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ABSTRACT!

Organic semiconductors hold a great promise of enabling new technology based on 

low cost and flexible electronic devices. While much work has been done in the field of 

organic semiconductors, the field is still quite immature when compared to that of 

traditional inorganic based devices. More work is required before the full potential of 

organic field effect transistors (OFETs), organic light emitting diodes (OLEDs), and 

organic photovoltaics (OPVs) is realized. Among such work, a further development of 

diagnostic tools that characterize charge transport and device robustness more efficiently 

is required. Charge transport in organic semiconductors is limited by the nature of the 

metal-semiconductor interfaces where charge is injected into the semiconductor film and 

the semiconductor-dielectric interface where the charge is accumulated and transported. 

This, combined with that fact that organic semiconductors are especially susceptible to 

having structural defects induced via oxidation, charge transport induced damage, and 

metallization results in a situation where a semiconductor film’s ability to conduct charge 

can degrade over time. This degradation manifests itself in the electrical device 

characteristics of organic based electronic devices. OFETs, for example, may display 

changes in threshold voltage, lowering of charge carrier mobilities, or a decrease in the 

On/Off ratio. All these effects sum together to result in degradation in device 

performance. 

The work begins with a study where matrix assisted pulsed laser deposition (MAPLE), 

an alternative organic semiconductor thin film deposition method, is used to fabricate 

OFETs with improved semiconductor-dielectric interfaces. MAPLE allows for the 
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controlled layer-by-layer growth of the semiconductor film. Devices fabricated using this 

technique are shown to exhibit desirable characteristics that are otherwise only 

achievable with additional surface treatments. MAPLE is shown to be viable alternative 

to other fabrication methods. 

The work continues with a combined electro-optical study of the metal-semiconductor 

interface in OFETs. It is highly desirable that a method that can be used to understand the 

mechanisms of device performance degradation be developed. We demonstrate that the 

surface enhanced Raman (SERS) effect (at the metal-semiconductor interface) can serve 

as such a method. We first show how the Raman spectrum of a pristine pentacene (a 

common organic semiconductor) film is dramatically different from the spectrum 

collected when the film is probed through a metal contact. The spectrum collected from 

the contact region exhibits a change in peak intensities, peak positions, and an overall 

enhancement of signal intensity, all of which are direct evidence of the SERS effect. The 

SERS spectrum is then modeled by first principles density functional theory (DFT). The 

DFT calculations demonstrate that the SERS effect shows an extreme sensitivity to 

disorder in these semiconductor films. 

We further show how the SERS spectrum evolves after the device has been subjected 

to a bias-stress (i.e. applying both gate and drain voltages for an extended period of time). 

Devices that exhibit a strong degradation in performance also feature a concurrent change 

of the SERS spectrum.  On the other hand, we see no change in the SERS spectrum of 

devices that exhibit stable operating characteristics. Thus, we confirm that the SERS 

spectrum can be used as a diagnostic tool for correlating transport properties to structural 

changes, if any, in organic semiconductor films. In conclusion, we develop a non-
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invasive opto-electronic visualization tool that can be used as an in-situ probe to 

characterize charge transport in organic semiconductor devices. 

 !
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1 Introduction!and!Research!Objectives!

Since the first report of a highly conducting organic polymer, polyacetylene, in 1977 

by A.J. Heeger, H. Shirakawa, and Alan G. MacDiamid (Nobel Prize in Chemistry in 

2000)1, the field of organic electronics has grown significantly. Organic electronics are 

electronic devices built using organic semiconductors. These organic semiconductors are 

typically heavily conjugated small molecules or polymers. The heavy conjugation leads 

to a delocalization of π-orbitals, which then serve as the path for electrical conduction. 

The physics of charge carrier conduction for these organic semiconductors is quite 

different than traditional inorganic semiconductors. Nonetheless, parallels can be drawn 

and thus, the device physics, in many ways, for organic devices correlate well with the 

device physics for traditional devices. 

