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Organic thin film transistors (TFTs) based on the field effect transistor 

architecture provide a methodology for sensing by exhibiting a change in the transport 

properties such as shifts in mobility, threshold voltage and conductivity.  Chemical 

recognition is achievable by various methods including the two processes, which we are 

studying, direct analyte interactions with the semiconductor and specific receptor 

molecules on the semiconducting surface.  Previous work demonstrates the effects of 

carrier concentration, grain size (surface morphology), and channel length on the sensing 

response to analytes such as alcohols, which exhibit a moderate dipole moment.  When 

the alcohol interacts with the organic channel the addition of a trap and a positive charge 

occurs at the grain boundaries.  At low carrier concentrations the added charge has the 

effect of producing an increase in current for the sensing response.  At higher carrier 

concentrations the occurrence of trapping overwhelms the effect of the positive charge 

and you see and reduction in current.  Typically the mobility shifts, which occur during 

sensing are correlated with trapping for polar analytes.  The magnitude of the mobility 

decreases are dependent on the dipole moment of the polar analyte. Another aspect of 
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organic materials is the fine-tuning of the chemical sensitivity by modifying the surface 

with receptor sites to increase the partition coefficient.  In our study we pull the 

polarization, molecular dipole moment, transport and trapping, and partition coefficient 

concepts together to produce a model, which describes how an OFET based sensor 

interacts with an analyte with and without receptor molecules and under aqueous 

conditions.   
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Chapter 1:  Introduction 

The unique properties of organic semiconductors make them useful for various 

devices, including RFID tags [1-4], flexible circuits [4, 5], and solar cells [6].  While 

much work has been done to provide more stable materials for these applications, the 

sensing application harnesses their susceptibility to non-covalent interactions, trapping 

and doping, and other reversible factors [7].   The organic field effect transistor (OFET) 

device configuration provides a foundation for a sensor, which can exhibit shifts in a 

quantitative form during analyte exposure.  The sensing interactions produce shifts in the 

device parameters such as threshold voltage, current decreases and increases, and 

mobility shifts.   

The non-covalent interactions, which induce the shifts in the OFET devices 

include van der Waals forces (dipoles, dipole induced dipoles), hydrogen bonding, and 

hydrophobic interactions (aqueous conditions).  These interactions can occur at the 

surface of the organic semiconductor, the grain boundaries, and at the dielectric interface.  

Depending on the organic semiconductor, analyte, and gate voltage, doping effects can 

occur in which the sensing output will be in the form of current increase, but this study 

focuses on the events leading to current and mobility decreases, and shifting threshold 

voltage.  The majority of analytes studied thus far are dipolar in nature and can induce 

local fields which affect the device properties; it is also possible for a non-polar molecule 

to induce local fields, depending on the polarizability of the molecule, functionalization 

of the organic semiconductor, and use of receptors.  Most organic semiconductors exhibit 

grain boundaries in the morphology and it is believed that these serve as the interaction 

sites for the various analytes.   A polar analyte such as ethanol can be absorbed on the 
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surface and its dipole will shift to a more energetically favorable position where the more 

negatively charged end will interact with a hole at the vicinity of the grain boundary, 

inducing a local field through polarization of the organic semiconductor.  This is shown 

in Figure 1.1, where the dipole interacts at the grain boundaries of the organic 

semiconductor in the FET configuration.  For the polar analytes, the locally induced 

fields stem from the polarizability of the organic semiconductor, which can lead to charge 

trapping affecting the threshold voltage, drain currents, and mobilities. 

 

 

Figure 1.1 A dipole interacting a charge (hole) at grain boundaries of an p-type organic 
semiconductor in the field effect transistor configuration with a silicon 
substrate, SiO2 gate dielectric and gold (Au) electrodes. 

Thus far, a few in-depth studies have been done that test various analytes with 

specific organic semiconductors for sensing bases on OFETs.  The first was done by 

Crone et al. where they tested a series of organic semiconductor thin film transistors with 

a large swath of polar analytes [4].  The end product was a map with 16 analytes tested 

against 11 sensor materials, shown in Figure 1.2, where a positive shift in current is blue 

and a decrease is red. 
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Figure 1.2 Map with 11 sensing materials along the x-axis and 16 analytes along the y-
axis. Red indicates a current decrease while blue indicates a current 
increase.  Reprinted with permission from [8]. Copyright 2001, American 
Institute of Physics. 

The Subramanian group produced an in depth study for P3HT where it was found 

that alkanes such as hexane elicited almost no sensor response while other polar 

molecules such as the thiols, alcohols, amines and acids elicited various output responses 

[9].  The data provides evidence of the need for molecules to have a polar nature or 

dipole moment to produce a sensing response.  Chang et al. completed a study on 

alcohols with increasing alkyl chain length, which would add mass to the molecule.  It 
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was found that the on-current degradation increased with increasing alkane chain length.  

This may be related to the ability of the heavier alcohols to stick more readily at the grain 

boundaries.  For the alcohols tested, the hydroxyl group was on the first carbon, 

indicating that it is not necessarily the shape, but the mass, that affects the response.  

 The polarizability of organic semiconductors is discussed in this chapter, as well 

as how perturbations in the electrostatic field can come about from the organic 

semiconductor interactions with charges and charge induced dipoles and the effects this 

has on the trapping and transport physics of OFETs.  This directly ties into how a 

molecule with a strong dipole moment can produce strong trapping effects when exposed 

to an OFET.  The partition coefficient will also be discussed because this describes 

analyte features and how they affect the sensing parameters.  

1.1 POLARIZATION 

Polarizability is defined as the tendency of a charge distribution to be distorted 

from its original shape by an external field, caused by the presence of an ion or polar 

molecule (dipole) [10].  An induced dipole moment, p, is the result of the influence of the 

electric field generated by the ion or polar molecule with a magnitude dependent on the 

strength of the electric field, E, and the polariziability, α, of the molecule, leading to: 

! = !" 

The larger the polarizability of the molecule, the greater the distortion caused by a given 

strength of the electric field [10]. 

The π electrons in conjugated polymers exhibit unique semiconducting properties.  

They respond relatively easily to external perturbations leading to an ease in making 

structural or compositional changes.  Electrons in the π bond have greater energy than 

electrons of the sigma bond.  Both bonding and antibonding π molecular orbitals are 
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formed when p orbitals interact to form a π bond.  The bonding π orbital results when p-

orbital lobes of like signs overlap; the antibonding π orbital is formed when p-orbital 

lobes of opposite signs overlap.  The π bonding orbital is the lower energy orbital and the 

region with the highest probability of finding electrons. The antibonding orbital is of 

higher energy and is occupied by electrons in the ground state.  It can become occupied if 

the molecule absorbs light of the right frequency and electron is promoted from LOMO 

to HOMO.    

At any given instant, because the electrons or charge moves, the electrons and 

therefore the charge may not be evenly distributed in a molecule and in one instant, the 

electrons/ charge can be accumulated on one side of the molecule. As a consequence, a 

small dipole will occur. This one dipole can induce dipoles in surrounding molecules by 

distorting the electron cloud of an adjacent molecule, causing an opposite charge to 

develop there.  These temporary dipoles change constantly, but the net result of their 

existence is to produce attractive forces between nonpolar molecules.  The dipole induced 

dipole interactions stem from the material’s polarizability as defined above.   The 

following figure shows the sigma bonding framework of a benzene ring, the p orbitals 

which form the delocalized π bonding system, the shape of the clouds above and below 

the plane of the system, and the electron density.   
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Figure 1.3 a) Benzene sigma bond framework b) The p orbitals, c) The shape of the 
electron clouds above and below the plane of the benzene ring, d) The 
electron density[11]. 

Figure 1.4 is an important diagram for further insight into polarization in organic 

semiconductors and its stabilizing effect of the positive and negative ions in the crystal.  

As discussed by Pope and Swenberg, several points should be kept in mind when 

assessing this picture [12].  First, Ig (gas phase ionization energy) is the energy released 

when an electron at infinity is brought into the singly occupied valence orbital of a 

positive ion and it is the energy required to remove an electron from the highest filled 

valence level of an otherwise neutral molecule.  Second, Ag (gas phase electron affinity) 

is the energy released upon addition of an electron taken from infinity and placed on a 

neutral molecule [12]. Further, the terms “valence” and “conduction levels” should not be 

interpreted in the same sense as other known semiconductors such as germanium where 

the carriers are highly delocalized.  The carriers in organic crystals are highly localized at 

room temperature with narrow bands stemming from the large electronic polarization 

effects. Although the polarization energy itself is no bar to the transfer of a carrier 

between neighboring sites, its magnitude compared with the nearest neighbor interaction 

energy will determine the ease of transfer. For example, in a crystal of pentacene, if the 

intermolecular interaction energy is smaller than the polarization energy, the carrier will 

tend to be localized.   
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Figure 1.4 Energy levels of a molecule and crystal indicating band gap energy Eg, 
polarization energy (P), Ionization energy (Ic), and crystal electron affinity 
(Ac)(Figure II.C.1[12]). 

The energy liberated when an electron enters the crystal is the electron affinity of 

the crystal, Ac which is larger than Ag by the electron polarization energy Pe.  The energy 

of separation between the first conduction level and the valence level is the band gap 

energy Eg (energy released when positive and negative carriers in their lowest energy 

states recombine). The emission of an electron from the highest occupied valence level 

requires Ig. If the emission takes place from a crystal, the electron comes from the valence 

level and the polarization of the resultant hole Ph makes its contribution to the lowering of 

the total energy from Ig to Ic (minimum energy required to remove an electron from the 

surface region to infinity in vaccum) and Ph can be approximated to ≈    !! − !! .  Because 
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both Ig and Ic can be measured, a value for Ph can be obtained.  Assuming !! = !! = !, 

the band gap energy can be derived from the following relationships: 

!! = !! − !! − 2! 

!! − !! = !  ;   !! − !! = ! 

Figure 1.5 shows the ionization energies of the highest occupied levels and the binding 

energies of the lowest unoccupied levels for different polyacenes in the gas and crystal 

phase.   

 

 

Figure 1.5 The solid lines on the left represent the ionization energy levels of the highest 
occupied levels and binding energies of the lowest unoccupied levels for 
different polyacenes in the gas phase; the crystal phase ionization energies 
are represented by the double lines on the right side. (Figure II.C.2 [12]) 

The importance of the polarization energy arises from the calculation with Ic and 

Ig and the estimation of Eg from Ic.  From classical electrostatic theory for the polarization 
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evaluated for a local spherical region of radius R around the ion, ! is the dielectric 

constant and e is the excess charge; the polarization is given by: 

∆! =
!!

2! (1−
1
!  ) 

The local polarization energy P’ accounting for the discrete nature of the lattice 

can be calculated from the following expression: 

!! = !
!

!! !! ∙ !!  

where the sum is of all molecules within the spherical cavity with !!   ≤ ! and !! !!  is 

the total strength of the ith molecule located at position ri and μi is the induced dipole 

moment.  This relationship includes the interaction energy between the localized charge 

and the induced dipole and the self-energy of the induced dipoles, and the interaction 

energy between the induced dipoles.  

