen, or fluorine of the neighboring molecule and form a strong electrostatic

interaction [27]. These bonds can also be slightly covalent in nature since electrons can

be shared between both of the electron withdrawing neighbors (O, N, and F) and the

hydrogen in between them [27]. These bonds are not quite as strong as a full covalent

bond but are much stronger than other inter-atomic forces like van der Walls forces. It is

the network of these hydrogen bonds which causes the boiling point of water to be much

higher than would be predicted by its molecular mass [27]. The receptors (see Figure 40)

have alkane side chains which make them soluble in organic solvents and can help them

to interact more favorably with the CuPc and allow them to permeate into the grain

boundary. The amine (nitrogen containing) groups designed into these molecules could

then form hydrogen bonds with the oxygen containing analytes and significantly increase

their interaction with (including the time that the analyte is held in the grain boundary),

and their percolation depth into, the grain boundaries of the CuPc (see Figure 42). Circle

K has the ability to form two hydrogen bonds as it is equipped with two amine groups

containing an H-N moiety. Circle A has two H-N moieties and a nitrogen containing

aromatic ring. All of these moieties can contribute to hydrogen bonding with the analyte



99

(it appears that Circle A, with its three amine moieties is slightly better than Circle K

with its two amine moieties). The hydrogen bonding of the polar analytes would then

contribute to improving analyte induced charge trapping.

Is it possible that another analyte/semiconductor interaction is occurring, such as a

dipole-dipole interaction (a weaker type of interaction than hydrogen bonding)? The

reason to suspected hydrogen bonding instead of an alternative interaction, such as a

dipole-dipole interaction, as the predominant analyte receptor interaction is based on the

difference between the alcohol response and the carbonyl response in the two receptors

with differing hydrogen bonding capabilities.

Figure 42 The formation of hydrogen bonds between Circle K and the
organic analyte vanillin.

Circle K has two amine moieties with nitrogen bound to hydrogen which constitute

hydrogen bond donors. Since the alcohols also have hydrogen atoms bound to their

oxygen atoms, this interaction should not be as strong because both hydrogen bonding

groups on the receptor and the alcohol are hydrogen bond donors. This is exactly the

case that can be seen in the bottom graph in Figure 41; Circle K does not interact strongly
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with the alcohols. The carbonyl groups have no hydrogen atoms bound to the oxygen

atom which now constitutes a hydrogen bond acceptor. Thus the carbonyl interaction

with Circle K is much stronger with the receptor providing hydrogen bond donors and the

carbonyl group supplying a hydrogen bond acceptor. In the case of Circle A, nitrogen

incorporated in the aromatic ring is a hydrogen bond acceptor as it has no hydrogen atom.

The alcohols therefore have a greater interaction with Circle A than with Circle K since

they can now form hydrogen bonds with the aromatic amine group, which can also be

seen in Figure 41. The organic alcohols still do not have as great an interaction with

Circle A as do the carbonyl groups with their capability of forming two hydrogen bonds.

For these reasons hydrogen bonding is considered to be the most likely type of

interaction. One would expect less significant variation between the sensing responses of

the two receptor modified OTFT sensors to the various polar functionalities of the

analytes assuming another type of interaction.

A third receptor, whose molecular structure is not pictured here but whose sensing

responses are shown in Figure 43, has demonstrated the ability to exhibit some distinction

between the sizes of the analytes and where the functional groups are located on the

molecules (e.g., an O-H group located at the end, as opposed to the middle, of the analyte

carbon chain as can be seen with the difference in response between 1-pentanol and 2-

propanl). It is a molecular cage also referred to as a cavitand, an example of which is

given in [28]. This cavitand was able to distinguish ethanol from most of the other

analytes (in terms of the response rate and magnitude). The results in Figure 43 were

also measured using experimental apparatus number 1.
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Figure 43 The responses of CuPc OTFTs to a receptor modified with a
molecular cage referred to as a cavitand. This modified device apparently
can make distinctions between the size of the analyte as well as the
position of the functional group (based on rate of change of the response
and the extent of the response change) as it appears to be most sensitive to
the smallest analyte, ethanol, closely followed by 1-pentanol which has its
functional group at the end of the alkane chain.

Devices modified with small molecule receptors showed the same ability to be

refreshed as unmodified OTFT sensors. The current, however, did not fully recover to

the original level, probably due to the strong receptor/analyte interaction. They also had

lower mobilities than the neat OTFTs, due to the presence of the relatively unconductive

receptors in the grain boundaries. A better understanding of the relationship between

sensing response and mobility adjustment to receptor quantity, which has not been

performed to date, will alleviate these issues to a large extent. Furthermore, the added

flexibility the receptors offer in tuning the responses of organic semiconductors to

various analytes allows for the selection of the semiconductors which possess the highest

mobility. Finally, if used in conjunction with the hybrid silicon/organic device, to first

order, the mobility of the organic is not as important when using the chemical memory
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mode. The only requirement is the need to have enough charge in the channel to trap.

Modifying the organic component of the hybrid silicon/organic sensing device with

receptors may lead to better sensitivity then the hybrid device already achieves, by

increasing the trapping probability and hold time through receptor enhanced

analyte/semiconductor interaction, with the added quality of making the hybrid devices

much more selective. Using the hybrid device will also lead to an understanding of

whether these small molecule receptors improve the response characteristics by

increasing the amount of trapped charge or, by some other mechanism, causing a larger

modulation of the semiconductor mobility while not significantly altering the trapped

charge density.

In order to understand these modified devices more completely, they must be used

in a system like experimental apparatus number 3 (the apparatus which uses the small

sensing chamber fed by mass flow controllers) which is currently in development. This

will yield a better feel for the lower detection limits of receptor modified OTFT sensors

as well as help to determine more quantitatively the exact interaction occurring in the

device between the analyte and the receptor.

Small molecule receptors seem to be a very promising direction to pursue when

attempting to further enhance the selectivity and sensitivity of the analyte/semiconductor

interaction. These enhancements would reduce the need for full fingerprint pattern

recognition and could do so without greatly increasing device fabrication complexity.

These receptors could also be used in conjunction with other response enhancement

techniques, such as the hybrid silicon/organic device configuration, to achieve even

greater improvements of the sensor characteristics.
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CHAPTER 4 THE PLANAR NANOSCALE ARCHITECURE FOR
ORGANIC THIN-FILM FIELD-EFFECT TRANSISTORS

So far all the nanoscale transistors demonstrated in this work have been fabricated

on degeneratively doped silicon wafers (silicon wafers that are doped until their

properties approach that of a metal are referred to as being “degeneratively doped”).

These wafers not only act as the substrate on which the devices are fabricated, but as the

gate electrode as well. Although this reduces fabrication complexity, it creates a number

of problems. The most obvious problem is that every device is now fabricated on the

same gate and so there is no ability to control the gate bias of the nanoscale OTFTs

individually. The large area gate also increases the switching capacitance of the devices.

Gate leakage is significantly increased since a large number of pin holes (oxide defects

which allow current to shunt from the semiconductor on top of the gate dielectric to the

silicon substrate below the gate dielectric) are now accessible due to the whole substrate

acting as the gate and the fact that the semiconductor cannot be patterned to nanoscale

dimensions during deposition. Finally, the large area gate adds to the spreading currents

as well as the small transistor width to length ratios used for most of the nanoscale

transistors (to avoid electrode shorts during fabrication) and the contact limitations which

most of these nanoscale OTFTs suffered from. It was therefore necessary to fabricate

guarding electrodes simultaneously with the source and drain electrodes. These guarding

electrodes, biased at the same potential as the drain, collected the spreading currents

which resulted from the large amount of accumulation that occurred outside the

nanoscale channel area as a result of such a large gate electrode. They also enabled the

exploration of the true nanoscale transistor behavior.
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The device architecture outlined in this Chapter is an attempt to reduce or

eliminate many of these problems. The devices were still fabricated on a silicon wafer

(with a layer of 100nm of silicon dioxide on top to prevent shorting between the

electrodes through the substrate), but instead of using the substrate as the gate electrode,

an aluminum electrode was deposited in close proximity to the gold source and drain

electrodes. Aluminum oxide (usually Al2O3), known to grow spontaneously in

atmospheric conditions to a thickness of around 1-3 nm [1, 2] and possess a relative

dielectric constant in the range from 7 to 8 (about twice as high as silicon dioxide) [3],

was used as the gate dielectric. The schematic structure is shown in Figure 44.

Figure 44. A schematic representation of the planar nanoscale device
showing the aluminum gate electrode in close proximity to the gold source
and drain electrodes on the surface of the silicon/silicon dioxide substrate.
The gate dielectric is comprised of the natural oxide which forms on
aluminum in atmospheric conditions.

This device geometry is suited to a wide range of deposited semiconducting materials

including organic and polymer semiconductors as well as recently reported inorganic

semiconductors with high mobility that can be cast from solution [4].

It is the goal of this Chapter to discuss the fabrication procedure for realizing this

device geometry followed by a discussion of the device’s electrical characteristics. The
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chapter will conclude by detailing the possible use of this nanoscale device in future

sensing applications. The primary source for most of the following material is reference

[5].

4.1 FABRICATION OF THE PLANAR NANOSCALE TRANSISTOR ARCHITECTURE

The JEOL JBX-6000FS/E Electron Beam Lithography system allows for the

alignment of new patterns to previously processed patterns with a misalignment error as

low as 30 to 40 nm. The first step in fabricating these devices was to pattern alignment

marks which the electron beam lithography system could use to align the gold/titanium

source and drain electrodes to the aluminum gate. These marks consisted of four crosses

etched 1 µm deep into the surface of the silicon wafer at equal distances from the centerm deep into the surface of the silicon wafer at equal distances from the center

in the four cardinal directions, as shown in Figure 45.

Figure 45. Position of the alignment marks used by the electron beam
lithography system to align the gold/titanium source and drain electrodes
to the aluminum gate electrode. The marks were etched to a depth of 1
µm. Windows through the silicon dioxide were etched around them. Windows through the silicon dioxide were etched around the
alignment marks to prevent electron beam charging of the dielectric which
might cause a distortion of the mark and lead to poor alignment.

SiO2
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It was then necessary to etch windows through the silicon dioxide around the

marks to prevent charging of the substrate during mark detection which could distort the

marks and lead to misalignment. A lithography pattern for the aluminum gate electrode

was then defined using the same electron beam lithography techniques outlined in

Section 2.3. This included dose testing and designed pattern dimension variation to

account for the small unavoidable misalignment inherent in the electron beam

lithography system as well as any wafer curvature and dielectric charging issues. The

alignment procedure was also executed to align the aluminum gates to the previously

patterned alignment crosses. This was then followed by the deposition of 100nm of

aluminum deposited by sputtering (sputtering uses accelerated argon ions to knock

aluminum atoms off of a target of aluminum which then deposit on the silicon

dioxide/silicon substrate) followed by the lift off procedure (also outlined in Section 2.3).