Organic semiconductors hold a great promise of enabling new technology based on 

low cost and flexible electronic devices. While much work has been done in the field 

organic semiconductors, the field is still quite immature when compared to that of 

traditional inorganic based devices. Further work is required before the full potential of 

organic field effect transistor (OFETs), organic light emitting diodes (OLEDs), and 

organic photovoltaics (OPVs) is realized. Among such work, a further development of 

diagnostic tools that characterize charge transport and device robustness more efficiently 

is required. 

This report starts with an overview of the experimental and theoretical methods used 

in the work. Chapter 2 reviews the theoretical background of organic semiconductors and 

OFETs. Chapter 3 discusses the experimental methods used in this work. The dissertation 
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continues in chapter 4 with an investigation of an alternative (to commonly used 

methods) method of semiconductor film deposition and its implications to the dielectric-

semiconductor interface. Chapter 6 details a study in which Raman scattering is used to 

develop a new method of diagnosing disorder at the metal-semiconductor interface in 

OFET fabricated using a vacuum evaporated conjugated molecule. The method is also 

shown to serve as tool to understand the origin of device performance degradation over 

time. In chapter 7, the method developed in the previous chapter is used on OFETs 

fabricated with solution processable polymers, including first OFETs fabricated from a 

series of new diketopyrrolopyrrole based organic semiconductors. These materials are 

shown to be particularly robust and to resist the degradation mechanisms seen in chapter 

6. Finally, chapter 8 contains a brief summary and suggestions for future work. 
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2 Introduction!of!Organic!Field!Effect!Transistors!

2.1 Organic!Semiconductors!

Organic semiconductors are essentially plastics that can be made to conduct. Being 

plastics, these materials generally from soft, flexible, and transparent films. Organic 

semiconductors are typically carbon-based materials that feature a backbone formed by 

the joining of π-conjugated, unsaturated moieties.2  This results in materials that feature 

highly conjugated and delocalized π electrons. These materials may be small molecules 

or polymers, and further may form amorphous or semi-crystalline films.3 However, in 

either case, the film should consist of well-packed molecules thus ensuring 2D electron 

transport within molecular layers.4  

Charge transport in organic semiconductors is fundamentally different than charge 

transport in inorganic semiconductors. Unlike the band transport that is seen in inorganic 

semiconductors, charge transport in organic semiconductors proceeds via a thermally 

assisted hopping mechanism via a Gaussian distribution of electronic states.5 Evidence of 

this is seen in the temperature dependence of charge carrier mobility.6 Thus, unlike 

inorganic semiconductors where conductivity is determined by crystal structure, charge 

transport in organic semiconductors is critically dependent on the packing of chains and 

the density of structural defects.3 

2.1.1 πKconjugation!!

Most organic compounds are insulators. Conjugated π-bonds are what give organic 

semiconductors the unique ability to conduct charge. These materials have alternating 

carbon-carbon double and single bonds. Due to their conjugation, it is generally possible 
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to draw the molecular structure of these compounds in more than one way. Specifically, 

the double bonds and single bonds can be interchanged. This phenomenon, known as 

resonance, shows that the electrons comprising the double bonds (the π-electrons) are not 

localized to specific bonds, but are, in fact, delocalized and may be assigned to more than 

one constituent atom. Thus, these π-electrons constitute a continuous electron density in 

the periodic potential of the carbon nuclei. Now, one may naively think of this material as 

a one-dimensional metal, as the π-electrons (one per carbon atom) partially fill the 

highest occupied band. However, such a one-dimensional metal is unstable, and 

undergoes a transition to a dimerized state.7 This opens a bandgap, giving the material its 

semiconducting properties.  

A special case of π-conjugation occurs in planar ring systems where the delocalization 

is especially pronounced. These systems are said to be aromatic.8 Such aromatic rings 

form the backbones of most commonly used organic semiconducting materials. Figure 

2.1 gives the molecular diagrams of the simplest aromatic ring, benzene. Figure 2.1 (c) 

demonstrates an alternative means of depicting the delocalized π electrons. This 

emphasizes how they are delocalized over the entire ring.  
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Figure 2.1. The molecular structure of benzene. (a) and (b) show two ways of 

depicting the structure. (c) shows an alternate way that emphasizes the delocalization of 

electrons over the entire ring. 