1.1.1 Dipoles At The Dielectric Interface 

Organic semiconductors are built with highly polarizable molecules leading to 

significant electron-phonon interactions with carriers dressed with a lattice displacement 

cloud and an electrical polarization cloud[13].  A carrier in the channel of an OFET 

polarizes the gate insulator and the organic semiconductor.  Konezny et al. have 

calculated the polarization energy for pentacene, taking into account the anisotropy 

organic semiconductor and the dipole-dipole interaction in a cluster of molecules[13].  

Table 1.1 shows the electron polarization energies for bulk pentacene and the monolayer 

next to the semiconductor-insulator interface.  The polarization for a hole in copper 

phthalocyanine used in chapter 4 has also been calculated by Hill et al. [14] where the 

polarization at the surface is ~0.85 eV and ~1.15 in the bulk.   
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Insulators Pentacene (eV) 

Bulk -1.546 

Vacuum -1.496 

Parylene N -1.560 

Parylene C -1.562 

SiO2 -1.548 

Al2O3 -1.569 

Ta2O5 -1.589 

Table 1.1 Electronic polarization energies of a hole in pentacene for the bulk case and in 
the monolayer next to the semiconductor-insulator interface form common 
OFET insulators. The channel is 6.6 Å from the dielectric interface (from 
Table I [13]). 

The conductive channel in an OFET is located in the organic semiconductor in 

proximity to the interface with the gate dielectric.  The coupling of the charge with the 

polarization of the dielectric material results in the formation of surface Fröhlic polarons 

[15, 16].   

1.2 POLARIZATION AND DEVICE TRANSPORT 

The dynamics of charge carrier motion in organic molecular crystals and organic 

semiconductors stem from the delocalized nature of the π -bonding system with two 

competing trends, delocalization of the carrier and localization resulting from interaction 

with the local surroundings.  For localization of the charge in wavelike motion, a certain 

energy is required, the so-called localization energy !"!"# which is a magnitude with a 

positive sign [17].  Delocalization of the charge carrier interacts with the lattice, causing 

local polarization. Any form of polarization of the lattice by the charge carrier is 

accompanied by a gain in polarization energy !"!"# and the carrier may also form local 
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bonds in the process of localization exhibited by a gain in binding energy !"!.  A carrier 

is delocalized when the following conditions are met: 

!"!"# + !"!"# + !"! = !"   > 0 

This occurs if !"!"# and !"! are small.  With increasing polarization, the bands become 

narrower and the charge mobility decreases.  For organic molecular crystals, if the 

polarization is due to interaction with the lattice, then the state of the delocalized carrier 

may be described by a polaron.   Conversely, a carrier will be localized if:  

!"!"# + !"!"# + !"! = !"   < 0 

The carrier can then be described as a carrier moving stochastically by hopping.  This is 

an important concept for the transport discussion where the delocalized conditions can 

describe extended state transport near the mobility edge, while the latter describes more 

disordered transport.   

With single crystal organic materials it is possible to obtain high mobilities with 

low trap densities, which are above the mobility edge. The high delocalization of carriers 

is more like the band transport seen in wide band gap materials where the mobility is 

proportional to the inverse power law of temperature ! ∝ !!!.  For polycrystalline and 

amorphous materials, which are more widely used for OFETs, the mobility edge is a 

useful concept for transport in disordered systems where it is the energetic position 

separating localized sites from delocalized sites.  Electrons or holes above the mobility 

edge are delocalized and can participate in band transport, while those which are ~kT 

from the mobility edge can be thermally ionized into delocalized states[18].  If you go 

deeper into the localized density of states, current will be carried by thermally activated 

hopping and tunneling while those in much deeper states (a few kT from the mobility 

edge) will be in states that are too deep to be activated into current carrying states.  This 

is shown in Figure 1.6 with the log of the density of states (DOS) plotted against energy. 
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Figure 1.6 Mobility edge diagram with extended state transport occurring above the 
mobility edge and hopping occurring below the mobility edge. 

1.2.1 Transport Model 

A useful model that accounts for trap limited transport in organic transistors is the 

multiple trapping and thermal release (MTR) model. The MTR model applies to well 

ordered materials, like pentacene, and assumes that the Fermi level lies below the band 

edge in an exponential DOS.  The transport of charge carriers is dominated by the 

trapping of carriers near the Fermi level and their thermal activation into the band [19].  

This model predicts that the carriers arriving at a trap will be spontaneously captured with 

a probability close to one.  For high enough carrier concentrations, all of the trap states 

will be filled, which can push the Fermi level into the band (this is related to extended 

state transport which is exhibited in high mobility pentacene devices).   This results in an 

effective mobility (!!"") related to the mobility in the transport band (!!):    
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!!"" = !!!!
! !!!!!

!"  

where !! is the energy of the transport band edge, !! is the energy of the single trap level, 

and ! is the ratio of trap DOS to the effective density of states at the transport band edge. 

Within this model, the effective mobility of charge carriers is reduced from the band 

mobility in proportion to the percentage of carriers that have been promoted into the band 

at any one time.  The ratio of trapped to total densities is then given by [19-21]: 

 

Θ =
!!

!! + !!
=

1

1+ !!!
!!!!!
!"

!!

≈
!!
!!
!
! !!!!!

!"  

where the concentration of the free carriers is !! = !!!! !!!!! !", !! is the effective 

density of states near the transport band edge, and the trapped carrier concentration 

!! = !!!! !!!!! !".  MTR was later expanded to describe the case where transport is 

dominated by hopping within the band tail, rather than extended state carriers above the 

band edge.  The inclusion of hopping makes MTR more applicable when disorder makes 

band-like transport difficult to achieve. 

Thermally activated transport and carrier dependent charge mobility provide 

evidence of shallow traps in organic semiconductors, as is shown in chapter 2, where we 

obtain activation energies for temperature dependent measurements on pentacene 

devices.  Deep traps can cause charges to remain fixed within an organic semiconductor 

after the device is turned off and is usually exhibited in the shifts in threshold voltage for 

these devices.  This can be related to the bias stress effect where there is an evolving shift 

in the threshold voltage with applied gate voltage[22].  The intrinsic charge carrier traps 

in these films are the sites with the highest degree of polarizability; these sites create self-
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trapping and can be related to a charge increasing the polarization energy in the 

surrounding lattice.   

1.2.2 Grain Boundary Effects 

Grain boundaries in these semiconductors act as significant barriers to transport 

that lead to carrier trapping by hindering the removal of charge carriers from a crystallite 

[18].   These grain boundaries are characterized by a high degree of disorder and severely 

limit transport [23].  Annibale et al. used a scanning probe technique to show that carrier 

transport is limited at the grain boundaries, exhibited by observing potential drops 

between adjacent grains. These regions of disorder make a significant contribution to 

deep trap states far from the band edge.  Minari et al. found the carrier mobility in a 

single grain to be at least an order of magnitude higher than through a polycrystalline 

film of the same material [24].  Figure 1.7 is a simple model showing transport through 

polycrystalline pentacene with deep trap states at the grain boundaries as well as transport 

through a single grain device.  The trapping at the grain sites is an important concept that 

relates to carrier trapping induced by polar analytes. 
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Figure 1.7 a) Carrier transport in pentacene with deep traps at the grain boundaries and b) 
carrier transport through a single grain of pentacene[24]. 

In a polycrystalline material such as pentacene, a more ordered DOS will occur 

within the grains, while a more disordered DOS will occur at the grain boundaries.  As a 

result, a polycrystalline film with fewer grain boundaries will have a more ordered DOS 

which can exhibit extended state transport, while a more disordered film with additional 

grain boundaries will have a more disordered DOS described by disordered transport.  

1.3 MOLECULE DIPOLE MOMENTS 

Most organic molecules, like the analytes tested in this study, are not fully ionic 

but have instead a permanent dipole moment resulting from non-uniform distribution of 

the bonding electrons.  In the liquid or solid state, dipole-dipole attractions cause the 
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molecules to orient themselves with the positive end toward the negative end of another.  

An example of this alignment is illustrated in Figure 1.8 where the ketone (acetone) 

molecules align themselves based on their partial negative and positive charges. 

 

 

Figure 1.8 Orientation of the acetone molecules, with the negative end of one directed 
toward the positive end of the other. 

The permanent dipoles of the organic molecules arise from the electronegativities 

of the atoms.  Eletronegativity is the measure of the tendency of an atom to attract a 

bonding pair of electrons. On the period table, the electronegativity increases across a 

row from left to right and decreases going down a vertical column (Figure 1.9).  More 

electronegative atoms like fluorine and oxygen will produce more polar bond to the 

carbon atom than nitrogen and carbon will.  When a carbon bonds to another carbon, both 

atoms will attract the bonding electrons to the same extent and on average, the electron 

pair will be equidistant between the atoms, as shown in the next figure.  It should be 

noted that this is a simplified illustration; the electrons are actually constantly moving in 

a sigma orbital. 
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Figure 1.8 Electron bonding pair placement between the nuclei of two bonded 
carbons[25]. 

 

Figure 1.9 Electronegativities of some elements based on the periodic table. 

Carbon bonding to the fluorine atom is a good example of polar bond formation.  

The bonding electron pair will be pulled toward the more electronegative fluorine, 

producing a partial negative charge around the fluorine and a partial positive charge at the 

carbon.   

 

 

Figure 1.10 Partial charge on carbon and fluorine atoms when bonded together[25]. 
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The carbonyl is another important polar bond to note, as this is common in polar 

analytes.  The more electronegative oxygen molecule will pull both pairs of bonding 

electrons towards itself in the sigma and π bond, leaving the carbon more positive and the 

oxygen more negative than a single bonded C-O. The orbital picture of the C=O bond in 

methanal (HCHO) is shown below, along with the partial charge picture of the bonded 

carbon and oxygen. 

 

 

Figure 1.11 (top) Orbital illustration of the carbonyl bond in methanol. (bottom) Partial 
charges on the carbon and oxygen atoms in the bond[25]. 