Next the patterns for the source and drain electrodes were exposed also using the

alignment procedure. Once the lithography was complete, 3 nm of titanium was

deposited immediately followed by 50 nm of gold using an electron beam evaporation

system succeeded by another lift off procedure. The source and drain electrodes were

placed in close proximity to the aluminum gate (in a co-planar geometry) as opposed to

on top of the aluminum gate for three reasons. The first is that having the source/drain

electrodes on top of the gate electrode increases the chance of having them short together.

The second is that the surface of the silicon dioxide is smoother than the surface of the

aluminum since aluminum forms very tiny grains when deposited at room temperature.

Cooling the substrate to liquid nitrogen temperatures alleviates this problem by making

the metallic film more amorphous [1], but this was not attempted here because the

sputtering system is not equipped to cool the substrates. Finally, even if it were possible
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to cool the substrates to get flatter gate surface areas, the gate electrode would still have

to be fairly wide to accommodate the ends of the source and drain electrodes and to have

a nice flat channel area. This would not eliminate the necessity of guarding electrodes

(patterning the semiconductor at these dimensions is not feasible). By patterning the gate

near the source and drain electrodes, as shown in Figure 44, there is a much smaller risk

of shorting the electrodes together. The semiconductor can still be deposited on the very

flat silicon dioxide, and side guards are not necessary because the gate can be designed to

span a distance on the order of the channel length (the channel width is now defined as

the thickness of the deposited pentacene as long as it is thinner than the deposited

electrodes). The gate still has to overlap the source and drain electrodes to some extent,

in order to compensate for the aforementioned misalignment problem, but to a much

lesser degree. The device geometry also insures that most of the current is confined to

the channel region due to a large electric field at the closely spaced, narrow tips of the

gate, source, and drain electrodes that falls off quickly as the distance between the

electrodes rapidly increases outside the channel. Upon completion of the source/drain

and gate electrode patterning, the semiconductor was deposited, in this case 35 nm of

pentacene, using vacuum thermal evaporation on top of the electrodes.

The source and drain electrodes of some of the nanoscale planar

transistors were treated with nitrobenzenethiol prior to semiconductor deposition.

Nitrobenzenethiol is a sulfur containing molecule which readily forms self-assembled

monolayers on gold and has been shown to improve the injection qualities of organic

transistors [6].

Figures 46(a) and 46(b) are scanning electron microscopy (SEM) images

representing two different electrode patterns used in fabricating these devices. Figure

46(a) represents the first design used for fabrication which shows a source to drain
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spacing (the channel length) around 100 nm and a gate electrode to channel spacing

which is larger than the channel length. Figure 46(b) represents a second design where

the channel length is on the order of the gate to channel spacing, about 50 nm. As has

been shown in previous work, the channel length can be reduced to around 10 nm [7].

The granular morphology in Figure 46(a) is due to the pentacene [8].

Figure 46. Scanning electron micrographs showing two different
representative transistors with a viewing angle perpendicular to the
substrate surface. The vertical electrode is the aluminum gate and the two
horizontal electrodes are the titanium/gold source and drain electrodes.
Micrograph (b) shows a device prior to pentacene deposition whereas (a)
shows a device after pentacene has been deposited and after the device has
been electrically characterized. The white scale bars for both (a) and (b)
are 100nm. “Reprinted with permission from Daniel Fine, Liang Wang,
Deepak Sharma, Ananth Dodabalapur, “Planar nanoscale architecture for
organic thin-film field-effect transistors” Applied Physics Letters vol. 89,
article # 203118 (2006) pp. 1-3 and the American Institute of Physics.”

4.2 MEASUREMENT OF THE PLANAR NANOSCALE OTFT’S ELECTRICAL
CHARACTERISTICS

The electrical characteristics of the transistors were evaluated with an Agilent

4155C semiconductor parameter analyzer. Figures 47 and 48 show the current-voltage

characteristics for two representative devices similar to those represented in Figures 46(a)

and 46(b). These differing characteristics demonstrate that these transistors have

(a) (b)
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current/voltage dependences which vary with exact device geometry (source/drain

spacing and channel to gate spacing), semiconductor film morphology, and injection

properties, all factors which become more significant as OTFTs shrink in size.

Figure 47. (a) Drain current vs. source/drain voltage characteristics of a
transistor with a geometry similar to Figure 46(b), which behaves as a p-
channel accumulation mode field-effect transistor but shows evidence of
severe contact limited injection at very low VDS and space-charge limited
current at high VDS. (b) •IIDS vs. VGS for the same device shown in Figure
47(a) at VDS = -4V. The solid line lacking symbols is the linear fit used to
calculate the mobility. “Reprinted with permission from Daniel Fine,
Liang Wang, Deepak Sharma, Ananth Dodabalapur, “Planar nanoscale
architecture for organic thin-film field-effect transistors” Applied Physics

0 -1 -2 -3 -4 -5 -6

0.0

-2.0n

-4.0n

-6.0n

-8.0n

-10.0n

-12.0n

-14.0n

I D
(A

m
p

s)

V
DS

(Volts)

V
GS

=

-5V
-4V
-3V
-2V
-1V
0V

a)

0 -1 -2 -3 -4 -5
0

1x10-5
2x10-5
3x10-5
4x10-5
5x10-5
6x10-5
7x10-5
8x10-5
9x10-5

sq
rt
I

D
(A

m
p

s)


V
GS

(Volts)

VDS = -4V

slope used to
calculate
mobility

b)



114

Letters vol. 89, article # 203118 (2006) pp. 1-3 and the American Institute
of Physics.”

Figure 48. (a) Drain current vs. source/drain voltage characteristics of a
second transistor with a geometry similar to Figure 46(a) showing space-
charge-limited current which is gate modulated due to adjustments to the
injection barrier by the gate and/or a gate induced filling of traps at the
semiconductor/contact interface. (d) The log(ID) vs. log(VDS) plot for the
device from (a) showing the power law dependence of current to voltage.
“Reprinted with permission from Daniel Fine, Liang Wang, Deepak
Sharma, Ananth Dodabalapur, “Planar nanoscale architecture for organic
thin-film field-effect transistors” Applied Physics Letters vol. 89, article #
203118 (2006) pp. 1-3 and the American Institute of Physics.”
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The device whose characteristics are presented in Figures 47(a) and 47(b) had

source and drain electrodes treated with nitrobenzenethiol. The gate leakage current in

all the devices was negligible. The mobility of the device whose characteristics are

described in Figure 47(a), and whose design is depicted in the SEM image of Figure

46(b), was 3.68*10-4 cm2/V-s (as measured from the linear part of the •IDS vs. VGS plotIDS vs. VGS plot

at VDS = -4V shown in Figure 47(b)). This is two orders of magnitude lower than

previously reported values for nanometer sized pentacene field-effect transistors [7].

4.3 A DISCUSSION OF THE FEATURES OF THE ELECTRICAL CHARACTERISTICS OF
THE PLANAR NANOSCALE OTFT

The DC characteristics shown in Figure 47(a) are comprised of three distinct

regimes with increasing VDS. The first is the relatively high magnitude of source/drain

voltage (slightly higher than 1V) required to obtain any appreciable amount of current

followed by a short region where current increases exponentially with source/drain

voltage. This is typical of current which is severely injection limited at low magnitudes

of VDS [9, 10, 11]. Previous attempts to describe this injection limited regime have

mainly followed the diffusion-limited thermionic emission model for injection from a

Schottky barrier into a low mobility semiconductor [9]. More recently, modifications to

that model have been suggested due to a measured injection barrier, using scanning probe

potentiometry, which does not match the expected injection barrier which would result

from a simple calculation of the metal work function/ionization energy mismatch [10].

As outlined in detail in Section 2.7, these changes to the theory are explained as

thermally assisted tunneling through the Schottky injection barrier [7], or thermally

assisted tunneling through or thermally assisted injection into the highly disordered
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region around the contacts in these nanoscale devices [10]. If the disordered region is

relatively small, tunneling through the disordered region into the channel could occur

(tunneling is exponentially dependent on source to drain voltage). On the other hand,

injection into the disordered region actually becomes easier due to a Gaussian or

exponential distribution of tail states in the semiconductor, as well as HOMO and LUMO

level splitting near the contacts, also outlined in Section 2.7, which reduces the

HOMO/LUMO separation [12]. If this disordered region is relatively wide, transport is

adversely affected due to significantly increased trapping. These models both generally

depict super-linear current which varies exponentially with the contact injection barrier

height (which can be enhanced through he formation of interface dipoles, also discussed

in Section 2.7) which has been shown to be a function of both gate voltage and source to

drain voltage. Both models are also heavily dependent on the morphology near the

contact [9, 10].

The second distinct regime of this device’s characteristics is that expected from a

short-channel organic field-effect transistor (OFET), comprising a linear region and

saturation region where changes in current arise from gate modulation of the accumulated

charge in the channel. The saturation region of this device has a nonzero slope most

likely due to source/drain voltage assisted tunneling. As mentioned above, at the high

electric fields achieved with these nanoscale devices, the source/drain voltage can

increase band bending at the semiconductor/metal interface and thereby enable thermally

assisted Fowler-Nordheim tunneling through the injection barrier by reducing the barrier

width [7]. The •IID vs. VGS in Figure 2(b) measured at VDS = -4V clearly shows a quadratic

dependence of source/drain current to gate voltage as is expected for an OFET in

saturation [13]. Finally, the super-linear region at high VDS is due to space-charge-limited

current (SCLC). This is the current through the bulk of the semiconductor without gate
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control, parallel to the channel current, and follows a power law, where ID is proportional

to (VDS)
n [11, 14]. The SCLC has a power index which arises from traps in the

semiconductor and thus can reach values which are higher (n>2) than the square-law

dependence in the trap-free case. This is usually referred to as SCLC at the trap filling

limit [14, 15].

Thus, this device can be considered to have a total source to drain resistance

consisting of three components, a contact resistance in series with a parallel combination

of a channel resistance and a bulk resistance, as demonstrated in Figure 49. Since the

source contact is injecting the charge, it faces the largest effects of the barrier at the

contact and is thus much larger than the drain resistance. At larger device dimensions,

the channel resistance is typically much higher than the contact resistance and the electric

fields are typically not high enough to create significant SCLC. Thus the channel

resistance dominates the overall characteristics. At the smaller dimensions presented

here, however, all three components must be taken into account to obtain an accurate

picture of device operation.

Figure 49. The resistance network diagram illustrating the main
resistances involved with current flow through the device. Rsource and RDrain

are the contact resistances at the source and the drain, respectively (Rsource »
RDrain). RChannel is gate modulated and RBulk is governed by space-charge-
limited current (SCLC). “Reprinted with permission from Daniel Fine,
Liang Wang, Deepak Sharma, Ananth Dodabalapur, “Planar nanoscale
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architecture for organic thin-film field-effect transistors” Applied Physics
Letters vol. 89, article # 203118 (2006) pp. 1-3 and the American Institute
of Physics.”