The carbon atoms in conjugated systems are said to be sp2 hybridized. That is to say, 

the 2s orbital has linearly combined with the 2py and the 2pz orbitals to create three 

degenerate sp2 orbitals. The last 2pz orbital remains unaffected. Figure 2.2 shows the 

shape of the atomic orbitals for a carbon atom from the (a) top and (b) side. The sp2 

orbitals, shown in red, are separated by 1200. The 2pz orbitals, shown in green, are offset 

900 from the plane formed by the sp2 orbitals.  
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Figure 2.2. Atomic orbitals for an sp2 hybridized carbon atom shown from (a) above 

and (b) the side.  

The three sp2 orbitals in an sp2 hybridized atom form the single bonds and 2pz orbital 

forms the double bonds. Thus, a carbon atom in a conjugated system will typically be 

bonded to three other atoms, which form a plane and are separated by 1200. In addition, it 

will be double bonded to one of these other atoms. An example of two sp2 hybridized 

carbon atoms forming a double bond in an ethylene molecule is shown in Figure 2.3. 

Figure 2.3 (a) shows how the 2pz orbitals combine in phase to form the π orbital. Each 

carbon atom contributes one electron to the π orbital. The two electrons that comprise the 

orbital are then shared equally between the two atoms. It is important to note that the π 

orbital is the highest lying occupied molecular orbital in this system. The next highest 

orbital (the first unoccupied orbital) is formed by the out of phase combination of the 2pz 

orbitals. It is referred to as the π* anti-bonding orbital. It is shown in Figure 2.3 (b). If an 

electron is added to molecule, it will reside in this orbital. Thus, the hybridization of 

individual 2pz atomic orbitals yield π and π* molecular orbitals 
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Figure 2.3. (a) The in phase combination of two 2pz orbitals form a π orbital. This 

orbital, when filled, comprises a double bond. (b) the out-of-phase combination of two 

2pz orbitals to form a π* orbital. The color depicts the phase of the orbital. 

In the case of large, highly conjugated molecules and polymers, the π and π* orbitals 

are delocalized over the entire backbone of the molecule. These orbitals are labeled as the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), respectively. These orbitals may be separated by only a few electron volts. 

These two orbitals act in a similar manner to the valence and conduction bands in 

traditional inorganic semiconductors. Thus, for the purposes of understanding devices 

such as OFETs, one can start with the well-studied and understood inorganic device 

theory. 

!

2.1.2 Organic!Semiconductor!Materials!Used!!

The work described in this thesis primarily makes use of the three different 

semiconducting materials shown in Figure 2.4-Figure 2.6. Figure 2.4 shows the chemical 

structure of pentacene, a commonly used small molecule. Being a small molecule, it is 

typically thermally evaporated. It forms polycrystalline films in the herringbone structure 
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as seen in Figure 2.4 (b).9 Grazing incidence x-ray spectroscopy has been used to show 

that the film is formed via the growth of single crystal islands on the substrate surface.10 

The islands may be dendritic or faceted, depending on the substrate used, with faceted 

islands giving higher mobilities.11 The average crystal size within the film is also 

dependent on substrate temperature during deposition with elevated temperatures 

resulting in larger crystals.12 Thus, it follows that elevated substrate temperatures result in 

higher mobilities.13 

Figure 2.5 shows the chemical structure of the fluorene co-polymer 

(9,9dioctylflourene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4phenylenediamine) 

(PFB). PFB is solution processable and serves as a good test system for other polymer 

semiconductors. Finally, the structure of two diketopyrrolopyrrole based polymers: 