Now that an idea of permanent dipoles has been established, the effects of these 

bonds in the functional groups will be investigated. The polarity of these functional 

groups establish the polarity of the analyte molecules as a whole as well as their 

interaction with the organic semiconductors and small molecule receptors, studied in the 

following chapters.  A molecule’s polarity depends on its ability to hydrogen bond, the 

number of electronegative atoms, the polarizability of the net bonds or atoms, and the net 

dipole moment of the molecule.  Table 1.2 lists the functional groups from least to most 

polar. 
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Functional Group Polarity 
alkane No hydrogen bonding or electronegative atoms, very small 

dipole moment  
alkene Similar to alkanes but the p orbitals make them highly 

polarizable 
Conjugated polyenes/aromatic 

compounds 
The pi system is larger than the alkene, making it more polar 

Ethers and alkyl halides More polar because of the addition of a more electronegative 
atom 

Aldehydes, ketones, esters The carbonyl bond makes these more polar then the ethers 
Amines and alcohols These are more polar because of the ability to hydrogen bond 

Carboylic acids and amides These hydrogen bond extensively and have two electronegative 
atoms 

Table 1.2 Polarity of functional groups 

Table 1.3 lists examples of the functional groups with increasing polarity. The 

chemical structures are also noted along with pictures of their ball and wire structures and 

electrostatic potentials to indicate the partial positive and negative charges on the 

molecules.  The brighter areas of blue and red indicate more polarity in the molecules 

while the lighter red, blue and gray shading indicate more non-polar characteristics. 
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Functional 
Group 

Polar 
Rank 

Structure Name Electrostatic Potential 

Alkane 9 CH3CH2CH3 Propane 

 

Ether 8 CH3-O-CH2CH3 Methyl ethyl ether 

 

Ester 7 
 

Methyl ethanoate 

 

Amine 6 CH3CH2CH2NH2 Propylamine 

 

Aldehyde 4,5 

 

Propanal 

 

Ketone 4,5 
 

Propanone 

 

Alcohol 3 CH3CH2CH2OH Propanol 

 

Acid 2 
 

Ethanoic acid 

 

Amide 1 
 

Ethanamide 

 

Table 1.3 Examples of functional groups listed by increasing polarity[26]. 
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1.4  PARTITION COEFFICIENT 

The overall sensing response of the OFET with polar and non-polar analytes, as 

shown in the previous section, can be described by the partition coefficient Kp, which 

relates the amount of analyte interacting (absorbed) with the organic semiconducting 

surface and the amount in the gas phase [27]  The partition function can be correlated 

with the properties of the organic film and the analyte molecules.  These interactions 

depend on the molecular structures of the two molecules and, for our purpose, can be 

described by dipolar interactions and for the case of receptors, hydrogen bonding.  The 

partition coefficient is also dependent on temperature, pressure, and analyte 

concentrations.  The equation below describes Kp for an acoustic wave gas sensor in [27].  

log!! = ! + !!! + !!!! + !!!! + !!!! + !log!!" 

The analyte dependent parameters are !!,  !!!, !!!, !!! , and  !!" ; and the !, !, !, 

!, and  ! the polymer (organic semiconductor) terms.  The analyte terms describe the 

polarizability of the the n and π electrons for the analyte, along with dipolarity, hydrogen 

bond acidity and hydrogen bond basicity[27].  The parameter k describes the partition of 

an analyte with no interactions mentioned with the previous parameters, as in the case of 

an ideal gas; r described the polarizability of the polymer, s the dipolarity, a the hydrogen 

bond basicity of the polymer, b the hydrogen bond acidity and l the ability of the polymer 

to differentiate between various compounds.  A table from Electronic Noses is shown 

below, which provides numerical data for the parameters of various vapors along with the 

parameters for the polymer coefficients in the second table. 

 

 

 

 



 22 

Analyte Formula !! !!! !!! !!! log!!" 

water H2O 0 0.45 0.82 0.35 0.260 

methanol CH3OH 0.278 0.44 0.43 0.47 0.970 

ethanol CH3CH2OH 0.246 0.42 0.37 0.48 1.485 

propanone CH3COCH3 0.179 0.70 0.04 0.49 1.696 

butanone CH3CH2COCH3 0.166 0.70 0 0.51 2.278 

benzene C6H6 0.610 0.52 0 0.14 2.786 

toluene C6H5CH3 0.601 0.52 0 0.14 3.325 

n-Hexane CH3(CH2)4CH3 0 0 0 0 2.668 

Table  1.4 Analytes listed with their corresponding paramterers, R2, π2, α2 , β2, and  L16 
[27].  

 

 

 

Table 1.5 Polymers listed with their corresponding parameters, k. s, r. a. b. l [27]. 

Polymer k r s a b l 

SXFA -0.08 -0.42 0.60 0.70 4.25 0.72 

FPOL -1.21 -0.67 1.45 1.49 4.09 0.81 

SXPYR -1.94 -0.19 2.43 1.49 0.00 0.81 

PEI -1.60 0.50 1.52 7.02 0.00 0.77 

SXCN -1.63 0.00 2.28 3.03 0.52 0.77 

PEM -1.65 -1.03 2.75 4.23 0.00 0.87 

SXPH -0.85 0.18 1.29 0.56 0.44 0.89 
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The approach used to obtain this data can be used as a selection method for 

various organic semiconductors or receptor molecules such as the ones used in recent 

years to produce an OFET-based electronic nose.  The parameters describe the electronic 

properties of both the analyte and polymer, which are important for the perturbation of 

the semiconductor at the grain boundary interface of various organic semiconductors and 

small molecule receptors, specifically the polarization and dipolarity properties.  Another 

term would have to be added to account for the mass of the analyte molecule, which is 

related to the molecular structure; this would also be important for receptor molecules, 

which interact with analyte molecules of specific sizes.  The molecular structure would 

also determine the ability of the molecule to penetrate deeper at the grain boundaries to 

push the charge into a deeper trap state and induce a larger shifts in the current, mobility, 

and threshold voltage. 

In our study we pulled the polarization, molecular dipole moment, transport and 

trapping, and partition function concepts together to produce a model, which describes 

how an OFET based sensor interacts with an analyte with and without receptor molecules 

and under aqueous conditions.  The transport and trapping physics are initially explored 

using pentacene and various analytes to provide an overall picture of polarization effects 

on transport and trapping with molecules of various dipole moments.  The polarization 

concept is then applied to copper phthalocyanine (CuPc), which exhibits different sensing 

effects due to the copper heteroatom.  Small receptor molecules are also investigated due 

to their ability to increase the partition coefficient by increasing interaction strength.  The 

aqueous study takes into account the effects of polarization from ionic and molecular 

dipole moments and charge screening effects, which arise in water due to its ability to 

readily undergo proton transfer among its molecules. 
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Chapter 2: Ethanol Effects  

Pentacene based organic thin-film transistors were used to study the effects of 

polar analytes on charge transport and trapping behavior during vapor sensing.  Three 

sets of devices with differing morphology and mobilities in the range of 0.001 to 0.5 

cm2/V-s were employed.   All devices show enhanced trapping upon exposure to analyte 

molecules.  The organic field effect transistors with different mobilities also provide 

evidence for morphology-dependent partition coefficients.  This chapter helps provide a 

physical basis for many reports on organic transistor based sensor response for a 

prototypical analyte such as ethanol. 

2.1 INTRODUCTION 

Organic field effect transistor (OFET) based chemical sensors have shown much 

promise due to their ability to provide chemical recognition by exhibiting repeatable and 

reproducible shifts in devices’ parameters such as mobility and threshold voltage[7, 8, 

28-32].  Organic semiconductors used in the sensing FETs of interest are polarizable 

materials with localization and polarization dominating the transport physics[14]. 

Chemical recognition during vapor sensing is dependent on the interactions occurring 

between the analyte molecule and the OFET active region, which includes the 

semiconductor and the semiconductor/insulator interface.  When the semiconductor 

interacts with a polar molecule such as ethanol, there is an increase in the potential barrier 

for charges in the vicinity of the grain boundary, leading to a reduction in drain current.   
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Figure 2.1 (Left) Pentacene device with potential barriers for charges in the grain 
boundary vicinity. (Right) Pentacene device exposed to ethanol exhibiting 
an increase in the potential barriers for charges in the grain boundary 
vicinity. 

Previous work has shown that the degree of the semiconductor/analyte interaction 

is related to the number of grain boundaries present in the active region, with the lower 

mobility devices generally containing more grain boundaries than the more ordered 

higher mobility devices[8, 33, 34].   Detailed understanding of the transport physics of 

OFETs exposed to polar analytes and the partition function has yet to be done [27].  This 

is of high importance for understanding sensing behavior and the behavior of charge 

carriers in organic semiconductors when in contact with polar media and will contribute 

to further development of sensor materials and receptors.  
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2.2 EXPERIMENT 

Temperature dependent studies and transfer characteristic measurements on 

pentacene TFTs exposed to different concentrations of ethanol in nitrogen are reported. 

Given the importance of semiconductor morphology for sensing, three types of samples 

with varying mobilities; a very low mobility sample (0.001 cm2/V-s), low mobility (0.1 

cm2/V-s), and a high mobility sample (>0.5cm2/V-s), have been employed. Devices for 

this study were fabricated by growing a 150 nm thick thermal oxide on a heavily doped 

n-type Si substrate as the gate dielectric.  Sublimed pentacene (Sigma Aldrich) was 

employed to obtain the ultra low and low mobility devices and triple sublimed pentacene 

(Sigma Aldrich) was used for high mobility devices. For each sample, a 350 Å pentacene 

layer was thermally sublimed at a rate of 0.1 Å/s on the substrate. The substrate 

temperature was held at room temperature for the two lower mobility samples and at 70o 

C for the high mobility sample.  Gold source and drain contacts with a thickness of 500 Å 

were deposited after pentacene deposition.  The device structure is shown in the 

following figure. 

 

 

 

Figure 2.2 Organic field effect transistor device structure with pentacene as the active 
layer, gold source and drain contacts, SiO2 as the gate dielectric and highly 
n-type doped silicon. 
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Electrical characterization was performed in a Desert Cryogenics probe station 

(Figure 2.3), which has inlets connected to ethanol-in-nitrogen and nitrogen gas 

cylinders.  At each temperature, the system was pumped down to ~3 x 10-3 Torr and 

ethanol-in-nitrogen was diluted with appropriate amounts of pure nitrogen to obtain the 

desired ethanol concentration.  Electrical measurements were made with an Agilent 

4155C parameter analyzer. Temperature control was provided by a Lakeshore 331 

controller.  All measurements were made in the dark. 
 

 

Figure 2.3 Desert Cryogenics probe station with connected gas inlets. 

2.3 ETHANOL EFFECTS ON CURRENT, THRESHOLD VOLTAGE 

The transfer characteristics at VD = 40  for very low mobility and high mobility 

pentacene at 300 K are shown in Figure 2.4 at ethanol concentrations of 100 ppm, 200 
ppm, and 500 ppm.  The plots showing the current levels between VG = 20 V and 30 V 

indicate a decrease in current with increasing ethanol concentration. Although the shifts 

are small, it is clear that there is a decrease in the current for both devices.  These shifts 



 28 

are reversible upon applying a reverse bias to the device or leaving the device under 

vacuum for ~10 minutes to recover, although recovery times become longer with 

increasing concentration.  Figure 2.7 shows the device recovery after 500 ppm ethanol 

exposure.  The device is able to recover back to the mobility at the 200 ppm 

concentration but not to the same mobility as under nitrogen.  
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Figure 2.4. Transfer characteristic at  plotted between  20 V and 30 V 
for (top) very low mobility pentacene (0.001 cm2/V-s) showing decreasing 
currents with increasing ethanol concentration from 100 ppm to 500 ppm 
and (bottom) high mobility pentacene (0.5 cm2/V-s) showing decreasing 
current with ethanol concentrations increasing from 100 ppm to 500 ppm.  
The full transfer characteristics are inset for both plots. Reprinted with 
permission from [35]. Copyright 2011, American Institute of Physics. 