The characteristics of the device depicted in Figure 48, whose design is depicted

in the SEM image in Figure 46(a), show no classical linear or saturation region but are

super-linear over their entire range. Figure 48(b), a log-log plot of IDS vs. VDS,

demonstrates that shortly after a high enough VDS is attained, this device’s characteristics

follow a power law with a power index greater than 2 for nonzero gate voltages. It

therefore depicts SCLC in the trap filling limit. The contact quality of this device is not

as good as the device with the nitrobenzenethiol treatment (as is evident from the higher

necessary drain voltage to achieve significant conduction). The fact that there is gate

modulation can be attributed to a lowering of the injection barrier with gate voltage

and/or gate induced filling of some of the traps in the disordered semiconductor region

near the contact [9, 10]. These effects increase the amount of voltage dropped over the

bulk as opposed to the contact [10, 11]. The difference in the nature of the gate control of

the drain current in this device compared to the device depicted in Figure 47 is probably

due to geometry considerations. As can be seen from the SEM image in Figure 46(a), the

channel length is much smaller than the gate to channel spacing. A high ratio of the gate

to channel spacing to the channel length would mean that the accumulated charge would

be farther away from the channel, and therefore the resistance to get from the source to

the gate or the gate to the drain would be higher than the resistance to get directly from

the source to the drain. This would mean that conduction through the bulk would

dominate once the contact limitations had been overcome. This device demonstrates the

effect device geometry variability can have on the output. It also demonstrates that

injection barrier modulation can cause a change in the conductance of the device. The
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fact that the drain current saturates with gate voltage in this device indicates that at some

point the injection barrier becomes low enough to be ignored.

4.4 A POSSIBLE ROLE OF THE PLANAR NANOSCALE OTFT AS A SENSOR

This planar nanoscale architecture has the potential to allow for a great deal of

flexibility in its use as a chemical and biological sensor. In addition to chemical analyte

detection modes based on interactions between the chemical species of interest and the

OTFT’s channel and contacts, discussed in Chapter 3, it can now also be used as a very

sensitive organic CHEMFET. The small amount of gate charge variation which should

be able to be detected by this device is evident from the geometry. In sensing

experiments utilizing capacitive coupling to the gate where small quantities of excess

charges are generated, the tapered geometry of the aluminum gate electrode and the

resultant electrostatics at its apex will maximize the influence of the excess charge on the

drain current, since electric fields are highest around surfaces with high degrees of

curvature (the tip of the gate electrode has a high degree of curvature due to its very small

size). Since charges will not conduct through the aluminum gate electrode due to the

insulating gate dielectric, only the charges near the apex of the gate electrode will

participate in conduction. Furthermore, fringing currents in this configuration should be

quite small as compared to a vertically stacked device, where by necessity the gate

capacitively couples a large amount of active area outside the defined channel [16]. This

extraneously coupled charge, by the vertically stacked gate, in essence leads to a device

with a much larger effective length and width than the nanoscale dimensions would

indicate, since larger portions of the electrodes can be used to inject carriers (one way to

reduce this is to use guarding electrodes [7]). Finally, as long as the semiconductor is

deposited thinner than the gate electrode (which is the case for this device), or the device
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utilizes single macromolecules or self-assembled semiconductors as the active regions,

there will be a lower amount of charge accumulation and thus very little conduction on

the top surface of the gate. Although the semiconductor may cover the side walls of the

aluminum oxide on the gate, that semiconductor should be fairly disordered, and thereby

less conductive, when compared to the semiconductor in the channel. The semiconductor

can be patterned down to 1 or 2 µm with photoresist if charge accumulation along the

sides or top of the gate becomes a concern. This may not be necessary as the dielectric

constant of organic semiconductors is small, which when coupled with the favorable

geometry considerations, means parasitic coupling will be low. These unique features of

the planar architecture all potentially enhance its sensitivity as a sensor. Figure 50

summarizes these potential sensing capabilities.

Figure 50. A schematic representation of the potential flexibility afforded
by the planar nanoscale OTFT architecture when used as a sensor. In
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addition to allowing analytes to interact with the charges in the channel
and at the contacts, the high coupling capacitance between the gate and the
channel (as a result of its nanoscale geometry) should allow for very
sensitive detection when using the device as an organic CHEMFET.
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CHAPTER 5 ION CHANNELS IMMOBILIZED IN TETHERED
LIPID MEMBRANES TO REALIZE SENSITIVE AND SELECTIVE

BIOSENSORS AND THEIR POSSIBLE INTEGRATION WITH
SOLID-STATE DEVICES

As was briefly discussed in Chapter 1, biological organisms and systems contain a

myriad of highly specialized, highly evolved recognition constructs and mechanisms for

identifying important chemical and biological agents. One such construct is the antibody.

Another, more complex entity, is the ion channel. Ion channels are transmembrane

proteins which fulfill a number of extremely important cellular tasks. Ion channels, in

conjunction with ion pumps, are crucial in maintaining the proper ionic gradients across

the cell membrane [1]. These gradients are then used to fuel many important

transmembrane exchange mechanisms [1]. The maintenance of these ion gradients also

helps to insure that the cells do not collapse or burst because of increases in osmotic

pressure [1]. Ion channels also serve as the key elements in the transfer of action

potentials (neuron electrical signals), the main mechanism by which the brain

communicates with other bodily systems in higher organisms [1]. It is the rapid

depolarization and repolarization of cells through the voltage gated potassium and

sodium ion channels that enables the rapid transfer of electrical action potentials along

neurons [1]. These are just a few examples of the importance of these membrane

proteins.

It is the ability of these ion channels to control ion flow across the membrane

stochastically which makes them so attractive, coupled with their ability to be voltage and

ligand gated. If a proper membrane support could be constructed which allowed the

incorporation of these proteins to be arrayed in a manner where their biological function

could be maintained, and if it were possible to isolate or engineer these channels to allow
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for the expression of a variety of chemically and biologically important receptors, and if

an appropriate solid state circuit solution can be devised to amplify and process signals

from single ion channels, these devices should enable the highly selective, sensitive,

portable, and relatively low cost detection of analytes through the direct monitoring of the

ion channel’s current flow characteristics. No extraneous mechanism, such as

fluorescence, would then be needed to turn the output of the sensing event into an

electrical signal. The ability of ion channels to detect small concentrations of various

analytes has already been demonstrated by several groups by using methodologies which

utilize both single channel and ensembles of channels [2, 3, 4, 5]. To date, however,

there are no reports of single channel current recordings through a single or small number

of discreet devices in a framework which enables portable, in situ analyte detection.

This Chapter will begin by briefly looking at the lipid bilayer in which the ion

channel is immobilized and the membrane tether used to attach the bilayer to the solid

support. This will be followed by an investigation into the types of ion channels which

have thus far been explored for incorporation into these sensors. A prevalent current

methodology for recording single ion channel activity will then be explained showing

how the bilayer is formed and how the currents are electrically measured. In order for

these systems to function, the bilayers must be formed on very flat surfaces. The next

Section will look into how to fabricate ultra flat gold surfaces in a repeatable fashion

which lends itself to high throughput processing. These ultra flat gold electrodes can

allow for the bilayers to form high impedance layers without the formation of defects in

the lipid membrane caused by surface variation. These defects short the sensing pad to

the bath and prevent the recording of single ion channel currents. This discussion will be

followed by a demonstration of tethered bilayer systems in operation as measured on

these ultra flat electrodes. Finally, this Chapter will conclude with an evaluation of a
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device, the bipolar junction transistor (BJT), which has been selected as a promising

candidate for amplifying these small single ion channel currents. In further circuit

configurations, initial amplification will be necessary for the initially small signal to be

processed (for instance calculating open and closed frequencies of the channels or

determining whether there is more than one channel conductance state) and recorded.

Amplification through a discreet device or a circuit composed of a small number of solid

state devices will also demonstrate that portable, sensitive, selective and relatively low

cost biosensing using single ion channel recordings is indeed a real possibility.

5.1 THE TETHERED LIPID BILAYER

One of the largest impediments to the use of immobilized ion channels as portable

biosensors is the need for a very stable lipid membrane into which the ion channel is

embedded. Initial experiments using solid-supported lipid membranes suspended on thin

films of water on ultra flat substrates suffered from a few drawbacks. First, the fact that

the lipid bilayer is only adsorbed to the surface on the thin film of water made it easier for

the film to detach or otherwise lose structural integrity [6]. Second, the natural state of

the lipid-to-surface coupling resulted in a fairly small separation of the lipid bilayer to the

substrate. This then prevented the functional incorporation of some ion channels which

possess particularly large sub-membrane protrusions [6]. Another technique for

producing lipid bilayers is the use of the black lipid membrane (BLM) [7]. This is a

membrane which is suspended in a pore or aperture which separates two buffer solution

containing baths into which some kind of ion exchanging electrode is placed (usually

silver/silver chloride) [7]. This has also been implemented in a microarray configuration

[8]. The black lipid membranes (BLM) tend to rupture in a single catastrophic event due

to mechanical distortion [9]. To increase the bilayer lifetime, nanopatterned alumina can

be placed in the aperture which decouples the BLM over each pore from adjacent pores
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[9]. Thus, the resistance falls as more pores rupture but it does not occur all in one event

[9]. This BLM system, even with the nanopores, can still be potentially unstable, as the

primary sensing element, the nanopatterned alumina, could be delicate. Furthermore, this

apparatus adds significantly to device fabrication complexity.

The bilayer formation and stabilization methodology utilized in these studies (and

by several other groups [10, 11]) was to use molecular tethers to attach the bilayer to a

solid substrate support, in this case an ultra flat gold electrode [2, 12, 13]. This

methodology should combine good stability, which is derived from the anchor points of

the membrane covalently bound to the electrode, with the ability to produce large arrays

of electrodes, which can be produced with lower fabrication complexity (the reason for

this will be seen later). The phospholipids used in these studies, 1,2-diphytanoyl-sn-

glycero-3-phosphocholine and 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine

(depicted in Figure 51 and provided by Avanti Polar Lipids, Inc.), are derivatives of

lipids found in the membranes of archaebacteria [12]. The membranes of these

organisms, which are prokaryotes (no nuclear envelope) that make up a third domain,

kingdom or “aboriginal line of descent,” in addition to eubacteria (which are also a type

of prokaryote) and eukaryotes (organisms containing nuclear envelopes), were selected to

be used in this study due to their greater robustness forged by their extreme environments

[14, 15]. Archaebacteria are found in such places as deep sea volcanic vents, hot springs,

acidic bogs, and many other equally inhospitable locales [15].

The tethers, 2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L- -lipoic acid

ester lipid (DPTL), are single molecules, shown in Figure 52, comprised of three primary

components, the hydrophobic ether linked isoprenoid tails (isoprenoid refers to a

molecular moiety which is similar to isoprene), the polar tether group (a polyethylene

glycol unit), and the surface binding residue (a sulfur containing unit) [16] (the tethers
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were provided by Professor Dr. Wolfgang Knoll’s group at the Max Planck Institute for

Polymer Research in Mainz, Germany). Notice the hydrophobic tails composed of

phytanyl chains are the same as the hydrophobic tails in the phospholipds shown in

Figure 51. Reference [16] also details the procedure for synthesizing these tethers.