Poly{2,6’-4,8-dihexyloxybenzo[1,2-b;3,4-b]dithiophene-alt-5-dihexyl-3,6-bis-(4-

phenyl)pyrrolo[3,4-c]pyrrole-1,4-dione}(PDPP-BBT) and Poly{2,6’-4,8-dihexy-

loxybenzo[1,2-b;3,4-b]dithiophene-alt-5-dihexyl-3,6-bis(5-thiophen-2-yl)pyrrolo[3,4-

c]pyrrole-1,4-dione} (TDPP-BBT) are given in Figure 2.6. Diketopyrrolopyrrole (DPP) 

based low bandgap materials are not just useful for device applications but are designed 

to achieve environmentally stable organic semiconductors. The strong intermolecular 

interaction leads to molecular packing with a large electronic bandwidth, thus improving 

the charge- transport properties. Specifically, the interaction of hydrogen atoms from the 

aromatic rings and oxygen atoms from the carbonyl groups cause an alignment of the 

polymer backbones. Of the two materials, TDPP is more planar than PDPP. The 

increased torsion angle in PDPP is likely due to a greater steric interaction of the phenyl 
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hydrogen atoms with the carbonyl oxygen atom. The hydrogen atoms on the smaller 

thiophene rings in TDPP have less of a steric interaction. 

 

Figure 2.4. (a) chemical structure of pentacene. (b) crystal structure of pentacene. 

Ref[14] 

 

 

Figure 2.5. Chemical structure of PFB 
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Figure 2.6. Chemical structures of PDPP-BBT and TDPP-BBT. 

 

2.2 Field!Effect!Transistor!Theory!

 A transistor is a three terminal device where a potential applied to one terminal results 

in the formation of a conductive channel between the other two. Thus, conduction 

between the latter two terminals is gated by the first terminal, resulting in a situation 

where the ideal transistor can be in one of two states: on, where the transistor is able to 

conduct current; and off, where the transistor does not conduct current. In a field effect 

transistor, a potential applied to the gating terminal induces, via an electric field through a 

dielectric film, the accumulation of charge in a semiconducting layer. This accumulated, 

mobile charge then acts as the conductive channel between the former two electrodes. In 

an organic field effect transistor (OFET), the semiconducting layer is comprised of a thin 

film of an organic semiconductor.  

In field effect transistors, the gating electrode is referred to as the gate, while the other 

two electrodes are referred as the source and drain. The gate electrode must be separated 

from the semiconducting layer by a dielectric. The source and drain electrodes must be in 

direct contact with the semiconductor, as they will have to inject and extract charge 

carriers, respectively.  The gate electrode (along with its dielectric) may be placed above 

or below the semiconductor film. Based on the placement of the gate, the device may be 
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classified as either top-gate or bottom-gate. Likewise, devices may also be classified as 

top-contact or bottom contact, depending on the location of the source and drain 

electrodes relative to the semiconductor film. A diagram of the various types of 

geometries is show in Figure 2.7 All devices described in this work were of the bottom-

gate, top-contact variety. Regardless of the geometry used, the metal-semiconductor 

interface, where charge is injected into the semiconductor, and the semiconductor-

dielectric interface, along which charge is accumulated, both are critically important to 

device performance. 

 

Figure 2.7. Diagram of different OFET geometries. (a) bottom-gate, top-contact; (b) 

bottom-gate, bottom-contact; (c) top-gate, bottom-contact. 
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A schematic of a typical bottom gate, top gate OFET used in this work is shown in 

Figure 2.8. Here, voltage applied to the gate terminal (VG) gates conductivity between the 

other two terminals (source and drain) via an electric field through the dielectric layer.  

The source and drain contacts have a width W and are separated by a distance L. Once 

the device has been switched on via VG, voltage applied to the drain terminal (VDS) 

creates a drain current IDS. The source contact is typically grounded. 

 

Figure 2.8. Diagram of a bottom gate, top contact organic field effect transistor 

  

We use the long channel approximation for the OFETs where the horizontal 

electric field between the drain and the source is assumed to be small compared to the 

vertical electric field induced by the gate.  When a gate voltage is applied, a charge 

proportional to the capacitance of the dielectric is induced at the dielectric-semiconductor 
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interface. Not all the charge is mobile though, as traps within the semiconducting layer 

must first be filled before mobile charge can begin accumulating. The gate voltage at 

which charge begins accumulating is referred to as the threshold voltage (VTh). The 

amount of charge along the channel varies linearly as function of position due to the 

drain-source bias: 

!! !,! = !! !! − !!! − ! ! ,    (eq. 2.1) 

where x and y are taken to be along the length and width of the channel respectively. 