 The  !! vs. VG  plots for the low and high mobility devices (Figure 2.6) 

indicate a shift in the threshold voltage with increasing concentration, which is a known 
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occurrence for OFETs exposed to alcohols [8, 9]. Reports on the threshold voltage shift 

in OFETs have found that the phenomenon stems from the dielectric/semiconductor 

interface.  K. P. Pernstich et al. found that the dipole moment of various SAMs (self 

assembled monolayers) can modify the surface potential of the layer next to the transistor 

channel and induce mobile charge carriers at zero gate bias, resulting in threshold voltage 

shifts[36].  Another group relates the threshold voltage shift to deprotonation of SiOH at 

the gate insulator interface[37].  This would be invalid for the sensing response     

because deprotonation is an irreversible chemical reaction at the interface, whereas the 

threshold shifts in the pentacene devices exhibited reversibility. Other groups have shown 

that the threshold voltage shifts occurred for only strongly polar species[8, 9]. The shift 

may be due to the ability of these analytes to induce stronger trapping effects in the 

vicinity of the grain boundaries, which shift the Fermi level deeper into the band. The 

shifts for the very low mobility pentacene are larger than the high mobility pentacene, as 

indicated in figure 2.6, inferring that the ethanol can interact more easily with the lower 

mobility sample because of the increased number of grain sites.   

  

Figure 2.5 When the pentacene device is exposed to ethanol, the strong trapping effects 
shift the Fermi level deeper into the band gap. 
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Figure 2.6 !! vs. VG  plots for (top) very low mobility pentacene and (bottom) high 
mobility pentacene devices.  

2.4 LOW MOBILITY PENTACENE 

To gain more insight into to the vapor effects on transport in the very low 

mobility (0.001 cm2/V-s), low mobility (0.1 cm2/V-s) and high mobility (~ 0.5 cm2/V-s) 
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devices, linear region mobilities were extracted at various temperatures at different 

ethanol concentrations.  The data shown in Figure 2.7 displays the linear mobility at 
V and 10 V plotted against 1/T for the very low mobility sample.  The 

mobilities were obtained at 100 ppm, 200 ppm, and 500 ppm ethanol in nitrogen with 

increasing temperature, including mobilities for pure nitrogen before and after the 

exposure to ethanol.  The very low mobility device clearly exhibits thermally activated 

transport with an increase in mobility with increasing temperature at each concentration, 

but a decrease in mobility at each temperature with ethanol concentration increasing from 

0 to 500 ppm ethanol in nitrogen. The device also shows some reversibility, represented 

by N2R.  After completing testing at the various ethanol concentrations, the system was 

evacuated and filled with pure nitrogen.  The device exhibits the ability to reverse bias 

back to a higher mobility around room temperature, but the reversibility becomes harder 

as the temperature increases.  
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Figure 2.7 Temperature dependent plot of mobility at temperatures between 280 K and 
310 K and ethanol concentrations from 100 ppm to 500 ppm, including pure 
nitrogen (N2) before ethanol expose and pure nitrogen (N2R) after ethanol 
exposure. Reprinted with permission from [35]. Copyright 2011, American 
Institute of Physics.  

The temperature-dependence of the mobility in this device is described by the 

Arrhenius relationship µ = µoe
!EA
kT

"
#$

%
&' where µ is the mobility, E A  is the activation energy, 

k is the Boltzmann constant, and T is the temperature.  This data is shown in Figure 2.8 

with the activation energy increasing with ethanol concentration. The rise in activation 

energy with increasing ethanol concentrations provides evidence that the carrier trap 

depths are modified by the analyte interaction at the grain boundaries.  The carrier 

trapping energies increase upon exposure to the polar ethanol molecules.  No changes 

were observed in previous work when organic FETs were exposed to non-polar analytes 

such as hexane[38]. The low mobility device exhibited similar trends with the activation 

energy increasing from 77 meV to 91 meV, as shown in Figure 2.8. 
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Figure 2.8. Plots of the activation energies extracted using the Arrhenius relationship for 
(top) very low mobility pentacene (0.001 cm2/V-s) at ethanol concentrations 
between 0 (N2) and 500 ppm and (bottom) low mobility pentacene 
(0.1cm2/V-s) at ethanol concentrations between 0 (N2) and 100 ppm.  
Reprinted with permission from [35].  Copyright 2011, American Institute 
of Physics. 
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temperature).[39],[40] In these reports, mobility increases with increasing temperature 

until it peaks and begins to decrease around 250-300 K.  This behavior may be due to 

some combination of extended state transport and hopping.[41] Unlike the very low and 

low mobility devices, the temperature dependent data for the high mobility device shown 

in Figure 2.9 exhibits a mobility decrease with increasing temperature, indicating non-

thermally activated transport. The data also exhibits an increase in mobility with 

increasing concentration at 350 K, which may be due to unknown chemical reactions 

occurring at the vapor/pentacene interface at temperatures above 327 K and 

concentrations above 100 ppm.   Activation energies cannot be extracted in this case, but 

it is observed that the polar analyte affects transport, resulting in a mobility reduction 

with increasing analyte concentration at temperatures below 327 K.   

 

Figure 2.9 Temperature-dependent plot of mobility at temperatures between 300 K and 
350 K and ethanol concentrations from 100 ppm to 500 ppm.  The increase 
in mobility with increasing ethanol concentration at 350 K may be due to 
unknown surface reactions that occur at concentrations above 100 ppm.  
Reprinted with permission from [35].  Copyright 2011, American Institute 
of Physics. 
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Although the high, low and very low mobility transistors do not share the same 

transport mechanisms, a decrease in mobility with increasing ethanol concentration is 

exhibited in the three devices, indicative of enhanced trapping effects.  We attribute this 

to polarization effects that are observed in the samples, which exhibit extended state 

transport (high mobility sample) and thermally activated transport (low mobility and very 

low mobility devices, respectively).  Such polarization induced mobility decreases are 

also observed in organic single crystals FETs with various gate dielectrics[13, 15].  Hulea 

et al. reported that the high-k gate insulators exhibited stronger dielectric (Frohlich) 

polaron effects leading to lower mobilities compared to FETs with gate insulators with 

low dielectric constant.  In disordered samples, Veres et al.[42] postulated that the DOS 

of disordered organic semiconductors becomes altered (broadened) upon exposure to 

polar media, leading to a reduced mobility. We believe that the carrier trapping energies 

are altered upon vapor exposure as opposed to a modification of the DOS.  Figure 2.9 

depicts modification of the carrier trapping energies, which includes molecular polaron 

effects (self-trapping), disorder induced modification of the DOS, and polar analyte 

effects. 
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Figure 2.9.  Modification of the carrier trapping energies including molecular polaron 
effects (self-trapping), disorder induced modification of the DOS, and polar 
analyte effects.  Reprinted with permission from [35].  Copyright 2011, 
American Institute of Physics. 

 

2.5 PARTITION COEFFICIENT 

The partition coefficient, Kp, relates the amount of vapor analyte in the gas phase 

and the amount present on the semiconductor film[27]. The degree of interaction is 

dependent on weak bonding relationships between the molecules and the film, including 

dipole/dipole and dipole induced interactions. Although the partition coefficient depends 

primarily on temperature and partial pressure, it may also have a morphology dependence 

for the pentacene devices in this study. The dominant mechanism leading to a decrease in 

current for the sensing response is enhanced trapping of carriers at the grain boundaries 

and at the semiconductor-dielectric interface, leading to enhanced barrier heights. It is 

generally true that lower mobility pentacene films contain more grain boundaries than 

higher mobility samples, thereby resulting in increased trapping[43]. In comparing the 

mobility plots for the high mobility (Figure 2.9) and very low mobility pentacene (Figure 
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2.7), it can be seen that the mobility shifts become smaller with increasing temperature in 

both devices. This may be related to the analyte molecules having more kinetic energy at 

higher temperatures, decreasing the time the molecules interact at the semiconductor 

surface and semiconductor-insulator interface. A closer look at the data reveals that 

greater mobility shifts are exhibited with increasing concentration for the very low 

mobility sample, which may be indicative of the influence of morphology on the partition 

coefficient.  The increased trap depths cannot be directly correlated with polarization 

induced energy shifts since only a fraction of the charge carriers, which are located at 

grain boundaries or at the dielectric-semiconductor interface, are interacting with the 

polar analyte molecules.  Furthermore, the mobility reduction is due to enhanced barrier 

heights at grain boundaries due to local Fermi level shifts resulting from trapping. 

2.6 SUMMARY 

The data for the pentacene FETs with mobilities ranging from 0.001 cm2/V-s to 

0.5 cm2/V-s shows that regardless of the transport mechanism, there is a decrease in 

mobility with increasing ethanol vapor concentration, indicating trapping effects.   We 

believe this phenomenon occurs due to the charge carrier interaction with the polar 

environment upon analyte exposure.  In addition, there is evidence that the partition 

coefficient is dependent on the morphology. The more disordered, lower mobility sample 

exhibits the largest energy shifts. 
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Chapter 3:  Dipole Polarization Effects on Sensing Transport 

In the last 10 years much research has been done on utilizing organic field effect 

transistors as chemical and vapor sensors due to their ability to exhibit a sensing response 

by shifts in various properties such as the current, mobility, and threshold voltage.  In 

large scale organic field effect (OFET) devices such as the ones employed in this study 

where the channel length Is on the order of 50 μm, charge transport is limited by 

localized charges at the grain boundaries. Typically, lower mobility devices are 

characterized by having more grain boundaries [43].  The grain boundaries result in 

potential barriers for mobile charges to move along the channel to the drain.  These grain 

boundaries also provide access points for a polar molecule to interact with a charge 

carrier in the vicinity and increase its potential barrier by increasing its trap energy.  This 

potential barrier leads to a decrease in mobility and a current decrease, which has been 

reported by various groups [30, 32, 44-46].  Although this is common for polar analytes, 

current increases can occur for devices with low carrier densities [47]. Previous work has 

also been done on nanoscale OFETs where the channel length is on the order of the grain 

size or smaller[31, 34]. It was shown that charge transport was dominated by injection 

through a Schottky barrier and the interface dipole at the contact interface.  The analyte 

molecules diffuse near the source and drain metal contacts, modulating the carrier 

injection.  Although there have been many reports on the use of OFETs as sensing 

devices, the trapping and transport mechanism are still not well understood.  

The molecular parameters which dictate the nature and magnitude of molecular 

interaction forces include the ionization potential Ig, electron affinity AG, molecular 

polarizability tensor βi, and the presence of a permanent dipole or quadrapole moment 

[17].  These parameters in particular determine the polarization energy of the lattice by 
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charge carriers; and in our case includes the presence of an analyte with a permanent 

dipole moment.  An advantage for organic semiconductor based FETs is the ability to 

functionalize the polymer chains to obtain selectivity for specific analytes. [30, 32, 45, 

46, 48] The addition of the added functional groups to certain polymers like P3HT or a 

heteroatom like Cu in copper phthalocyanine add some complexity to analyzing the 

influence of vapor exposure on the systems transport and trapping mechanism. Pentacene 

offers a more simple approach to study the interaction of polar analytes in terms of field-

induced polarization.  This chapter describes the results for pentacene exposed to various 

analytes (polar and non-polar) and correlates their dipole moments to the output response. 