Figure 51. The lipids used to form the bilayer in a molar ratio of 7:3 [12]

Figure 52. The molecule used to tether the lipid bilayer to the surface of
the gold electrode [16].
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The thiolated tethers are allowed to self assemble first on the ultra flat gold

electrode [12]. The bilayer is formed through spontaneous vesicle fusion, as shown in

Figure 53 [17]. The ion channels are also incorporated into the lipid bilayer by inclusion

into the vesicle prior to fusion. Figure 54 shows a representation of the arrangement of

the DPTL molecules when they form the lipid bilayers [16]. The surface roughness of

the gold must be significantly lower than the length of the ethylene glycol spacer to

insure dense monolayer and bilayer formation (producing ultra flat gold electrodes will

be discussed in a later Section) [16].

Figure 53. The process of bilayer formation through vesicle fusion. Ion
channels can be incorporated into the final bilayer by including them in
the initial vesicles [17].
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Figure 54. A schematic representation of the arrangement of the DTPL
molecules in the tethered bilayer lipid membrane. The surface roughness
of the gold electrode must be kept much lower then the dimensions of the
molecules in order to insure stable, dense monolayer and bilayer
formation. “Reprinted with permission from Stefan M. Schiller, Renate
Naumann, Katherine Lovejoy, Horst Kunz, Wolfgang Knoll, “Archaea
Analogue Thiolipids for Tethered Bilayer Lipid Membranes on
Ultrasmooth Gold Surfaces“ Angewandte Chemie-International Edition
vol. 42, no. 2 (2003) pp. 208-211. Copyright © 2007 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The tethers provide two very important services to the lipid bilayers. The first is

that they maintain a larger fixed distance between the bottom of the membrane and the

top of the electrode than supported lipid bilayers can achieve. This allows for both better

decoupling of the lipid bilayer from the hydrophobic electrode and a larger submembrane
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space [16]. Both these features enable a wider variety of channel proteins to be

incorporated into the membrane [16]. The second important service these tethers provide

is enhanced stability of the membrane while maintaining the membrane’s fluidity and

high ion resistance, important attributes for successful protein incorporation and

measurement [6]. Experiments using photo-bleaching of fluorescently labeled lipids in a

system which used polymer tethers showed that the diffusion coefficient of the lipids, and

thus their fluidity, was mildly affected by the tethers (the diffusion coefficient was

reduced by a factor of roughly three to four) [6]. Compared to a phase transition of the

lipid to a gel state, which can have a diffusion coefficient 3 to 4 orders of magnitude

lower than those recorded for both the untethered and tethered membranes, the hit to

fluidity in the tethered membrane was minor [6]. Natural and synthetic membranes also

need to have extremely high resistances to ionic current flow to maintain the proper intra

and extracellular ion concentrations, or in the laboratory, to have a low enough

background current to be able to measure the small ion channel currents [16]. Comparing

the tethered bilayer lipid membrane (tBLM) systems to that of supported bilayer lipid

membrane systems (a model system with good representative electrical properties), the

resistance of the tBLM was between 2 and 12 M cmcm2 which compares favorably to 10

M cmcm2 or higher for the supported lipid bilayer membranes (sBLM) [16]. The

capacitance of the tBLM system also measures up well to the sBLM system at 0.45-0.8

µFcmFcm-2 and 0.5 µFcmFcm-2, respectively [16].

5.2 THE INVESTIGATED ION CHANNELS

Ion channels, when opened, provide a pathway for hydrophilic ions to cross the

hydrophobic interior of the lipid bilayer membrane. They can do this using a variety of

mechanisms, two examples of which are providing a water filled channel through the
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membrane (such as gramicidin A described below) [12], or providing charged residues

inside the ion pores that can take the place of the associated water molecules normally

surrounding the ion while it is in solution [1]. The studies conducted for this work

utilized four different types of ion channels. The ion channels were selected based on

how well they were characterized in the literature and how easily they could be

incorporated into the tethered lipid bilayer membrane (tBLM).

One of the ion channels used was a channel called M2 , a synthetic ion channel, a synthetic ion channel

based on the channel-lining domain of the nicotinic acetylcholine receptor (nAChR)

isolated from Torpedo californica [2]. The M2 primary structure is anprimary structure is an -helix with no

kinks [18], with five of these helices (a pentamer) combining to produce one

transmembrane ion channel (see Figure 55) [18]. The M2 is selective to both potassiumis selective to both potassium

and sodium and is voltage gated (the nAChR receptor as a whole can also be ligand

gated) [2]. The helical pentamers change orientation when a voltage is applied. The

conductance of this channel is about 45 pS [2].

Figure 55. The structure of the ion channel formed by the combination of
five M2 channel-lining domains (a pentamer) of the nicotinic
acetylcholine receptor (nAChR) (as resolved by NMR). The left figure is
a view through the channel showing the pore size, and the right figure is a
side view of the channel showing three of the five M2 units and their -
helical structure. “Reprinted with permission from S. J. Opella, F. M.
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Marassi, J. J. Gesell, A. P. Valente, Y. Kim, M. Oblatt-Montal, M. Montal,
“Structures of the M2 channel-lining segments from nicotinic acetylcholine and
NMDA receptors by NMR spectroscopy” Nature Structural Biology vol. 6, no. 4
(April 1999) pp. 374-379 and copyright 1999 Nature America Inc.”

A second ion channel utilized for some of these experiments was a highly

conductive (> 200 pS) calcium (Ca2+)-activated potassium channel referred to as the BK,

Maxi-K, or Slo channel [2]. This channel is a tetramer and can be voltage gated as well

as activated by Ca+ [20] (see Figure 56).

Figure 56. The Maxi-K calcium-activated potassium channel. The four
colors represent the four identical component pieces of this tetramer
channel (MacKinnon et al. [19, 20]). The green lines represent the bounds
of the lipid bilayer membrane. This channel can be both voltage and Ca2+

gated [20].

A third ion channel used for these studies and one already proven to be able to be

incorporated into biosensors [3] is called gramicidin A [12]. This channel consists of two

segments which each span one half of the lipid bilayer. In a distinct demonstration of the

need for bilayer fluidity, each half of the gramicidin A channel is randomly moving in its

respective bilayer half until the two halves meet. The complex of the two sub units is
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then maintained for some period of time by intermolecular hydrogen bonds [12]. The

gramicidin A pathway is then a water filled transmembrane channel through which small

monovalent ions can pass (such as potassium) [12]. Figure 57 shows a schematic

representation of gramicidin A in a tethered lipid bilayer membrane [12]. The actual

molecular structure of gramicidin A is delineated in reference [21]. This channel has a

conductance of 67 pS [12].

Figure 57. A schematic representation of the operation of gramicidin A
incorporated in a tethered lipid bilayer membrane. The left figure
represents a closed state and the right figure represents an open state.
“Reprinted with permission from Martin Andersson, Henk M. Keizer,
Chenyu Zhu, Daniel Fine, Ananth Dodabalapur, Randolph S. Duran,
“Detection of Single Ion Channel Activity on a Chip Using Tethered
Bilayer Membranes” Langmuir vol. 23 (2007) pp. 2924-2927 and
copyright 2007 American Chemical Society.”

The final ion channel used is a mechanosensitive large conductance channel from

the MscL family of ion channels [22] (see Figure 58). This channel is gated through

mechanical stress applied to the lipid bilayer membrane by an external electric field and

has a conductivity which has been shown to be between 2.5 and 3 nS [13, 23]. This

channel is thought to be primarily responsible for regulation of osmotic pressure [22].

The channel itself is a homopentamer with each unit containing two transmembrane -

helices and one -helix which extends into the cytoplasm [22].
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Figure 58. The molecular structure of a mechanosensitive large
conductance channel (~3 nS) from the MscL family of ion channels. This
channel is a homopentamer with two transmembrane -helices and one -
helix which extends into the cytoplasm. It is gated when mechanical
stress is applied to the membrane. “Reprinted with permission from
Geoffrey Chang, Robert H. Spencer, Allen T. Lee, Margaret T. Barclay,
Douglas C. Rees, “Structure of the MscL Homolog form Mycobacterium
tuberculosis: A gated Mechanosensitive Ion Channel” Science vol. 282
(December 18, 1998) pp. 2220-2226 and copyright 1998 The American
Association for the Advancement of Science (AAAS).”

5.3 MEASUREMENT OF ION CHANNEL ACTIVITY USING THE VOLTAGE CLAMPED
TIP DIP TECHNIQUE

For over 20 years, one of the preferred methodologies used to investigate ion

channel conduction characteristics has utilized a lipid bilayer on the surface of a micro

pulled pipette and has been referred to as tip dip [24]. This technique utilizes a

micropipette created by pulling a glass capillary tube with a microforge until the tip

opening is only 1.5 µm in diameter [12]. A buffer solution is prepared and put into bothm in diameter [12]. A buffer solution is prepared and put into both

the micropipette and a small reservoir 1cm deep and 1 cm in diameter along with a

silver/silver chloride (Ag/AgCl) electrode (one electrode fed into the pipette and one in
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the bath) [12]. A drop of lipid containing solution is then dispensed on top of this

reservoir where the lipids will self assemble into a monolayer with their hydrophilic head

groups in contact with the water and their hydrophobic tails sticking up into the air [12].

The pipette tip is then carefully lowered into the reservoir using a micromanipulator. On

the first lowering of the pipette, the tip is allowed to penetrate into the reservoir below the

lipid monolayer at the surface for some time and removed completely from the bath [24].

Since the pipette surface is hydrophilic and the opening is small (1.5 µm), lipids will bem), lipids will be

withdrawn from the solution coating the tip with the hydrophilic head groups in contact

with the glass [24]. If the pipette outlet is small enough, a monolayer of lipids will also

form over the opening [24]. The tip is then very carefully lowered back towards the

reservoir but this time not with the intention of puncturing the monolayer on the surface.

Instead, the objective is to lightly push the tip in a small distance on the surface, just

enough to put the lipid monolayer on the opening of the pipette in firm contact with the

lipid monolayer on the surface of the bath without puncturing it [24]. While lowering the

tip (on both occasions), the current is measured between the tip and the reservoir using

the Ag/AgCl electrode (in the form of pulses to see the transient response) [24]. During

the first tip lowering phase, the current was zero when the tip was not in contact with the

bath and large when the tip had punctured the surface and was deep in the reservoir [24].

When the tip is lowered the second time, and the two monolayers come into contact, a

much smaller current is observed [24]. This is because, as mentioned earlier, if the lipid

bilayer membrane has formed correctly, an extremely high resistance to ion flow will

result (in excess of several gigaohms) given the dimensions of the pipette tip [12, 16].