Here, V(x) varies linearly from the source (x = 0, V(x) = 0) to the drain (x = L, V(x) = 

VDS). Initially, increasing VDS results in a greater amount of charge being accumulated 

and thus results in an increase in IDS. The device is said to be in the linear regime. If VDS 

is further increased such that VDS = VG – VTh, the channel is “pinched off” and a further 

increase in VDS will not result in an increase in IDS. In this case, the vertical electric field 

in the channel close to the drain is insufficient to cause the accumulation of charge. IDS is 

said to be saturated in this case. Figure 2.9 shows the operating regimes of an OFET.15 
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Figure 2.9. The operating regimes of an OFET. (a) linear regime. (b) pinch-off. (c) 

saturation regime. 

 

Inserting the charge distribution given in equation 2.1 into the well known drift 

current equation gives:  

! !,! = !! !,! ! !"
!",     (eq. 2.2)  

where i(x,y) is the linear current density (Amp/cm) in the channel. Since the current is 

completely uniform along the width of the channel, one may quickly integrate over the y 

coordinate to get 

!!" ! =!!! !,! ! !"
!",      (eq. 2.3) 

where IDS(x) is the current (Amps) in the channel as a function of the position along the 

length of the channel. Equation 2.3 can be rearranged to give 
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!!" ! !"!
! = !" !! ! !"!!"

! .    (eq. 2.4) 

Here, the integration is taken to be over the channel length L. A change of variables is 

used to express the right hand side as a function of voltage (x=0 ! V=0, x=L ! V=VDS). 

Inserting the equation 2.1 into equation 2.4 gives 

!!" ! !"!
! = !" ! !! − !!! − ! ! !"!!"

! .    (eq. 2.5) 

Finally, one can integrate to get the expression for total current in the OFET: 

!!" = !"
! ! !! − !!! !!" − !!"!

! .    (eq. 2.6) 

In the saturation regime, where VDS = VG – VTh and VG >> VTh , The total current takes the 

form
 

                                         (eq. 2.7) 

Equation 2.7 can be rearranged to give an expression for the saturation mobility, µ: 

                                                          (eq. 2.8)  

 Thus, if the electrical characteristics of an OFET can be measured, then they can 

be fit to the above relations, allowing for the extraction of device parameters such as µ 

and VTh. To properly characterize the OFET, we must keep in mind that there are two 

voltages, VG and VDS, that may be sourced, thus giving two currents, IGS and IDS, that 

may be measured. The current IGS is the leakage current though the gate dielectric. 

Ideally, it would be zero, but as long as it is much, much smaller than the transistor 

current IDS, it may be disregarded. This leaves us the current IDS, which we would like to 

characterize as a function of the input voltages VG and VDS.  
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The output characteristics of an OFET are behavior of IDS as a function of VDS at 

various gate voltages. As described above, for a given gate voltage, the IDS will increase 

linearly with VDS until it becomes saturated. As VG in incremented to a higher (in 

magnitude) value, the saturation point will move to a higher value and the saturation 

current will increase as well. A sample set of output curves is show in Figure 2.10 (a) 

The transfer characteristics of an OFET is the behavior of IDS as a function of VG. The 

transfer curve will be measured for a chosen value of VDS known as the operating 

voltage. A sample transfer curve is shown in Figure 2.10 (b). Here, the switching 

behavior of the transistor is clearly seen. IDS increases quadratically with VG, quickly 

taking the transistor from an off state to an on state. It is seen from equation 2.2 that the 

square root of IDS should be linear with VG in the saturation regime. To confirm this, the 

square root of IDS is also often plotted when plotting transfer characteristics, as it is in 

Figure 2.10 (b). A linear fit to this region allows for the calculation of µ by using 

equation 2.3. VTh is then computed by extrapolating the linear fit to the x-axis. Lastly, the 

On/Off ratio can also be easily computed from the transfer data. The On/Off ratio is the 

ratio of the on current, defined to be IDS when VG is equal to the device operating voltage, 

to the off current, defined either as the minimum value Ids takes or alternatively the value 

of IDS when VG is set to its “off” value. 
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Figure 2.10.  Sample (a) output and (b) transfer characteristics for an OFET. In (a), 

six output curves corresponding to six gate voltages are shown. The saturation of IDS is 

clearly seen in each of the curves. In (b) both the IDS and the square root of IDS are 

plotted. IDS is plotted on a logarithm scale to better show the switching behavior of the 

OFET. The linear behavior of the squareroot of IDS is also clearly seen.!
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3 Introduction!to!Inelastic!Light!Scattering!and!Density!