Also included are the potential effects of the molecular structure or bond angles on the 

ability to penetrate deeper into the grain boundaries.   

3.1 POLARIZATION OF A MOLECULE RELATED TO THE DIPOLE MOMENT 

It is well known that the origin of the electrical and optical properties of organic 

semiconductors comes from the presence of delocalized π-electron orbitals. Polarizability 

relates to the ability of the electrons to respond to a changing electric field.  Relative 

polarizability depends on how loosely the electrons are held.    

A non-polar molecule such as pentacene may acquire a temporary induced dipole 

moment as result of the influence of a nearby charge or polar molecule which generates 

an electric field.  This field distorts the electron distribution of the molecule leading to the 

induction of an electric dipole [49].  The following equation related the magnitude of the 

induced dipole moment to the strength of the electric field, E. 

! = !" 

where ! is the proportionality constant representing the polarizability of the molecule.  If 

the molecule has a large polarizability, a larger amount of distortion can be caused by the 
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strength of an electric field.  Molecules that have more tightly bound electrons will have a 

lower polarizability then a molecule such as the benzene ring where the electrons are 

some distance form the nucleus.  The polarizability of organic semiconductors is variable 

and is dependent on various attributes such as the packing density and orientation of the 

molecules with the field.  Kanai et al. conducted a study on the annealing effects of the 

electronic properties of poly-3-hexylthiophene and found that the polarization energy 

increases with annealing, decreasing the band gap [50].  Many of the analytes used in 

various studies thus far are dipolar species with moderate dipole moments that can induce 

local fields at the organic semiconductor interface.    

 A polar molecule such as ethanol can induce a dipole moment in a polarizable 

molecule because the partial charges produce an electric field that distorts the second 

molecule.  Generally this involves the attraction of an induced dipole interaction with the 

permanent dipole of the first molecule but in terms of an OFET sensor is related to the 

attraction between the permanent dipole of a polar analyte and the charge in the vicinity 

of a grain boundary.  The dipole induced dipole interaction energy is related by 

! = −
!!!!!
!!!!!

 

where !! is the polarizability of molecule 2 and the negative sign indicates attraction,  

!!!  is the dipole moment of the first molecule, r is the distance, and the permittivity of the 

gas systems is ~1 for a nitrogen medium.  Table 3.1 lists the calculated values for the 

dipole moments and vapor pressures of tested polar analytes with pentacene which has a 

polarization energy of ~1.5 eV.  If the distance r and permittivity of the medium are the 

same (N2 for these systems), along with the same polarizable material (pentacene), then 

the strength of the attraction has a direct relationship with the dipole moment which 
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becomes stronger with electron donating or withdrawing groups or atoms such as oxygen 

which is electronegative. 

 
Analyte Gas phase dipole moment (Debye) Vapor Pressure (mmHg) 

Ethyl Acetate 1.781 D 76 @ 20 C 

Ethanol 1.691 D 40 @19 C 

Cyclohexane 0.609 D 100 @ 25.5 C 

Styrene 0.13 D 5 @20 C 

Table 3.1: Dipole moments and vapor pressures for various polar analytes.  

From these values we have the ability to estimate the ability of the analyte to produce a 

shift in the output properties (decrease in mobility or current).  Although one can infer 

that the ethyl acetate should produce shifts similar to ethanol, this is not the case and 

leads to the necessity to consider other factors such as the molecular structure and the 

sticking coefficient at the surface.  Crone et al. tested analytes with vapor pressures of 

various magnitudes, but that did not produce a linear relationship to the sticking[8]. This 

occurrence may be related to the molecular structure of the analytes leading to the 

nonlinear relationships.  The structure of the polar molecules will align depending on the 

presence of the atoms and the bond angles they form with each other.  

 The pentacene devices used for the following experiments were fabricated by 

subliming 350 Å of pentacene at an evaporation rate of 0.1 A/s on top of SiO2 which was 

thermally grown on an n-type doped silicon substrate.  Electrical characterization was 

performed in a static head-space using a Desert Cryogenics probe station, which has 

inlets connected to ethanol-in-nitrogen and nitrogen gas cylinders.  At each temperature, 

the system was pumped down to ~3 x 10-3 Torr and analyte-in-nitrogen mixtures were 
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diluted with appropriate amounts of pure nitrogen to obtain the desired concentration.  

The concentrations used for each analyte were dependent on the vapor pressure and what 

could be stabilized in a pressurized cylinder.  Electrical measurements were made with an 

Agilent 4155C parameter analyzer. Temperature control was provided by a Lakeshore 

331 controller.  All measurements were made in the dark with the pressure, 

concentration, and number of molecules kept consistent at each temperature. 

3.2 ETHANOL 

 Ethanol is a polar molecule with the molecular structure shown in figure 3.1. 

 

 

Figure 3.1 Molecular structure of ethanol 

The dipole moment of 1.691 D arises from the electronegative oxygen atom, 

which attracts the electrons of the molecule producing a partial negative charge near the 

oxygen atom and partial positive charge on the opposite end of the molecule. The data in 

Figure 2.2 shows the mobility shifts for ethanol with increasing temperature.   
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Figure 3.2 Ethanol mobilities for concentrations increasing from pure N2 to 500 ppm and 
recycled back to nitrogen (N2R) at 280 K. Reprinted with permission from 
[35].  Copyright 2011, American Institute of Physics. 

The mobility for this pentacene device is ~1.0x10-3 cm2/V-s at room temperature 

under vacuum.  The device exhibits thermally activated transport with mobility 

increasing with increasing temperature but decreasing mobility with increasing ethanol 

concentration.  This indicates trapping effects, and the ability of the polar ethanol 

molecule to form an electric field with the positive charge in the vicinity of the grain 

boundary producing a greater potential barrier for the charge to hop to the next grain 

boundary.  The activation energies obtained from the temperature dependent mobility 

data are shown in the next figure exhibiting an increase in energy with increasing 

concentration.  Figure 3.4 shows the transfer characteristic with shift towards more 

negative voltages with increasing ethanol concentration. 

 

0.0032 0.0033 0.0034 0.0035 0.0036

-8.0

-7.8

-7.6

-7.4

-7.2

-7.0

-6.8  N2

 100ppm 

 200ppm

 500ppm

 N2R

ln
(µ

)

1/T(K-1)



 45 

 

Figure 3.3 Ethanol activation energies form concentrations from pure N2 (0 ppm) to 
500ppm. Reprinted with permission from [35].  Copyright 2011, American 
Institute of Physics. 

 

Figure 3.4 Transfer characteristic plot for pentacene exposed to ethanol from pure 
nitrogen to 500 ppm ethanol in nitrogen at 280 K.   
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Figure 3.5 shows the plots for ID vs. VD at VG=-10V (top) and VG =-50V (bottom).   

At VG=-10V and VD=-40V the current decreases compared to N2 are ~11% at 100 ppm, 

18% at 200 ppm, and 23% at 500 ppm.  At VG=-50V and VD=-40V the current decreases 

compared to N2 are ~6% at 100 ppm, 10% at 200 ppm, and 17% at 500 ppm.  The device 

is in saturation at these gate voltages and exhibits more sensitivity at VG=-10 when the 

device has a low carrier density.   
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Figure 3.5 IDVD plots for pentacene exposed to ethanol at VG=-10 V (top) and VG=-50 V 
(bottom) at 280 K.   

3.3 ETHYL ACETATE 

Like ethanol, ethyl acetate has electronegative oxygen atoms connected to 

carbons but its base is an ester (R-COO-R). Although it has a slightly higher dipole 

moment then ethanol, the ester functional group itself is less polar and lacks the ability to 

hydrogen bond.  The ethyl acetate structure is shown in figure 3.6.    
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Figure 3.6 Ethyl acetate molecular structure, oxygen atoms are red, carbons are blue, and 
the hydrogens are white[51]. 

Temperature dependent data is plotted in figure 3.7 and was first taken at 

temperatures between 280-320 K, showing concentrations up to 50 ppm. Compared to the 

ethanol data, the mobility shifts are small and overlap more with increasing temperature.  

This suggests that the ethyl acetate is not sticking to the pentacene surface and does not 

have a strong an interaction like ethanol.  The sticking was investigated further by taking 

data at lower temperatures between 250 K and 280 K.  The low temperature of 250 K was 

near the limit for ethyl acetate condensing on to the pentacene surface. The mobilities 

increased from the value for pure N2 indicating that a small amount of condensation was 

occurring at the surface. This data is shown at the bottom of figure 3.8. 
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Figure 3.7 Temperature dependent mobility plot for ethyl acetate (top) from 280 K to 320 
K and (bottom) 250 K to 280 K. 

Activation energies were extracted for the concentrations up to 100 ppm based on 

the temperature dependent mobilites from 260 K to 290 K, neglecting the point at 250 K 

due to the condensation reaction occurring at the surface which screens out the vapor 

sensing response.  The plot of the activation energies is shown below and exhibits an 

increase with increasing concentration.   
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Figure 3.8 Activation energies for ethyl acetate from pure N2 (0 ppm) to 100 ppm. 

Although it has a similar interaction energy to ethanol using the same value of r, 

the ethyl acetate does not have the threshold voltage shift which would effect the current 

shift.  The transfer characteristic is shown in figure 3.9 and exhibits no shifts with 

increasing concentration.  Keep in mind that the analytes have the same measurement 

conditions and similar dipole moments, but ethanol and ethyl acetate differ in structure.  

Torsi et al. have reported on a field effect chiral sensor, which has the capability to detect 

chiral molecules [52].   A chiral molecule is defined as one that is not identical with its 

mirror image, which have properties that can exhibit large variations when interacting 

with another molecule.  They were able to obtain different shifts in current decreases with 

the enantiomers of citronell when exposed to a functionalized OFET device.  These 

enantiomers have the same dipole moments but their vectors are different leading to a 

different interaction with the OFET active region.  
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Figure 3.9 Transfer characteristic at VD=-10V for ethyl acetate at 280 K. 

At 280 K the ethyl acetate exhibits different effects at VG=-10 V and VG=-50 V as 

shown in Figures 3.10 and 3.11.  At VG=-10 V, there is a slight shift (~1.3%) with the 

curves overlapping and slightly increasing at 100 ppm. The data at VG=-50 V exhibits a 

stronger shift of 7% for 25 ppm, 8.5% for 50 ppm, 3.3% for 100 ppm. At 100 ppm the 

current slightly increases from the values at 25 ppm.  
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Figure 3.10 ID vs. VD for ethyl acetate at 280 K for VG =-10 V. 

 

 

Figure 3.11 ID vs. VD for ethyl acetate at 280 K for VG=-50 V. 
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3.4 CYCLOHEXANE 

 Cyclohexane is a nonpolar molecule (Figure 3.12) lacking the electronegative 

oxygen atom that exists in ethanol and ethyl acetate leading to its smaller dipole moment.  