The ion channels are then incorporated into the bilayers by introduction into the pipette

[24]. Figure 59 shows schematically how this process takes place.
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Figure 59. A schematic representation of how the tip dip process works
starting from the figure on the top left and following the red arrows. The
electrical signals corresponding to each step are shown above that step.
The first four steps use pulsed current and the last step uses clamped
voltage. The last two steps are blown up for easier viewing [12, 24].

Current measurement in the tip dip technique was performed using an Axopatch

200B (Molecular Devices Corporation) patch-clamp amplifier [12]. Single ion channel

currents are measured by designating a desired voltage drop across the membrane and

pA

time

Ag/AgCl
electrode



139

providing enough ionic current to maintain that voltage. This is called voltage clamping

[25, 26]. This function is performed through the use of one or more operational

amplifiers configured with negative feed back loops. An operational amplifier has two

signal inputs, an inverting and noninverting terminal, and one signal output (it also has

power inputs but they are not important for understanding its operation). The Ag/AgCl

electrode in the pipette is connected to the inverting input of the amplifier. In a resistive

feed back configuration, the output terminal of the amplifier is also shorted to the

inverting input terminal through a resistor [25, 26]. The noninverting terminal is keep at

the desired transmembrane potential and is referred to as the command voltage [25, 26].

When a differential voltage is applied to the inverting terminal by the Ag/AgCl electrode,

the voltage at the output terminal of the amplifier rises and creates a current through the

feedback loop [25, 26]. This current restores the voltage at the inverting terminal of the

amplifier to the same level as the command voltage [25, 26]. This amplifying circuit is in

the head stage of the Axopatch 200B Patch Clamp Amplifier (the unit which is directly

connected to the glass pipette and Ag/AgCl electrode) in order to amplify the signal very

close to its source [26]. The resistive feed back amplifier configuration is shown in

Figure 60a). The relationship between the incoming current and the output voltage is

determined by Ohm’s law and is defined as Vo = IinjRf, where Rf is the feedback resistance

[25, 26]. The problem with the resistive feedback amplifier is that in order to get a

voltage at the output which is sufficiently high enough to read with a display component

like an oscilloscope, the resistor needs to be very large, i.e., in the gigaohm range or

higher [26]. Currently manufactured gigaohm resistors suffer from a number of

drawbacks which include very high noise, much higher than would be expected just from

thermal noise considerations, low bandwidth (the RC time delay is quite high when

considering a resistance greater than a gigaohm and a typical shunting capacitance of
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under a picoamp), and nonuniform conduction due to distributed stray capacitance which

can create a complex frequency response [26]. Thus, resistive feedback is largely

reserved for whole cell measurements, not single ion channel recordings [25, 26].

Figure 60. The basic components of resistive a) and capacitive b)
feedback amplifiers in the head stage of the Axopatch 200B Patch Clamp
Amplifier. The resistive feedback amplifier in a) is used primarily for
whole cell recording whereas the capacitive feedback amplifier in b) is
used for single channel recording. The capacitive feedback amplifier
requires two operational amplifier stages. One stage integrates the
injection current to get that stage’s output voltage. The following stage
differentiates the output voltage from the previous stage to get its injection
current, which is then sourced through the differentiators resistor to get the
final output voltage (which is then usually passed through several filters)
[25, 26].
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The Axopatch 200B also contains a capacitive feedback amplifier, shown in

Figure 60b), from which single ion channel measurements are usually performed. Small

capacitors do not typically suffer from the same noise problems that large resistors suffer

from and have very nice linear responses over the voltage range of interest when

measuring ion channels [26]. This type of amplification requires two operational

amplifier stages. The first stage is called the integrating stage and uses a capacitor

instead of a resistor in the feedback loop [25, 26]. Recalling that the voltage drop across

a capacitor is proportional to the integral of the current and inversely proportion to the

capacitance, the first stage integrates the injection current (feedback current) to get the

output voltage of that stage [25, 26]. This stage feeds directly into another capacitor

which differentiates the voltage to get an injection current (I = C (dV/dt)) for the next

component, which is a resistive feedback amplifier that produces a final output voltage.

This second stage which includes the second capacitor and the resistive feedback circuit

component is called the differentiator [25, 26] (this circuit is shown in Figure 60b). The

output voltage of the differentiator stage is still a linear function of the injection current

into the input of the integrating stage, but the resistance is now a function of both

capacitors and the feedback resistor [25.26].

Vo = IinjRd(Cd/Cf), XI

where Iinj and Cf are the injection current into and the feedback capacitance in the

integrating stage, respectively, and Cd and Rd are the input capacitance and the feedback

resistance in the differentiator stage. Thus, a large output voltage can be obtained

without the necessity of having a gigaohm resistance if the capacitors are chosen

appropriately [25, 26]. The only drawback to the capacitive feedback amplifier is the

feedback capacitor in the integrator stage needs to be discharged periodically, since

extended DC current will saturate it. When measuring small currents corresponding to
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single ion channels, this is not a big problem. For whole cell measurements it may

saturate too quickly. For this reason, the Axopatch 200B allows for the selection of

either type of amplifier which are both included in its head stage. The signals are passed

through several filters after leaving the head stage including a 1kHz low pass filter.

Several ion channels were measured using this technique and are shown in Figure

61. The measurements depicted in Figure 61 were recorded by Professor Randolph S.

Duran’s analytical chemistry group in the Department of Chemistry at the University of

Florida, Gainesville.

Single-channel current fluctuations of M2δ in DPhPC
bilayers. Note the sporadic observance of “semi-open”
states.

Single channel behavior of gramicidin A
at a transmembrane potential of 60 mV

Maxi-K current fluctuations. Probability of being open
is based on membrane potential and intracellular
[Ca2+]
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Figure 61. Single ion channel current fluctuations for M2 , Maxi, Maxi-K, and
gramicidin A recorded in Professor Randolph S. Duran’s analytical
chemistry group in the Department of Chemistry at the University of
Florida, Gainesville. The gramicidin A data is “reprinted with permission
from Martin Andersson, Henk M. Keizer, Chenyu Zhu, Daniel Fine,
Ananth Dodabalapur, Randolph S. Duran, “Detection of Single Ion
Channel Activity on a Chip Using Tethered Bilayer Membranes”
Langmuir vol. 23 (2007) pp. 2924-2927 and copyright 2007 American
Chemical Society.”

5.4 CREATING ULTRA FLAT GOLD ELECTRODES

Up until now, all the ultra flat gold electrodes used in the tethered bilayer lipid

membrane (tBLM) experiments were fabricated using a technique whereby gold is first

evaporated on an ultra flat silicon wafer. This evaporated gold is then epoxied onto a

high refractive-index glass using an optical epoxy [16]. The root-mean-square (rms)

surface roughness of these pads is 0.5 nm over several µmm2 as measured by an atomic

force microscope (AFM). This is one order of magnitude smaller than the length of the

tethers [16]. This does indeed create electrodes which are very flat. It does not lend

itself particularly well, however, to a mass production scheme for producing large arrays

of electrodes. The use of an adhesive to transfer the gold from the silicon wafer to the

glass slide is time consuming. Furthermore, it is difficult to pattern micron-scale

electrodes on the surface of the slide due to the epoxy’s low glass transition temperature.

Finally, the large amount of unpatterned gold also increases the coupling capacitance

which could wash out the small single ion channel currents. Thus, if tBLM systems are

ever to be integrated with a solid state device, a new methodology had to be identified for

producing the ultra flat gold electrodes which could be compatible with all the patterning

techniques currently available for silicon and organic transistor fabrication. A material

would also have to be developed which could cover the sides of the pads to eliminate the
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possibility of leakage from the edges of the sensing electrodes and to protect the surface

of the silicon, and, consequently, the solid state device, from the various solvents and

buffers which are used when building tBLM systems and testing for single ion channel

current.

It was pointed out early on, by several of our collaborators, that standard

evaporated gold was not smooth enough for the purposes of building tBLMs on them. If

it were not possible to evaporate the ultra flat gold then either another technique, such as

electroplating, would have to be used (will not work on insulating substrate) or the

template stripped gold technique would be needed with an attempt to pattern on top of the

epoxy. Gold-palladium alloys are used in scanning electron microscopy (SEM) to cover

the surfaces of samples and prevent charging [27]. These films are used specifically

because the grains that form when the film is deposited are very small. The best mixture

was 60% gold and 40% palladium (ratio by weight) [27]. Figure 62 shows AFM scans of

a pure gold film and a 60%-40% gold-palladium film (film thickness is approximately 50

nm). The surface roughness of the gold palladium film is about half that of the pure gold

film (0.46 nm rms as compared to 0.93 nm rms).

Figure 62. AFM scans of a pure gold film on the left and a 60%-40%
gold-palladium alloy film on the right. The root-mean-square surface
roughness of the gold film is 0.93 nm as opposed to that of the gold-
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palladium alloy which is 0.46 nm rms. The film thicknesses are around 50
nm.

Given this reduction in grain size with the gold-palladium alloy, it was determined that

the metal electrodes could meet the high smoothness requirements for tBLMs when

deposited by electron beam evaporation. After the silicon/silicon dioxide substrate

surface had undergone a piranha clean (sulfuric acid and hydrogen peroxide) to insure a

high degree of cleanliness, the final sensing electrode metal stack was deposited. It

consisted of 3 nm of titanium, required to allow gold or gold alloys to properly adhere to

the silicon dioxide surface, followed by 50 nm of the 60%-40% gold-palladium alloy,

followed by 20 nm of pure gold to insure that the alloy did not interfere with the proper

formation of the self assembled monolayer of tethers on the surface of the electrode. The

initial electrodes were deposited using a liftoff procedure as described in Section 2.3.

Electrodes made in this fashion have worked quite successfully [2, 12, 13]. It has since

been determined, however, that the metal film after liftoff is not as flat as can be possibly

achieved. Figure 63a shows an AFM scan of an electrode fabricated using liftoff. The

surface roughness is 0.849 nm rms. Although this is not as ideal as the template stripped

gold, it has shown to be sufficient for achieving gigaohm seals [2, 12, 13]. Figure 63b

shows an AFM scan of an electrode which has been etched instead of going through a

liftoff procedure. Its rms surface roughness is only 0.625 nm, much closer to the

template stripped gold. Both of these scans are 10 um square. Electrodes fabricated by

using an etching procedure have not been tried in experiments yet but should allow for

higher yields in terms of the number of electrodes capable of maintaining gigaohm seals.
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Figure 63a. An AFM scan of an electrode fabricated using liftoff. The
rms surface roughness for this sensing pad was 0.849 nm.