Functional!Theory!

3.1 Raman!Scattering!

 

When light is incident on a material, it may be absorbed, transmitted, or scattered. 

While the absorbance of a material clearly serves as a source for essential information 

about its electronic structure, the scattered light may also contain fundamental 

information about the material. The vast majority of the scattered light is scattered 

elastically, following the well-known ω4 function first derived by Lord Rayleigh, as 

described in [16]. In 1928, it was discovered by Sir C. V. Raman, however, that not all of 

the incident light is scattered elastically.17 Raman irradiated liquid samples by sunlight 

passed through a violet filter. The scattered light was subsequently passed through a 

green filter. While the understanding at that time would suggest that all scattered light 

would be the same color as the incident light, Raman showed that, in fact, some of the 

scattered light had changed color. This inelastic scattering phenomenon was named the 

Raman effect. Raman won the Nobel Prize in physics in 1930 for his discovery. 

   In the Raman effect, the incident photon loses or gains energy from a quasiexcitation 

in the analyte. These excitations may be discrete vibrations, phonons, or plasmons.18 The 

change in the photon energy is equal to the energy of the excitation with which the 

photon interacted. Thus, the spectrum of the inelastically scattered light will contain 

information about the energies of the molecular vibrations of the analyte, for example. 
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The Raman effect is very weak, as only about 1 in 107 photons is inelastically scattered, 

so isolating this spectrum from the Rayleigh scattered light is generally non-trivial.  

When a photon is incident on a molecule, it can perturb the molecule to an excited 

virtual state via its electric field. When the molecule relaxes back (re-emitting a photon) 

to its ground electronic state, it may fall to a different vibrational state. A photon that 

induces a transition where the net result is a transition from the ground vibrational state to 

a higher vibrational state is said to have undergone a Stokes shift. Whereas a photon that 

induces a transition where the net result is a transition from a higher vibrational state to 

the ground state is said to have anti-Stokes shifted.  A diagram of the above scattering 

processes is given in Figure 3.1. It should be noted that while the Stokes and anti-Stokes 

shifted photons will be shifted by energies of equal magnitude (the Stokes shifted 

photons will have lost this amount of energy while the anti-Stokes will have gained 

energy, of course), the relative intensities of the two peak in the Raman spectrum will not 

be of equal magnitude. The Stokes shifted peak will generally be much stronger than the 

anti-Stokes peak on account of the higher thermal occupation number of the ground 

vibrational state over the first excited state.  



 20 

 

Figure 3.1. Diagram of Rayleigh and Raman scattering processes. Here ωl is the 

angular frequency of the incident radiation and ωvib is the angular frequency of the 

molecular vibration. 

 

It is important to note that the Raman effect consists the interaction of an incident 

photon with a change in polarizability of the molecule. Of course, light may also interact 

with molecular vibrations via the absorption by resonant dipole oscillations, as is used in 

infrared spectroscopy. However, while Raman spectroscopy similarly probes vibrational 

modes, individual vibrational modes are often either Raman or infrared active. To show 

this18, we start by noting that the dipole moment of an irradiated molecule is expressed as 

! = !"      (eq. 3.1) 

where α is the polarizability. The electric field of the incident radiation can be taken to be 

! = !!!"# !!! .     (eq. 3.2) 

α is a function of each normal vibrational mode as given by 

! = !! + !"
!" !

!,      (eq. 3.3) 
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where α0 is the permanent polarizability and q is the normal coordinate. For simplicity, 

we only keep the first tow terms of the Taylor expansion here. For small vibrations, q can 

be taken to oscillate harmonically as  

! = !!!"# !!"#! .     (eq. 3.4) 

Combining equations 3.1 – 3.4, one reaches the following expression for the dipole 

moment of a molecule with its nth normal mode excited: 

! = !! + !!!!!"# !!! + !"
!" !