Unlike the other analytes cyclohexane is unique because of its ability to achieve various 

conformations while maintaining the stability of its chemical bonds, favoring bond angles 

of 109 degrees over a flat hexagonal shape.   Its two chair conformations have the lowest 

total energy and are the most stable.  Because of this, the molecule has a small dipole 

moment and a smaller interaction energy with pentacene leading to little or no response.   

 

 

Figure 3.12  Cyclohexane structures: (left) flat hexagonal shape, (middle) chair 
conformation, (right) volume structure. 

The mobilities for temperatures between 280 K and 310 K are plotted in Figure 

3.13.  The shifts are very small and there is some overlap, especially at the higher 

temperatures. The transfer characteristic, Figure 3.14 also exhibits little variation with 

overlapping currents with increasing concentration. 
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Figure 3.13 Temperature dependent mobility plot for cyclohexane for temperatures 
between 280 K and 310 K. 
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Figure 3.14 Transfer characteristic plot for cyclohexane at VD=-10 V. 

The current shifts are also small (Figure 3.15), at VG=-10 V the shifts are 0.5% at 

25 ppm, 1.5% at 50 ppm, and 2.25% at 100 ppm.  At VG=-50 V the current shifts are 

0.65% at 25 ppm, 0.44% at 50 ppm, and 0.86% at 100 ppm.  These small shifts are most 

likely within the noise of the device and exhibit the limited interaction energy between 

cyclohexane and pentacene due to its nonpolar qualities and small dipole moment. 
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Figure 3.15 ID vs. VD plots for cyclohexane at (top) VG=-10 V and (bottom)VG=-50 V 

3.5 STYRENE 

 Like cyclohexane, styrene is a nonpolar molecule with a small dipole moment of 

0.13 D.  As shown in its structure (Figure 3.16), it is made up of pi-bonds, with the pi-

electrons delocalized in the benzene ring, similar to pentacene.  Because of this, styrene 

is a highly polarizable molecule, but lacks a permanent dipole moment.  Like 

cyclohexane, it also lacks an electronegative atom, which can produce a permanent dipole 

and have a strong interaction energy with the pentacene.   
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Figure 3.16 Styrene molecule structure. 

The temperature dependent plot (Figure 3.17) of the mobilities for Styrene from 

280 K to 320 K exhibits no shift that infers a sensing response.  The transfer 

characteristic shown in figure 3.18 also depicts no shifts with increasing concentration.  

 

 

Figure 3.17. Styrene mobilites plotted for temperature between 280 K and 320 K with the 
concentration increasing from pure N2 to 100 ppm styrene and recycled N2 
(N2R). 
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Figure 3.18 Styrene transfer characteristic at 280 K for concentrations increasing from 
pure N2 to 100 ppm. 

The ID vs VD plots at VG =-10 V and VG =-50 V shown in figure 3.19 exhibit a 

slight current decrease at 25 ppm and smaller shifts at 50 ppm and 100 ppm. The current 

decreases by ~4% at 25 ppm in both plots and increase by increasing the concentration.  

Styrene itself is a polarizable molecule with no permanent dipole moment making it 

possible for a charge in the vicinity of the grain to polarize the styrene, and induce a 

dipole moment, which could increase its trap energy and a current reduction.  This 

interaction would not be as strong as ethanol, therefore increasing the concentration could 

cause the more molecular interactions with the styrene molecules themselves and less 

interaction at the pentacene surface. 
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Figure 3.19 ID vs. VD plots for styrene at 280 K for (top) VG =-10 V and                  
(bottom) VG =-50V  

-‐2.5E-‐8	  

-‐2.0E-‐8	  

-‐1.5E-‐8	  

-‐1.0E-‐8	  

-‐5.0E-‐9	  

0.0E+0	  
-‐50	  -‐40	  -‐30	  -‐20	  -‐10	  0	  

I D
	  (A
)	  

VD	  (V)	  

N2	  

25	  ppm	  

50	  ppm	  

100	  ppm	  

VG=-‐10	  V	  

-‐2.5E-‐6	  

-‐2.0E-‐6	  

-‐1.5E-‐6	  

-‐1.0E-‐6	  

-‐5.0E-‐7	  

0.0E+0	  
-‐50	  -‐40	  -‐30	  -‐20	  -‐10	  0	  

I D
	  (A
)	  

VD	  (V)	  

N2	  

25	  ppm	  

50	  ppm	  

100	  ppm	  

VG=-‐50	  V	  



 60 

3.6 SUMMARY 

This work shows the direct relationship between the dipole moments of polar and 

nonpolar analytes and their sensing response.  Ethanol exhibits the strongest response and 

has a moderate dipole moment of 1.69 D. Ethyl Acetate has a slightly larger dipole 

moment but has a smaller response and inability to penetrate the grain sites as well as 

ethanol, possibly due to the nature of its bonding. Cyclohexane and styrene have much 

smaller dipole moments and are not able to produce a significant polarizing field with the 

charge in the vicinity of the grain boundary.  Although styrene has the smallest dipole 

moment it is highly polarizable and there is the possibility that a charge near the grain 

boundary can polarize the molecule and increase its interaction energy. 

 

 

Analyte Ethanol Ethyl Acetate Styrene Cyclohexane 

VG (V) -10 -50 -10 -50 -10 -50 -10 -50 

ΔID% (25ppm) -10.57 -5.81 -1.32 -7.13 -4.22 -4.64 -0.51 -0.65 

ΔID% (50ppm) -18.30 -9.95 -1.31 -8.46 -0.28 +0.64 -1.57 -0.44 

ΔID% (100ppm) -23.20 -17.18 +1.05 -3.38 -1.10 +0.65 -2.25 -0.86 

Table 3.2 Percentage shift in drain currents at 280 K for gate voltages VG =-10 V and 
VG= -50 V.   

The table above summarizes the current shifts for each analyte with the negative 

sign representing a decrease in the current from pure nitrogen and the positive sign an 

increase in current from the pure nitrogen values at VD -40V where the device is in 

saturation at 280 K.  These shifts exhibit carrier concentration effects on the interactions 

with the analyte.  Styrene in particular exhibits unique behavior due to its polarizability. 
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Unlike ethanol and ethyl acetate where they are polarizing a charge at the grain boundary, 

the charge is polarizing the styrene molecule resulting in a current decrease. The current 

reduction becomes less apparent with the increase in concentration possibly due to 

styrene having an increase in its intermolecular interactions.  The data presented in this 

chapter provides insight into the trapping mechanism induced by molecules with different 

dipole moments and polarizabilities.   
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Chapter 4:  Receptor/Analyte Interactions 

Various methods have been employed to increase the uptake and selectivity of 

organic semiconductors with various analytes, such as changing polymer functional 

groups and using metallophthalocyanines. In works published by Torsi et al.,they 

demonstrated the importance of an analyte’s side chain length on the sensing response 

[53], the role of polymer side chains [48], and the ability to detect enantiomeric 

molecules [52].  Chang et al. generated a gas sensor array based on printed 

polythiophenes incorporating functional groups in the molecule to produce selectivity.  In 

this chapter, work with copper phthalocyanine is presented along with the incorporation 

of small receptor molecules to increase the partition coefficient and. 

4.1 INTRODUCTION 

Metallophthalcyanines (MPc, M=Cu, Zn, …) are robust organic semiconductors 

which show exceptional thermal and chemical stability [54].  Strong acids and bases have 

little or no effect on these MPcs and they have been shown to undergo no noticeable 

degradation up to several hundred degrees centigrade. The central metal ions in the 

molecule influence its properties and its oxidation and reduction behavior.  Figure 4.1 is 

the general structure of metallophthalocyanines, including CuPc.  Unlike most organic 

semiconductors, MPcs exhibit less device degradation upon exposure to atmosphere. 

Yang et al. reported that CuPc device stability increased after aging in air for 1 month 

and thus used devices aged for six months in their studies [55].   
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Figure 4.1 Metallophthalocyanine molecular structure.  Reprinted from Coordination 
Chemistry Reviews, Vol 178-180, G. Guillad, J. Simon, J. P. Germain 
Metallophthalocyanines: Gas sensors, resistors and field effect transistors, 
P1433-1484, Copyright 1998, with permission from Elsevier. 

MPcs are unique sensors because they provide a versatile chemical system due to 

the ability of the phthalocyanine ring to combine with elements from groups IA to VB on 

the periodic table, leading to more than 70 known MPcs [54].   A study by Bora et al. 

exhibited MPc responses to various analytes [56].  The Zn, Co, Ni, and Cu 

phthalocyanines were exposed to toluene, tetrahydrofan, and acetonitrile.  The 

acetonitrile showed the largest response with each MPc due to its highly electronegative 

triple bonded nitrogen, while the tetrahydrofan had the lowest response, possibly due to 

the nature of its sigma bonds.  Toluene exhibited a greater response than the 

tetrahydrofan, most likely due to it its polarizability from its delocalized bonding, making 

it possible for a positive metal heteroatom to produce an increased interaction energy.  A 

more important result of their experiments is that the device exposure to ethanol 

produced no significant response to ethanol. This is unlike the properties of pentacene 

and other functionalized P3HT devices, where a decrease in current occurs with a 

significant shift in the threshold voltage. The analyte’s interaction with the metal ionis 
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more significant than its ability to perturb the dielectric semiconductor interface.  The 

following figure shows a comparison of toluene and ethanol with a ZnPc device.  Ethanol 

has a more significant response then tolune, most likely due to its lack of 

anelectronegative group, like the hydroxyl group on ethanol. 

 

 

 

Figure 4.2 (top) a) ID vs. VG for VD=-5 and-20V b) ID vs. VD characteristics taken at 
VG= 0, -5, -10, -15, -20, -25 V for a ZnPc transistor. (bottom) a)transient 
response of ZnPc based sensors showing channel modulation during 
exposure to 500 ppm ethanol (VG=-20V and VD=-20V) b)Current 
modulation during toluene exposure (VG=-20V and VD=-20V).  Reprinted 
with permission from [56].  Copyright 2007 American Chemical Society. 
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While the metal heteroatom of the MPcs can add some selectivity to the analyte 

response, the addition of small receptor molecules can increase the ability to discriminate 

between vapors by hydrogen bonding. 

 

4.2 EXPERIMENT 

These devices were fabricated by subliming copper phthalocyanine (Sigma-

Aldrich) onto n-type doped silicon substrates with ~1000A of SiO2 as the gate dielectric.  

The receptor molecules were mixed in a chloroform solution and drop cast onto the 

OFET active region. Device testing occurred using saturated vapors delivered through a 

syringe enclosed with a filter paper dipped in the analyte, with a peristaltic pump 

controlling the air flow.  These devices were tested in ambient conditions. 