Figure 63b. An AFM scan of an electrode fabricated using an etch
procedure. The rms surface roughness for this sensing pad was 0.625 nm.
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One possible reason for this discrepancy could be that during the etch procedure, the

titanium/gold-palladium/gold electrodes are deposited over the entire wafer. Photoresist

is then spun and subsequently patterned on top of the gold. This means that during metal

deposition, the metal is able to arrange itself over the largest possible area thereby

increasing smoothness. In the liftoff procedure, the deposition is now confined to a much

smaller area since the photoresist has been patterned prior to deposition. Now the

deposition of the metal is occurring into the trenches which have been patterned into the

photoresist. The metal may have a hard time arranging itself into small grains near the

photoresist wall and could to some extent affect grains over the entire surface of the

sensing pad (especially with the smaller electrodes). Another possibility is that the liftoff

procedure is stressing the pad because the photoresist is not presenting a good enough

edge profile. There may still be a thin layer of metal connecting the metal layers on top

of the resist to the metal layers on the top of the substrate (recall for liftoff to work well,

the edge profile should have a negative slope such that the top of the resist, not in contact

with the substrate, should extend farther into the patterned area than the bottom of the

resist). Thus, during sonication after the samples have been soaked in acetone, this thin

connecting film is pulling on the edge of the sensing pad and stressing it. A final possible

explanation is that liftoff can often require long sonication times to make sure all

undesirable gold is removed. The large amount of energy released during this process

could be partially annealing the sample. It has been shown by Schiller et al. [16] that

annealing the gold electrodes causes the surface roughness to worsen. Etching takes very

little sonication to remove the photoresist after patterning because the resist is not

covered by any other material.

In order to cover the edges of the electrodes and protect the surface of the wafer, a

polyimide material, PI-5878G, was acquired from HD Microsystems
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(http://www.hdmicrosystems.com/). The polyimide material can be patterned with

photoresist and etched in the photoresist developer. Thus, the patterning and etching step

occur simultaneously. Windows into this layer were patterned to expose the surface of

the sensing pads, but not the pad edges, as well as the remote probing pads to be able to

electrically access the sensing pads. Once fully cured, at 360ºC for one hour (see the

technical information on PI-5878G for processing instruction), the film is very

chemically inert, capable of withstanding a large array of solvents.

Fabricating pads using this methodology allows for high throughput processing

coupled with good reproducibility. The smaller pads also allow for a significant

reduction in coupling capacitance. Different substrates are also being pursued which

could further cut down on coupling capacitance such as single crystal quartz. These

substrates are insulating through their entire width, as opposed to silicon/silicon dioxide

wafers which are insulating only over the 200 nm or so of silicon dioxide dielectric and

then become semiconducting in the silicon. These new wafers would of course require

any solid state devices to be soldered on their surface as opposed to fabricated into the

substrate.

5.5 MEASURING SINGLE ION CHANNEL ACTIVITY IN A TETHERED BILAYER
SYSTEM AND DEMONSTRATION OF PRELIMINARY SENSING DATA

The format for measuring single ion channel activity also utilizes the Axopatch

200B Patch Clamp Amplifier. Instead of using the glass pipette as the support for the

bilayer lipid membrane, as is done when using the tip dip technique, the membrane is

now tethered to the surface of the ultra flat gold electrode and the glass pipette and the

Ag/AgCl electrode inside are used solely as the counter electrode. First, the electrode is

cleaned to insure no residue is left on the surface of the electrode. Softer techniques than
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the piranha clean are used, such as soaking in ethanol and UV ozone, so as not to damage

or roughen the surface of the electrode. UV ozone is a technique whereby the sample is

placed into a chamber containing ozone and is then irradiated with UV light. This

irradiation creates free radicals which can react with any organic material on the surface

of the electrode and remove it. This is similar to plasma cleaning but creates no ions

which can bombard the surface and roughen it. Next, the electrodes are soaked overnight

in a solution containing the tethers to enable the formation of a uniform, appropriately

dense monolayer. When the samples are ready to receive the vesicles with the ion

channels, a small piece of parafilm, with a dimension much larger than the sensing pad, is

placed around the pad to contain the drop. This is allowed to sit without drying for up to

several hours to achieve bilayer formation. Then, an appropriate buffer solution is

introduced and the channels are ready to measure. Illustration 2 shows a depiction of the

tBLM configuration. The glass pipette tip is lowered into the drop of buffer solution

above the sensing pad, and single ion channels can now be recorded. The probing pad of

the electrode is contacted with a Cascade electrical probe micromanipulator with a

tungsten probe tip. These procedures are outlined in references [2, 12, 13]. Figures 64,

65, and 66 show single channel measurements of the four aforementioned ion channels

immobilized in the tethered lipid bilayer membranes. These measurements were

performed by Professor Randolph S. Duran’s analytical chemistry group in the

Department of Chemistry at the University of Florida, Gainesville. The tethers were

provided by Professor Dr. Wolfgang Knoll’s group at the Max Planck Institute for

Polymer Research in Mainz, Germany. The electrodes were provided by our group at the

University of Texas at Austin.
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Illustration 2. A representation of the experimental set up for measuring
ion channel activity using the tBLM approach. The electrodes are shown
with the polyimide in place and the drop of buffer properly positioned
over the sensing pad. One inset shows a representation of the tBLM with
incorporated ion channels. The other inset shows an actual optical image
of the probing pad with electric probe in place [2, 13].

Figure 64. Measurements of the ion currents through single ion channels
incorporated in tethered lipid bilayer membranes. Figure 64A depicts
measurements of single M2 ion channel currents showing twoion channel currents showing two
conductance levels at 1.6 pA and 2.6 pA (three distinct levels) indicating a
couple of operating channels. Figure 64B depicts measurements of single
Maxi-K channel ion currents with only one conductance level at 5.5 pA
(only two distinct levels). The insets in both figures are current
histograms which follow a typical Gaussian distribution (the red fit line)
with a peak at the aforementioned designated current levels. The
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maintained transmembrane potential for both measurements was 100mV
[2].

Figure 65. Measurements of single gramicidin A ion channel activity
showing two conductance levels of 4 pA each (multiple operating
channels). The transmembrane potential for this measurement was 60
mV. “Reprinted with permission from Martin Andersson, Henk M.
Keizer, Chenyu Zhu, Daniel Fine, Ananth Dodabalapur, Randolph S.
Duran, “Detection of Single Ion Channel Activity on a Chip Using
Tethered Bilayer Membranes” Langmuir vol. 23 (2007) pp. 2924-2927
and copyright 2007 American Chemical Society.”

Figure 66. Two distinct measurements of the single channel activity of the
mechanosensitive large conductance channel from the MscL family of ion
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channels. The transmembrane potential for this experiment was
maintained at 300 mV. The trace in Figure 66A shows two distinct
conductance states for one ion channel, a low level conductance and a
high level conductance. Figure 66B shows only one conductance level for
a single ion channel. Figure 66C shows the current histograms for the
traces in Figures 66A and 66B with the typical Gaussian distributions
centered at the conductance levels seen in the traces. The histogram for
Trace A shows three peaks, two of which correspond to the high and level
conductance levels, whereas the histogram for Trace B shows only the one
conductance level [13].

The conductance measured for each of the ion channels incorporated in the

tethered bilayer lipid membranes were 15 pS for M2 , 37 pS for Maxi, 37 pS for Maxi-K, 67 pS for

gramicidin A, and 23 pS for the lower conductance level and 203 pS for the higher

conductance level of the MscL. The conductance measured for M2 , Maxi, Maxi-K and the

MscL channels were all several times less than the previously stated values found in the

literature. Maxi-K and MscL were an order of magnitude less. Gramicidin A was the

only channel which performed close to what was found in the literature. There may be

several reasons for this. The first is that the tethers occupy significant space beneath the

membrane. This may make it harder for carriers to diffuse to the electrode surface and

therefore increase the ionic resistance in the submembrane compartment [2]. The second

reason may be due to the fact that gold is being used as the second electrode, not

Ag/AgCl which at the voltages used in these studies is capable of carrier transfer at the

electrode. Whenever a charged surface, such as a gold electrode, is present in an aqueous

solution, an electric double layer can form [28]. Ions charged oppositely to the charge on

the electrode accumulate near the surface, and like charges are driven away. This creates

a depletion region near the surface which has a nonzero potential inside the solution (the

bulk of the buffer solution is electrically neutral) [28]. Given the fact that no charge

transfer is happening across the gold/buffer solution boundary, this effect could shield the
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electrode from the ion channel current. This is similar to a charging capacitor where the

amount of current which can be accumulated over time is reduced. This could be

alleviated to some extent by reverse biasing of the membrane and allowing some ions to

leach out through the very small membrane leakage current. Finally, this conductance

reduction may occur due to the limited number of ions in the submembrane reservoir to

begin with, such that the depletion region may extend for most of the electrode to bilayer

distance. These effects that work to lower the conductance may be more pronounced the

larger the ion channel’s submembrane domain is, which might explain why gramicidin A

is less affected. Efforts are currently underway to try to model this tBLM system using

electronic circuit element models with such circuit simulators as T-Spice [29]. This will

be extremely valuable in determining what effects may be causing this reduction in

conductance, and what can be done to reduce the influence of these effects.

The two ion channels M2 and Maxiand Maxi-K, immobilized in the tBLMs, were exposed

to two analytes for which they have known affinities as a preliminary test of the

biosensing capability of these tBLM systems [2]. The M2 ion channel was exposed toion channel was exposed to

triethylphosphate (TEP), a possible model for various harmful organophosphate agents

such as sarin and VX gas which are known to block nAChR [2]. A concentration of 6

µM of TEP was able to block M2 activity in 89% percent (8 out of 9) of the test trialsM of TEP was able to block M2 activity in 89% percent (8 out of 9) of the test trialsactivity in 89% percent (8 out of 9) of the test trials

[2]. This response was completely reversible after washing [2]. Maxi-K immobilized ion

channels were exposed to tetraethylammonium (TEA), an organic cation known to block

Maxi-K currents when introduced in the micromolar range [2]. When micromolar

concentrations of TEA were exposed to the Maxi-K channels, the ion current reduced.

The half activation concentration determined from these measurements was 64 µM at 100M at 100

mV, less than half of the previously reported value of 158 µM [2]. Therefore, theseM [2]. Therefore, these

preliminary results are promising in terms of the ability of the ion channels to detect these
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analytes and the fact that this tBLM system compares very favorably to similar ion

channel experiments already performed by other groups [2].

5.6 EVALUATION OF THE BIPOLAR JUNCTION TRANSISTOR (BJT) AS A CANDIDATE
FOR USE IN AMPLIFYING ION CHANNEL SIGNALS

The bipolar junction transistor (BJT), first demonstrated in 1951 by Shockley,

Sparks, and Teal [30], is a current coupled amplifier. BJTs have been shown to be

effective for measuring the extracellular voltages of single cardiac rat myocytes [31].