!!!!!"# !!! !"# !!"#!   (eq. 3.5) 

Here, the second term corresponds to Rayleigh scattering and the third term corresponds 

to Raman scattering. The last term can be rewritten as 

!
!

!"
!" !

!!!!!"# !! − !!"# ! !"# !! + !!"# ! ,  (eq. 3.6) 

using  the common trigonometric identity. This clearly shows how the molecule will re-

radiate at energies shifted by the vibrational energy. It should be noted that the Raman 

spectrum may be obtained via an excitation from an arbitrary wavelength (unlike the IR 

spectrum). However, typically a laser in the near UV to near infrared range is used. In 

these cases, the energy of the incident photon is much, much greater than the energy of 

the vibration. Thus, the Raman shift will result in a small change in the energy of the 

scattered photons. 

One should pay special attention to the criteria for determining if the nth normal mode 

will be Raman or IR active. From equation 3.5, it is clearly seen that in order for a 

vibration to be Raman active, the term !"
!" !

must be non-zero. That is to say the 

polarizability of the molecule must change as a function of the vibration in such a way 

that the polarizability derivative is non-zero at the center point. On the other hand, a 
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vibration will be IR active only if there is a change in the dipole moment of the molecule 

as a function of the vibration. For molecules with a symmetry center, these two distinct 

criteria result in selection rules that require a vibration be either Raman active or IR 

active. Particularly, symmetric vibrations will be IR active and anti-symmetric vibrations 

will be Raman active. These selection rues are demonstrated in Figure 3.2 where two 

vibrational modes of the CO2 molecule are shown. Here, the symmetric vibration does 

not change the dipole moment of the molecule (it stays zero throughout), but does change 

the polarizability. On the other hand, the second vibration does feature a changing dipole 

moment. While the polarizability of the molecules does change during the second 

vibration, it changes identically on both sides of the minimum, giving a polarizability 

derivative of zero. Clearly, it is seen that disrupting or changing the symmetry of 

molecules can have drastic results on the Raman spectrum by means of making particular 

vibrational modes either Raman active or silent.  
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Figure 3.2. Two vibrations of the carbon dioxide moelecule. (a) a symmetric vibration 

where the dipole moment of the molecules does not change but the polarizability 

anisotropically. This mode is only Raman active. (b) a vibration where the dipole 

moment changes but the polarizability does not change anisotropically. This mode is only 

infrared active. 

 

Since the Raman effect is dependent on the polarizability derivative, it follows 

that the intensities of the Raman peaks are theoretically obtained from the first 

derivatives of the polarizability with respect to the nuclear coordinates. The Raman 

scattering cross section is given by19: 
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!"
!! =

!!!!!
!!

ℏ
!!!

! !! + 1 !!
!!                               (eq. 3.7) 

where <n(ωf)> is the mean occupation number:  

! !! = exp !ℏ!! − 1 !!
      (eq. 3.8) 

here: ωf is the Raman shift frequency (in rad/s), ωl is the incident excitation frequency 

(in rad/s), ωs is the scattered frequency (in rad/s), |Pf|2 is the Raman activity (in cm4/g), 

and L is the local field correction. The Raman activity (differential scattering cross 

section) is usually written in terms of the isotropic and the anisotropic polarizability 

derivatives, which is given by !!!"!#$!! = !!
!! !! + !

!"!
! ; α being the mean polarizability 

derivative and γ is the anisotropic polarizability derivative. 