4.3 CUPC RESULTS 

Unlike the pentacene used in the previous chapters, CuPc deposited using UHV 

deposition exhibits an increase in surface roughness (more grain boundaries) with 

increasing substrate temperature.  In the previous pentacene devices, heating the substrate 

to 70 oC (343 K) produced large grains. The CuPc samples in the work by Grzadziel et al 

exhibited large grains at room temperature and smaller grains at 340K [57].  Like 

granular pentacene, the transport is trap limited although sensing is based on the 

interaction energy of the analytes with the metal heteroatom. For MPc FET sensors, the 

grain size does not affect the device sensitivity, as seen in pentacene and thiophene 

devices [55].  The gas absorption does occur at the air/organic interface, but absorption at 

the grain boundaries has little effect.  Although Yang et al. [55] relate the sensitivity of 

the MPc bases sensors to tight and weak binding analytes, this is a direct correlation to 

the dipole moment of the molecule, with the molecules with the higher dipole moments 
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producing a larger response in the OFET sensors.  This is similar to the work done in 

chapter 3.  In their study, using CoPc ethyl acetate and toluene produced very small 

current decreases, while the more dipolar molecules of diisopropyl methylphosphonate 

and nitrobenze produced stronger responses.  When the polar analyte interacts or weakly 

binds to the metal and there is a decrease in current indicating an increase in trapping.  

The binding would increase the polarization energy near the metal sites, perturbing the π-

π stacking, similar to an analyte molecule interacting at the grain boundaries in 

pentacene.   

The analytes tested in this study are shown in figure 4.3.  These analytes include 

ethanol, propanol, pentanol, 2-heptanone and allyl propionate.  The vapor pressures of the 

data are listed in Table 4.1. 

 

 

Figure 4.3 Tested analytes: 1) heptanone 2) allyl propionate 3) pentanol 4) proponal 5) 
ethanol. 

Analyte Heptanone Allyl propionate Pentanol Propanol Ethanol 
Vapor Pressure 
(mmHg @25 C) 1.6 13.9 1.6 40 60 

Table 4.1 Analyte vapor pressures  

1 2 

3 4 

5 
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The data presented in the following figure exhibits the dynamic response of the 

analytes with CuPc.  The allyl propionate and heptanone molecules seem to initially dope 

the channel, causing a current increase in the first 20 to 30s of exposure.  After this time, 

the molecules are able to diffuse into the grain boundaries, increasing the potential barrier 

and causing a reduction in current.  The data also indicate the effect of vapor pressure for 

each analyte.  Heptanone and pentanol both have low vapor pressures (1.6 g mmHg at 25 

C) and exhibit the smallest responses.  Heptanone is a more polar molecule than ethanol 

and should have a larger response.  
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Figure 4.4 Normalized currents for various analytes with exposure starting at 15 
seconds[58]. 

4.4 RECEPTOR RESPONSES 

Small receptor molecules offer a novel method for increasing the sensitivity of 

OFET sensors without adjusting the polymers through functional group and side chain 

additions.  The receptors can be solution deposited on top of the semiconductor in the 
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OFET in the active region or incorporated into the film by mixing it with a polymer 

solution before spin coating.  The receptors used in this study are shown in Figure 4.5. 

 

 

Figure 4.5. Receptor molecules: Circle A, Circle K, Circle U, and Cavitand. 

The Circle A, K, and U receptors work though hydrogen bonding with the analyte 

molecules, as shown in figure 4.6.  These molecules have electronegative nitrogen atoms, 

which draw the electrons of their covalently bonded neighbors. In these cases, the 

nitrogen atoms draw electrons from their bound carbons and hydrogen atoms.  This 

leaves the hydrogen atom with a slightly positive charge and the ability to form a strong 

interaction with the electronegative end of the analyte molecules, like the oxygen atoms 

on alcohols, ketones, aldehydes, and esters.  The hydrogen bonding will induce a shift in 

the dipole moment of the receptor, causing a shift in the interaction energy and leading to 

an increase the potential barrier for carriers at those sites. 
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Figure 4.6 Circle A hydrogen bonds to a carboxylic acid. The electronegative double 
bonded oxygen interacts with the nitrogen bound hydrogens and the 
nitrogen bound to two carbons can interact with the hydrogen of the 
hydroxyl group[58].   

Data for the interaction of the Circle A and K receptor is shown in figures 4.8 and 

4.9. For both receptors, allyl propionate and heptanone have stronger responses than the 

devices exposed to alcohols.  Both analytes are ketones and have the double bonded 

oxygen that can interact with the two nitrogen bound hydrogens of the receptors.  

Gaussian software was used to simulate the interaction between the receptor and lactic 

acid, which is a carboxylic acid (Figure 4.7).  The direction of polarity for a polar bond is 

symbolized by a vector quantity. The arrowhead is the negative end and the opposing end 

is positive.  The simulation showed a shift in the direction and magnitude of the dipole 

moment.  This dipole moment increased from 3.09 D for the receptor to 4.55 D with the 

addition of the lactic acid. The increased dipole moment would increase the potential 

barrier for charges near the receptor molecule and result in a current decrease.  Although 

not show here, the large increase in dipole moment could also lead to a shift in the 

threshold voltage. 
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Figure 4.7 (Left) Circle A receptor shown with its dipole vector. (Right) Circle A 
interacting with lactic acid and shown with the shifted dipole vector. 

The devices exposed to alcohol exhibit a larger response with the Circle A 

receptor than the Circle K receptor because of the nitrogen bond in the aryl ring is fairly 

negative and forms a strong interaction. The device exposed to alcohol also induces a 

slight increase in the initial response but begins to decrease after a few seconds. This may 

be due to the time needed for the analytes to percolate to the receptor and form a strong 

interaction, resulting in the decrease in current.  The Circle K response shows a larger 

current increase for the devices exposed to alcohol, which lasts approximately 15 

seconds, followed by a 30% to 50% decrease in current.   
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Figure 4.7 Circle A receptor data for the device exposure to heptanone, allyl propionate, 
pentanol, propanol, and ethanol.  The forward bias is the established 
baseline[58]. 

 

 

Figure 4.8 Circle K receptor data for the device exposure to heptanone, allyl propionate, 
petnanol, propanol, and ethanol.  The forward bias is the established 
baseline[58]. 
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Unlike the Circle A and Circle K receptors, Circle U lacks the alkane side chains 

that make them soluble in organic solvents and interact with the hydrophobic (non-polar) 

CuPc surface.  The lack of alkane side chains can also affect the receptors’ ordering on 

the surface, making it harder for the analytes to diffuse into the receptor sites.  The circle 

U contains the two amines, which can hydrogen bond to the carbonyl group of the ketone 

analytes, yet their response is less than that of the Circle A receptor. There are also two 

nitrogen atoms which can act interact with the hydroxyl group of the pentanol, but this 

response is also weaker thanthe Circle A response.  The device exposed to alcohol  also 

has the initial current increase that was seen with circle K and the heptanone exhibits a 

slight initial increase as well, as seen with its CuPc response.   

 

Figure 4.9 Circle U on CuPc exposed to heptanone, pentanol, and allyl propionate[58]. 

The cavitand receptor is unlike the previously mentioned receptors, due to the 

way it interacts with the analytes. Cavitands are individual host molecules possessing an 

intrinsic cavity, forming a molecular container. Inclusion of individual guest molecules 
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(analytes) within the cavitand form a cavitate [59]. This cavitand receptor has the ability 

to control the guest-host interactions based on its shape and internal chemistry.  When 

properly derivatized, the cavitands present functional groups to guests and impose 

specific interactions to induce a signal shift [60].  The cavitand guest/host interactions are 

illustrated in the following figure.  The resocinarane cavitand interacts with a 

paracyclophane molecule through π interactions [60]. 

 

Figure 4.10 A cavitand forming a cavitate with a paracyclophane molecule[60] 

The primary point of interaction for the analytes is the apolar aryl region, with no 

hydrogen binding site like those of the circle A, K and U receptors. The data for this 

receptor, shown in figure 4.11, indicates a strong response with the ethanol and pentanol 

molecules, which have hydrocarbon to π bond interactions. Heptanone also exhibits a 70 

% decrease in current, an increase from the 30% decrease shown in the CuPc response. 

The 2-propanol has less of a response, most likely due to the hydroxyl group being on the 

second carbon instead of the first, inhibiting its ability to percolate into the cavitand.  The 

data for the bare CuPc and receptor devices is summarized in figure 4.13.  The current 

decreases exhibited are dependent on the chemical interaction between the receptor and 

the analyte. While bare CuPc indicates the effects of vapor pressure on the current 
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decrease, the receptors show the ability to provide a stronger interaction, which helps 

hold the analyte and produce a larger shift. This is exhibited in the heptanone 

response,which shows a 33% shift for bare CuPc but shifts upward to 90% for the 

receptors.   

 

Figure 4.12 Sensing response of the CuPc functionalized with the cavitand receptor 
exposed to heptanone, 2-propanol, pentanol, ethanol, and allyl propionate 
analytes[58]. 
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Figure 4.13 Percent decreases in ID for analyte exposed devices with bare CuPc and CuPc 
with the various receptors. 

4.5 SUMMARY 

The small molecule receptors offer the ability to tune the responses of the organic 

semiconductors to various analytes.  The signal enhancement is achieved without adding 

any complexity to the device fabrication; the receptors are put into a solution and easily 

deposited through drop casting on the transistors.  This work provides an initial platform 

for understanding the device response, but more work needs to be done to provide more 

quantitative data and specifics of the receptor/analyte interaction and the receptor/organic 

semiconductor interaction. 
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Chapter 5:  Aqueous Sensing 

Organic thin film transistors (OTFTs) offer ideal platforms for low-cost, single 

use chemical or biochemical sensors.  As with vapor sensing, these organic 

semiconductors are highly tunable, with selectivity based on functionalization of the 

semiconductor itself and the use of receptor molecules.  Although various groups have 

proven the use of the OTFT platform for sensing pH [61] and biomolecules [62-65], the 

mechanism is still not well understood.  Water is a complex environment and can cause 

system instability and ionic screening effects for weak acids and bases. In this chapter, 

we investigate the transport and trapping mechanism in the aqueous environment.  

5.1 INTRODUCTION 

The non-covalent interactions responsible for the strength and specificity of 

recognition among biomolecules are influenced by the solvation parameters of water and 

its ability to form hydrogen bonds [66].  The hydrogen bonds and ionic, hydrophobic, and 

Van der Waals interactions are individually weak, but collectively can have a strong 

influence on biomolecular structures and interactions. Their weak interaction strength is 

usually in the range of 1-30 kJ/ mol, compared to a covalent bond, which is around 350 

kJ/ mol. The non-covalent interactions are reversible, as the bonds may constantly form 

and break.  

The hydrogen bond itself is 10% covalent, due to overlaps in bonding orbitals, 

and about 90% electrostatic [66].  At any given time, most of the molecules in liquid 

water are engaged in hydrogen bonding, but the lifetime is on the order of picoseconds. 

Upon breaking, a new hydrogen bond forms with the same partner or a new one. Because 



 77 

of the molecule’s tetrahedral form, each one can form hydrogen bonds with as many as 

four neighboring water molecules, shown in figure 5.1.   

 

Figure 5.1 Hydrogen bonding in water; a single water molecule can hydrogen bond with 
up to four other water molecules[67]. 