The BJT has many advantages over metal oxide semiconductor field-effect transistors

(MOSFETs). One advantage is that the BJT has a higher transconductance (the change in

collector current versus the change in base-emitter voltage) than the MOSFET [32]. A

second advantage is that it can operate at higher speeds, even as compared to a MOSFET

with the same cutoff frequency (cutoff frequency is the operating frequency at which the

transconductance becomes unity), since high current is advantageous for driving parasitic

capacitance (the MOSFET is a device which minimizes gate current) [32]. The BJT does

not suffer from the same problem of surface defects as the MOSFET [32]. The turn on

voltage of a p-n junction, two of which comprise the BJT, is more controllable than the

MOSFET threshold voltage [32]. Finally, the BJT also has a higher analog gain, defined

by the transconductance multiplied by the output resistance [32]. High gain is a very

important characteristic of these devices, as the single channel ion currents are quite

small (inherent device noise is also another important consideration which will be

discussed later). These factors make the bipolar junction transistor very promising in

terms of identifying a device which can amplify the small single channel ion currents

reliably.
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When two semiconductor regions of opposite doping (p-type and n-type) are

brought into contact, referred to as a p-n junction, the carriers from one region diffuse to

the other region and recombine with an opposite carrier in that region [32, 33]. This

leaves a large number of uncompensated charged dopant atoms near the junction in both

regions. This creates an electric field with acts against the further diffusion of carriers

across the junction. This is depicted in Figure 67 [32]. In equilibrium, the current due to

diffusion exactly balances the current due to the junction electric field (the drift current).

When the junction is forward biased, which indicates a positive voltage applied to the p-

type region and a negative voltage applied to the n-type region, diffusion becomes

stronger than drift, and large amounts of carriers flow across the junction. When the

junction is reversed biased, drift wins over diffusion, and very few carriers traverse the

junction. Under these conditions only carriers which are thermally generated in or near

the junction, or carriers in a particular region with thermal energy sufficient enough to

overcome the reverse electric field, will flow across the junction [32, 33]. The relation of

current to voltage is exponential in the forward biased regime (higher voltage applied to

the p-type region) and constant in the reverse biased regime (higher voltage applied to the

n-type region) (see the right side of Figure 67) [32, 33]. This is the basis for

understanding how a BJT operates.
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Figure 67. A graphic representation of the equilibrium state of a p-n 
junction. Carriers diffuse out of the n and p regions leaving immobile,
uncompensated dopant atoms behind. This creates an electric field which
acts against the diffusion current until no net displacement of mobile
carriers occurs across the junction. The current flow arrows point in the
direction of the flow of holes (by convention). The graph on the right is
the current-voltage characteristics of the diode showing exponential
current increase with a positive voltage drop across the junction (a higher
voltage applied to the p-type region compared to the n-type region) and
constant current when the voltage dropped across the junction is negative
[32, 33].

The BJT consists of two p-n junctions back to back, either p-n-p (p-type, n-type,

p-type) or n-p-n, which act as back to back diodes, shown in Figure 68 [32, 33]. The

device circuit element schematic is shown in Figure 69 [33].

Figure 68. A conceptual picture of the three doped regions (two back to
back p-n junctions) which comprise a BJT. The signs next to the dopant
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types indicate their relative amounts. The emitter (E), the source of
carriers to the base, is more heavily doped than the base (B) which is more
heavily doped than the collector (C). This insures the largest possible
current injection into the collector from the emitter and thus the highest
possible gain [32].

Figure 69. The circuit element schematic for the bipolar junction field
effect transistor (BJT) biased in the forward active region of device
operation (this is the region where the devices gain is the highest) showing
the emitter (E), base (B) and collector (C) terminals. The arrow in the
device schematic indicates the emitter and its direction indicates the
current flow (direction of the flow of holes) [33].

In the common-emitter (emitter is grounded) device configuration in the forward active

region of device operation (the configuration and region of operation with the highest

gain), the emitter-base junction is forward biased while the base-collector junction is

reverse biased [33]. This means that for an n-p-n transistor, the base is biased with a

positive voltage as compared to the emitter, and the collector is biased with a positive

voltage as compared to the base. In the absence of base current, the transistor’s

maximum current is the reverse leakage current through the collector-base junction (a

reverse biased diode) [32, 33]. When the base is biased, the emitter-base junction

becomes forward biased, and carriers can be injected from the emitter into the base. If
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the base thickness is small enough, extra carriers from the emitter not required to balance

the base current can traverse the base and reach the collector without recombining with

opposite carriers in the base [32, 33]. These carriers will be swept across the correctly

oriented electric field, which is present at the base-collector junction, and into the

collector. The relationship between the amount of charge that needs to be injected into

the base to achieve an amount of charge that leaves the emitter, traverses the base, and is

collected in the collector, is the gain of the BJT (the gain, =I=IC/IB). Maximizing the gain

characteristics requires that the three regions not be doped to the same concentration.

The emitter is more heavily doped than the base which is more heavily doped than the

collector. An imbalance between the base and emitter doping allows for a much larger

amount of electrons to be injected into the base from the emitter for a given amount of

base current than could be achieved if their doping levels were the same. A large

imbalance in the base and collector dopant level means the depletion width (the area of

uncovered immobile dopant atoms) will be large. This reduces the likelihood carriers can

be back injected from the collector to the base. For detailed derivations of the collector,

base and emitter currents, see reference [33].

There are two primary components which must be evaluated to ascertain whether

the BJT is a good candidate for amplifying single ion channel signals, the gain of the

device and the inherent device noise (even under the most ideal of shielding conditions

the device itself generates some amount of noise). The gain of the device is defined as

the ratio of the collector current to the base current [33]. Under the right conditions, an

approximation of the gain can be calculated based on a few device parameters shown in

equation XII.

XII
WND

LND

BE

EEB≈β



159

where DE and DB are the minority carrier diffusion coefficients in the emitter and base, NE

and NB are the doping levels in the emitter and base, LE is minority carrier diffusion

length in the emitter, and W is the base width [33]. LE is quite short due to the extremely

high doping level in the emitter. The base width is chosen to be less than the diffusion

length of minority carriers in the base. Thus, to increase the gain as much as possible, the

base width should be minimized (although not reduced to the extent to cause it to become

fully depleted), and the difference between the emitter and base doping levels should be

maximized [33]. The highest gain achieved from devices which would make good

candidates for this purpose is =92.=92.

Prior to device fabrication, simulations were performed using Medici, a two-

dimensional device simulation program [34]. The simulated device consisted of an

emitter, a base, a collector, and a collector contact. The collector contact was included in

the simulation as well as the actual fabricated device so that current did not have to be

carried for long distances through the low doped, high resistance collector region. Figure

70 shows the gummel plot of one of the simulations, which seemed to yield the best

characteristics, along with a representation of the simulated device. A gummel plot is a

plot of log(I) vs. VBE where both the collector and base currents are displayed and gives

an indication of the gain of the device [32].
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Figure 70. The gummel plot, log (I) vs. VBE with both the collector and
base currents plotted simultaneously, generated from the two-dimensional
simulation program Medici [34]. This gives an indication of the potential
gain of the device [32]. The figure in the upper left corner is a
representation of the BJT, giving the doping concentrations, layer
thicknesses, and dimensions of its various layers that was used in the
simulation [34].

Emitter (n+ 1e20 cm-3)
100nm thick, 7 µm wide

Collector
(n 1e15 cm-3)

Base (p 1e17 cm-3)

Collector Contact
(n+ 5e18 cm-3)

1 µm thick
80 µm wide

600 µm thick
80 µm wide

Contacts for purposes
of the simulation
10 µm wide (all 3 are
the same)

300 nm, 80 µm
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The emitter base and collector of the BJT were grown by use of epitaxy, a

technique which allows for the creation of thin layers of single crystal silicon on top of

silicon wafers (the term “grown” is used since the layers are perfectly crystalline and

extend the crystalline structure of the underlying material). These layers can be doped

during growth and accurately grown over a range of thicknesses [35]. The collector

contact was formed by either a fourth grown epitaxial layer or by growing the other three

layers on a heavily doped n-type wafer. The epitaxial layers for this study were grown by

Lawrence Semiconductor Research Laboratory, Inc. After simulating the devices, a

fabrication sequence, which will be outlined below, was used to produce working BJTs.

After several rounds of fabrication the following layer thicknesses and doping

concentration were determined. The collector contact consisted of either an entire wafer

doped n-type to 5x1018 cm-3 or an epitaxial layer 1 µm thick doped nm thick doped n-type to a

concentration of 5x1018 cm-3 grown on a lightly doped p-type silicon substrate. The

reason for this was uncertainty as to the capability of the available etcher for deep etching

(it is not designed for very deep etching). As it turned out, the etcher was able to perform

the deep etch but not with consistent surface roughness characteristics post etching. It is

desirable to have the substrate over which the sensing pad is formed be lightly doped to

cut down on stray coupling capacitance when trying to record single ion channel

behavior. The collector was grown next to a thickness of 1 µm and an nm and an n-type doping of

1015 cm-3. This was followed by the base layer which was 600 nm thick and doped p-type

to 1017 cm-3. Finally, the emitter was grown to a thickness of 100 nm and doped n-type to

1020 cm-3. The doping concentration of 1020 cm-3 was the highest possible doping which

could be provided by Lawrence Semiconductor Research Laboratory, Inc. This was

deemed to be too low. The epitaxial wafers were therefore sent out for an n-type

(phosphorus) ion implant. The dose used was 5x1015 cm-2 and the acceleration voltage
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was 20 keV. This is a relatively low energy for typical ion implants, but it was necessary

to avoid implanting too deeply and shorting the emitter to the collector (this is also why

the base width was doubled from that used in the simulation). The ion implants were

activated using a rapid thermal annealer at 900ºC for 1 minute. It is with this extra ion

implant that devices with gains around 90 were realized.

The BJTs are vertically defined devices, as can be ascertained from the use of

sequentially grown epitaxial layers to form the emitter, base and collector. Using

standard photolithography techniques (Az 5214 photoresist from Clariant and a Karl Suss

UV mask aligner), a mesa was first defined by etching through all the epitaxial layers

(using a Plasma-Therm reactive ion etcher (RIE)). This included all the wafer surface

area not needed in the devices themselves. This was to remove all of the highly doped

epitaxial layers from areas of the wafer where sensing pads were placed. Following the

etching of the device mesas, each layer of the BJT was contacted by etching ever smaller

mesas into the initial mesa (see Figure 71). Once this was completed, the devices were

covered by 200 nm of low temperature oxide (LTO) followed by 200 nm of silicon

nitride and finally 60 nm of low temperature oxide. These dielectrics are chemically

deposited from airborne precursors not thermally grown like standard oxides. They

therefore do not consume any of the silicon on the surface of the wafer. This was

necessary for two reasons. The first is that thermal oxide growth takes place at very high

temperature which could cause dopant diffusion and lead to mixing of the dopants in the

epitaxial layers and ultimately destruction of these layers as individual elements. The

second is that the emitter region is not very thick.
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Figure 71. A representation of how the devices were etched into the
epitaxial layers. The blue arrows indicate the process flow. First, the
entire device was etched as one mesa to remove any highly doped areas
from under the sensing pad. Following the initial etch, smaller mesas
were etched through subsequent layers so that contact could first be made
to the collector contact layer and second to the base.