Water forms hydrogen bonds with polar solutes.  Hydrogen atoms covalently 

bonded to carbon atoms do not participate in hydrogen bonding because of the bond’s 

weak polar properties.  The bonds are also highly directional and capable of holding onto 

hydrogen bonded molecules or groups in specific arrangements, which can lead to the 

very precise structures of proteins and nucleic acids.   

5.1.1 OTFT Under Aqueous Conditions 

The adaption for organic electronics as biosensors is complex due to the need to 

provide stable operation in an aqueous environment.  Water molecules have a slight 

tendency to undergo reversible ionization to yield a hydrogen ion (a proton, H+) and a 
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hydroxide ion (OH-). Although it is referred to as a hydrogen ion, it generally exists as a 

hydronium ion (H3O+).  Pure water carries electrical current as the hydronium ions move 

toward the cathode and the hydroxide ions move toward the anode. These ions move 

faster than other ions like Na+, K+, and Cl-, with the ionic mobility stemming from a kind 

of “proton hopping”, which moves faster than diffusion [66].  Because of the ease with 

which water undergoes ionization, key parameters consider are low voltages, protecting 

the electrodes with a hydrophobic coating, and an organic semiconductor that does not 

delaminate and provides stable operation under water.  

Another key aspect in biosensing is that two molecules can attract or repel each 

other through a third medium, such as water.  The force of interaction for repulsion or 

attraction strongly depends on the van der Waals forces between the molecules in water. 

For the sensing environment, this involves the interaction between the analyte species 

and the organic semiconducting active layer of the transistor.  An example is shown in 

Figure 5.2.  Water molecules will initially interact with the analyte and the grain 

boundaries of the organic semiconductor separately, with the water molecules forming an 

ordered shell of sorts. The binding or interaction of the two during device operation will 

release some of the ordered water and the increase in entropy of the system will provide a 

push for the two polar regions to interact.  Similar to the vapor sensing mechanism, the 

interaction of the more negatively charged end of the analyte will form a strong 

interaction with the charge in the vicinity of the grain boundary, increasing the charge 

trapping and potential barrier. 
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Figure 5.2 (Left) Water forms an ordered surface at the grain boundaries of the organic 
semiconductor (OS) and with the analyte. (Right) As the analyte molecule 
gets closer to the grain boundary, some of the ordered water molecules are 
released, increasing the system’s entropy and leading to a push for the 
interaction of the partial negative region of the analyte molecule to form a 
strong dipolar interaction with a charge in the vicinity of the grain boundary. 

Someya et al. were the first to show the sensing ability using the OTFT platform 

under aqueous conditions [65].  A silane treatment was used to stop delamination of the 

organic semiconductor from the SiO2 gate dielectric and a hydrophobic coating was used 

to protect the source and drain electrodes from the water during device operation.  If the 

electrodes are exposed to water, the biomolecule sensing signal is overwhelmed by the 

ionic current through the water.  This research led to the first study of the operation of 

OFETs under an aqueous solution, testing the device with water, lactic acid, and glucose 

[65].  Figure 5.3A is an example of the sensing response of an OFET with copper 

phthalocyanine (CuPc) responding to lactic acid.  This figure depicts a reduction in 

current, which could be correlated to an increasing lactic acid concentration.  Figure 5.3B 
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shows the ID obtained for CuPc device operation with air, water and lactic acid over time.  

The data shows the analyte primarily affects the FET mobility rather than a shift in the 

threshold voltage [65].   

 

Figure 5.3 A) Drain current (ID) as a function of time for testing of analytes with 10 µM 
to 2 mM concentrations. B) The square roots of Id for a CuPc device plotted 
as a function of gate voltage VG under air, water, and the lactic acid analyte.  
Reprinted with permission from [65].  Copyright 2002 American Chemical 
Society. 

5.2 EXPERIMENT 

Copper phthalocyanine was thermally evaporated on an n-type doped silicon 

substrate with 1600 Å of thermally grown oxide.  A fluorinated polymer, Cytop, was 

used to protect the electrodes, which were 500 μm wide with an inter-electrode spacing 

of 300 μm.  The Cytop was deposited on top of the gold electrodes with a picospritzer 

leaving a narrow channel for the analyte to interact with the semiconductor, as shown in 

Figure 5.4.  This provided a robust method for keeping analyte solutions in the active 

region of the device.  During testing, using an air probe station combined with the HP 

4155 analyzer, a syringe was placed over the active region and a gate voltage from 0 to -

20 V and VD from 0 to -20 V was applied to a device.  
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Figure 5.4 Cytop coating on top of source and drain electrodes to inhibit ionic current 
through water. 

In later tests, microfluidics were used to keep the analyte solution within the 

channel and provide better control over the concentration of and switching between 

analyte solutions. With the previous method of using a syringe to drop the solution, issues 

arose due to the hydrophobic nature of the CuPc and Cytop coated electrodes, in which 

the high surface tension would force the analyte solution out of the channel.  An 

illustration of the microfluidic device is shown in figure 5.5.  A microfluidic mold was 

fabricated using a lithography process and SU-8 photoresist.  After developing the 

photoresist, a mold is left with the features to be imprinted in polydimethyl siloxane 

(PDMS).   
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Figure 5.5 Microfluidic channel illustration 

5.2 LACTIC ACID 

Lactic acid is a weak acid and reacts with water to form its conjugate base (the 

lactate ion) and a hydronium ion in water.  This is a reversible reaction, where HA is an 

acid, H+ is the hydronium ion, and A- is the conjugate base.   The tendency of any acid 

( !" ) to lose a proton ( !! ) and form the conjugate based ( !! ) is defined by Keq for 

the reversible reaction below: 

!"   ↔   !! + !! 

!!" =
!! !!

!" = !! 
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where Ka is the dissociation constant.  Therefore, for lactic acid in an aqueous solution, 

the measured response comes from the interaction with the lactate ion and the hydronium 

ions.  This is shown in the following figure, where the water molecule interacts with the 

circled hydroxyl group of the lactic acid molecule in a reversible reaction to form the 

lactate ion and the hydronium ion.  For sensing, it is important to maintain a more neutral 

pH; if the solution becomes too acidic due to an increase in the acid concentration, a 

buildup of more hydronium ions can effectively screen out the signal from the interaction 

of the lactate ion, or in the case of CuPc, it becomes possible to leach out the copper 

heteroatom.  

 

 

Figure 5.6 (left) Lactic acid structure with a hydroxyl group that interacts with water 
molecules is circled.  (right) The chemical reaction between lactic acid and 
water, which reversibly forms lactate ions and hydronium ions. 

The initial work with lactic acid was done using a device with a channel defined 

by a hydrophobic Cytop coating on the source and drain electrodes.  The coating, 

combined with the hydrophobic nature of CuPc, provided some difficulty in maintaining 

a water droplet in the well during testing.  The high surface tension would eventually 

force the water out of the well. This is exhibited in Figure 5.7.  When exposed to a high 
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lactic acid concentration (9.5 M), the current exhibited a 20% decrease, indicating there is 

a strong interaction with the highly polar lactate ion, which increases the polarization 

energy at the grain boundary, inducing carrier-trapping effects.   

 

 

 

Figure 5.7 (top) CuPc device exposure to water. (bottom)Device exposure to a 9.5M 
solution of lactic acid.  
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Similar results were also obtained for microfluidic devices, where there was better 

control of the analyte solution over the channel.  Upon exposure to deionized water, there 

was a current increase, which may be due to the hydrophobic nature of CuPc.  When the 

device was exposed to a 2.0 mM solution of lactic acid, there was a current decrease, 

indicating the device interaction with the lactate ions.  In a weak acid solution like lactic 

acid, it is important to note the pH, due to the fact that sensing of lactic acid itself is 

relative to the measured response with the lactate ion, which is also indicative of the 

hydronium ions present in the solution.  Figure 5.8 and 5.9, show the dynamic device 

response to water and lactic acid, while figure 5.10 shows the response going from air to 

deionized (DI) water to lactic acid. 

 

 

Figure 5.8 CuPc device exposed to DI water. 
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Figure 5.9 CuPc device exposed to 2.0 mM lactic acid; a current increase occurs at the 
start of the pump, possibly due to hydronium ion interaction. 

 

Figure 5.10 CuPc device first exposed to DI water to establish a baseline and the to a 2.0 
mM lactic acid solution. 
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Another difficulty that arises when using microfluidics is the effect of flow 

dynamics on the measurement.  There has to be a low enough flow rate to provide 

enough time for the analyte to interact with the semiconducting surface.  This is 

especially relevant when the solution has more than one molecule, which can interact 

with the surface.  As with the lactic acid solution, there are hydronium ions present with 

the lactate ions.  In the following data plots, the flow was not low enough to allow the 

lactate ions to from a strong interaction at the grain boundaries. Instead, the hydronium 

ions were more favored, increasing the current when the device went from water to an 

increasing lactic acid concentration. 

 

 

Figure 5.11 Microfluidic device interaction with DI H2O and 2.0 mM and 20.0 mM lactic 
acid (LA) concentrations with a high flow rate. 
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5.3 GLUCOSE 

Various groups have investigated the use of organic semiconductor-based devices 

for glucose sensing [65, 68-70].  Glucose is a polar molecule and has unique 

characteristics, because unlike weak acid solutions like lactic acid, it does not deprotonate 

to form an ion.   Instead, it interacts with water molecules through its 5 hydroxyl groups, 

which shifts its electrostatics and dipolarity (Figure  5.12). 

 

 

Figure 5.12 (Left) Glucose structure. (Right) The hydroxyl groups of the glucose 
molecule interacting with the oxygen atoms of the water molecules. 

In the work done by Someya et al. using an alpha-sexithiophene based OTFT, a 

current decrease was exhibited upon exposure to increasing glucose concentrations in 

water.  For this interaction to occur, it would have to be energetically favorable for at 

least one of the hydroxyl groups to interact with the charge in the vicinity of the grain 
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boundary to increase the polarization energy and induce trapping effects.  Although it has 

not been calculated, this could be compared using the equation from chapter two for the 

interaction energy from a dipole.  The interaction energy for a hydroxyl group from the 

glucose molecule polarizing the charge at the grain boundary would have to be higher 

than the interaction potential with a water molecule.  This seems possible based on the 

data below. 

 

Figure 5.13 An alpha-sexithiophene device exposed to increasing glucose concentrations. 
Reprinted with permission from [65].  Copyright 2002 American Chemical 
Society. 

5.4 SUMMARY 

Water based sensing is possible with organic semiconductor based devices with 

some stability. Initial data indicates trapping effects that are similar to the effects 

exhibited during vapor sensing.  Because the species being tested are of a polar nature 

when in the aqueous phase, the mechanism in which a molecule with a high dipole 

moment can interact with a charge in the vicinity of a grain boundary through 

polarization, increasing the potential barrier for the trapped charge, remains applicable.   
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More experiments need to be done to prove that the extent of the interaction is dependent 

on the magnitude of the dipole moment, similar to the experiments performed with the 

vapor analytes where the number of particles, pressure, volume, and temperature were 

consistent.  This shows that any sensing effects were due to the chemical nature of the 

analytes. 
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