Any consumption of oxide at the surface (turning into oxide) could remove the emitter

layer. This dielectric stack was for purposes of surface passivation (so that metal lines

don’t short the regions of the BJT together) and not an integral component of device

operation (such as a MOSFET gate dielectric). Following the dielectric deposition, vias

were etched down to the collector contact, base, and emitter through which aluminum

contacts were deposited. The first two layers of the dielectric, the thin LTO and the

silicon nitride, and some of the third layer (the thick LTO) were etched using the Plasma-

Therm RIE. The final amount of LTO was etched using a wet hydrofluoric (HF) acid

etch. This was done for two reasons. The first is that the RIE is a dry etch (a plasma

etcher) which is not nearly as selective between silicon and silicon dioxide as HF. The

Collector Contact

Emitter

Collector
Base

substrate
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second reason is that hydrofluoric acid (HF) passitvates the silicon surface with hydrogen

for a short amount of time while the wafers are loaded into the aluminum sputtering tool

[36]. This prevents native oxide from forming in the via causing severe injection

problems. Silicon nitride is needed to mask this HF wet etch because silicon nitride’s

etch rate in HF is significantly lower than that of silicon dioxide, thus the alternating

dielectric stack. Covering the top of the silicon nitride with a sacrificial thin layer of

silicon dioxide should allow for a smoother and cleaner dielectric surface, since that

oxide layer can shield the silicon nitride surface while being dry etched and then be

removed when the via holes are wet etched. Wet etching is known to cause much less

surface roughness than dry etching. Aluminum contacts and metal lines were then

deposited after etching the via. The aluminum had to be quite thick, greater than 500 nm,

to make sure it could reach the top of the mesa without being severed. The photoresist

(Az 5214) and a wet etch of acetic acid, nitric acid, phosphoric acid and water was used

to pattern the aluminum. The samples were then sintered at 400 ºC in forming gas

(nitrogen with a small amount of hydrogen) for 15 minutes. Sintering converts some of

the aluminum and silicon at the interface to a compound making the contact ohmic [35].

At this point the devices were ready to test. Figure 72 shows IC vs. VCE for a

representative discreet device. This device had a gain of 40. When two devices are

coupled such that the emitter of one device feeds the base of another, they are referred to

as a Darlington Pair (see Figure 73) [37]. The gain of the circuit then becomes

XIII [37]

Thus, the gains can be quite large. Figure 74 shows IIN vs. VOUT for a Darlington Pair.

2121 ββββ ++=
IN

OUT

I

I
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Figure 72. The current characteristics for a discreet BJT with a gain of 40.
The initial base current is 1 nA because the device shows a little instability
when the total collector current is low. The base current steps are 100 pA.

Figure 73. The circuit diagram for a Darlington Pair.
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Figure 74. The current characteristics for a Darlington Pair (see Figure
73) with a gain of 4900. The initial base current (into the first device in
the pair) is 1 nA because the circuit shows a little instability when the total
of IOUT is low. The base current steps are 100 pA.

The data in Figures 72 and 74 is very promising. It shows that very small changes

in base current can be reliably amplified. Another experiment performed on a previous

round of devices is shown in Figure 75. It consists of using the BJT to amplify the

current flowing through a 10 G test resistor. As can be seen from Figure 75, a BJT withtest resistor. As can be seen from Figure 75, a BJT with

a gain around 10 can effectively amplify a current of 12.5 pA (125 mV across 10 G ) at 1) at 1

kHz (remembering that the patch clamp amplifier uses a 1 kHz low pass filter). A 5 pA

signal was tried as well, but it seems to be near the cut off of this device’s capabilities.

The signals recorded in Figure 75 generated with and without the BJT were preamplified

by a Femto DLPCA-200 variable gain, low noise current amplifier. The reason for this is

that at a gain of only 10, the BJT could not amplify the 12.5 pA current to a level which

the oscilloscope could read, even passing the current through a 1 M resistor. Figure 75resistor. Figure 75
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still reflects the BJT’s gain capability because the Femto gain characteristics were

identical for both signals. A device with a higher gain may fare better at the lower

current level of 5pA (not shown).

Figure 75. In order to test the viability of using BJTs to amplify single ion
channel current, a 10 G test resistor was used. The voltage applied acrosstest resistor was used. The voltage applied across
the resistor was 125 mV for a current level of 12.5 pA applied at a
frequency of 1 kHz. The graph on the left represents the 12.5 pA current
fed directly into the oscilloscope (no BJT). No appreciable current is
measured after the capacitive spike reaches equilibrium. When the signal
is fed into the base of the BJT (graph on the right), definite gain is
displayed. The gain of this device was about 10. Both signals are fed into
a Femto DLPCA-200 variable gain, low noise current amplifier set to the
same settings [39]. The gain of the amplifier is identical for both graphs
and so the graph on the right accurately reflects the presence of gain from
the BJT. The amplifier was necessary due to this BJTs low gain and the
minimum detectable voltage of 1 mV on the oscilloscope. Improvements
in device performance and the use of amplifier circuits like the Darlington
Pair should remove this necessity.

Now that device operation has been verified, it is necessary to fabricate the

sensing pads. The sensing pads are made using the same layers (titanium/gold-palladium

alloy/gold) and placed in close proximity to the BJT. Silver is used in order to connect

the aluminum lines to the sensing pad. Two silver depositions have to be performed.
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One is to put a thin amount of silver on top of titanium to make sure it can adhere to the

silicon dioxide surface. The second silver deposition is a thick layer to make sure that it

can properly connect to the thick aluminum (the aluminum lines were quite thick due to

the height of the device mesas). This is because aluminum and gold are known to form

intermetallic complexes at elevated temperatures [38]. Since one of the steps for

processing these devices after depositing the sensing pad is a polyimide cure at 350ºC (a

temperature sufficiently high enough to cause intermetallic formation), it may be that

putting the sensing pad directly on the aluminum or vise versa is not advisable [38].

After the metal layers are deposited, first the sensing pad and then the silver, polyimide is

patterned on top of the sensing pads and the BJT. The emitter, base, and collector contact

biasing pads are quite large. If the sensing pad as deposited on the LTO and nitride

dielectric is not flat enough (LTO is much poorer quality than thermally grown oxide,

which when with the plasma etching performed on the top of the wafer, may make these

pads insufficiently smooth), the biasing pads are large enough to easily connect the BJTs

to a sensing electrode fabricated separately as described in Section 5.4.

The other important component to evaluate is the inherent noise in the BJT.

There are three main contributors to noise in a BJT, thermal noise, shot noise and flicker

noise (also called 1/f noise) [40]. The origin of thermal noise is due to the random

thermal motion of carriers [40]. All three components of the BJT, the emitter, base, and

collector/collector contact, make a contribution to thermal noise (they all have small

nonzero resistances). Shot noise occurs due to the presence of p-n junctions [40]. Only

carriers with sufficient energy and velocity towards the junction can surmount the

junction barrier caused by the reverse electric field [40]. Carriers which fit this

description arrive randomly at the junction such that instead of having continuous flow

the steady state current is really made up of a bunch of random independent current
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pulses [40]. Flicker noise is found in all active devices [40]. In BJTs, it is caused

predominantly by traps in the emitter-base depletion region [40]. These traps have

random capture and release times with time constants that cause them to have the largest

effect at low frequency [40]. It has been calculated by Basu et al. using the circuit

simulator TSpice that the total noise current for these devices is approximately 1 to 2 pA

at 1 kHz [41]. Although at this level the M2 ion channel may produce a current (asion channel may produce a current (as

described above in Section 5.5) too close in magnitude to the noise current, the noise

should not be a limiting factor for several of the other ion channels tested which display

higher conductance.
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CHAPTER 6 CONCLUSION

This thesis attempts to make a case for pursuing the development of two different

sensing platforms, organic thin-film transistors and ion channels immobilized in tethered

bilayer lipid membranes. The benefits to be realized from both of these techniques

include flexibility, cost, and portability, in addition to selectivity and sensitivity. Both

transduce analyte responses directly to electrical signals, potentially reducing the time

necessary to measure a response. Cost benefits for each platform could be realized by

reduced fabrication complexity which would arise from the ability to process these

systems using standard silicon processing or the potentially lower cost fabrication

associated with organic devices (e.g., inject printed circuits). The tBLM systems are very

attractive as many of their elements self assemble.

Organic devices offer a lot of flexibility in terms of device configurations,

available semiconductors, and chemical modifications to those semiconductors. The

sensing response in these devices may even add some benefit in understanding device

transport and especially contact injection effects. Coupling the devices to silicon

transistors has proven to be a very powerful technique, which, when coupled with

chemical modification, e.g., receptors, may prove to be even more robust.

Tethered bilayer lipid membrane systems offer a tremendous degree of flexibility.

There is a vast array of preexisting ion channels to choose from. In addition, many of

these channels can be modified with a variety of receptors. Large arrays of electrodes

equipped with tBLMs and ion channels could make it possible to detect a variety of

analytes from within the same aqueous sample. These systems may even be able to help
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with the discovery of new cellular mechanisms associated with the cell membrane, as

they can be used to isolate these systems in a more controlled, repeatable, laboratory

environment.

There is significant work still to be accomplished. In the case of organic sensors,

better quantitative understanding must be acquired as to the exact interactions between

semiconductors and analytes. This must be accompanied by an ability to measure many

responses rapidly while being able to refresh the device. A new analyte delivery system

is being built which should be able to accomplish this goal by using mass flow controllers

to introduce very controlled concentrations of analyte to the OTFT sensor. It would also

be beneficial to be able to perform various types of microscopy and spectroscopy, such as

scanning-probe potentiometry and IR spectroscopy, while an analyte response is being

measured. This might shed more light on how charges in the channel affect the

semiconductor/analyte interaction.

In the case of tBLM systems, now that the basic capability of successfully

incorporating and measuring ion channels in a tethered membrane has been shown, it

must be successfully integrated with a small scale integrated circuit. This work suggested

one device, a bipolar junction transistor, should be able to accomplish this task. If the

BJT is successful, further gains in signal to noise ratio can be achieved by the use of

small amplifying circuits like the differential amplifier. Long term membrane stability

also has a long way to go before these devices will be ready for real world applications.

The membranes currently last for hours, but to be viable, they probably need to last for

days. It is conceivable that any final sensing solution using tBLMs builds has a system to
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build the tBLMs just prior to a sensing measurement, after which the bilayer is rinsed

away. The monolayer tethers have been shown to have very long lifetimes.

It is thus the opinion of this author that these sensing platforms are worth

pursuing. The development of these sensing systems should also greatly benefit from

increases in the general understanding of, and improvements in, the performance of

organic semiconductor devices, ion channels (including synthetic ion channels), and

bilayer lipid membrane architectures. Should these systems meet their potential, the

benefits to environmental and medical monitoring would be significant.
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