 

3.2 Surface!Enhanced!Raman!Scattering!

Surface enhanced Raman spectroscopy (SERS) is a specific type of Raman 

spectroscopy in which metallic nanoparticles are used to enhance the Raman signal by 

many orders of magnitude via the effect of their surface plasmons. The electromagnetic 

field enhancement due to the local field of surface plasmons excited by incident light is a 

major contribution to the SERS effect.20,21. For example, gold nanoparticles emit in the 

near-infrared portion due to their surface plasmons. Other coinage metals such as copper 

and silver emit at higher energies.22 If near-infrared light is incident on a sample 

containing gold nanoparticles, both the local incident and scattered fields (since ωi ≈ ωs) 

at the point of scattering will be greatly enhanced resulting in a much larger Raman 

signal. A direct chemical interaction via a charge transfer complex can also lead to the 

SERS effect.23 The total SERS effect, including enhancement by both local fields and 
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charge transfer complexes, is pictorially shown in Figure 3.3. Here, the incident and 

scattered fields are shown by perpendicular arrows. ! !!  and!! !!  represent the field 

enhancement factors due to the excitation of the surface plasmons on the metallic 

nanoparticles. The enhancement due to the chemical coupling of the metallic 

nanoparticles with the analyte, on the other hand, is expressed as an increased Raman 

scattering cross section !!"#.! . One can see how the effects, one electromagnetic and one 

chemical, can independently contribute to the SERS effect.  

While SERS spectra may clearly be obtained by dispersing metal nanoparticles 

through the analyte, a similar effect may be obtained by using nanostructured metal 

surfaces as well. As long as the structure, be it ridges, wells, or protrusions, is on the 

order of tens of nanometers, it will support surface plasmons capable of producing the 

SERS effect. Thus, one can imagine how the interface between a rough metal film and a 

soft organic film may lead to an SERS enhancement of the Raman spectrum of the 

organic film.   
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Figure 3.3. The SERS effect. Here I(υL) and ISERS(υL) are the incident and scattered 

intensities, respectively. σR
free and σR

ads. are interaction cross sections of the free and the 

adsorbed (via a charge transfer complex) molecules, respectively. A(υL) and A(υS) are the 

field enhancement factors are the incident and scattered frequencies, respectively. 

!

!

3.3 Density!Functional!Theory!

Density functional theory (DFT) is a powerful theoretical method for electronic 

structure calculation in solid state physics and chemistry. It allows for the calculation of 

electronic structure at much lower computational cost than many other methods. DFT 

achieves this by mapping the full, interacting problem to a non-interacting problem that is 

easier to solve. In addition to the electronic structure, DFT allows one to theoretically 

predict properties, such as polarizabilities and vibrational frequencies, of any arbitrary 

molecule.   
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The difficulty in solving the Schrodinger equation for the interacting system 

arises from the electron-electron interaction. In fact, as any first year graduate student in 

physics will testify to, solving for the electronic structure of even the simplest (save 

hydrogen) atoms becomes tedious and time consuming. One can imagine how the 

computational requirements of such calculations grow as systems become more complex. 

However, theoretically one can use numerical methods to solve any such problem and 

obtain a wavefunction (and thus a particle density) for the ground state of the system. 

DFT is based on the realization that from this density one can extract all vital parameters 

of the system and, that if one had an alternate means of obtaining this density, one could 

perhaps obtain these parameters without the computational pain required in solving the 

Schrodinger equation. In 1965, Kohn and Hohenberg stated the following theorem: (1) 

the ground state density uniquely determines the potential and all properties of the 

system. (2) there exists a universal functional of density (independent of external 

potential) that gives the minimal value of energy, which is the ground state energy.24 

Thus, the groundwork was laid for a method that yielded an alternate path to calculating a 

system’s ground state density.  

Rather than solving for the exact wavefunction, DFT solves for what is known as 

the Kohn-Sham orbitals.25 The Kohn-Sham wavefunction is determined by imagining 

that there are non-interacting electrons whose density is exactly identical to the electron 

density of the real physical system. The calculation begins by providing a simple guess 

for the ground state density in the form of a basis set. Simple approximations of the 

dependence of energy on the density, known as functionals, can then be applied to 

determine the potential required to create this non-interacting electron density. Solving 
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the Kohn-Sham Hamiltonian for this potential provides a refined density. Once this 

iterative approach has converged to a final density, the problem has been solved. Since 

the computed (non-interacting) electron density is identical to the true (interacting) 

electron density, the relatively simple calculation can return electronic structure 

information that would otherwise be computationally prohibitive. One must note that 

since the problem is being solved with non-interacting electrons, the energy functionals 

must include an exchange correlation term with corrects for the exchange correlation 

energy. 

The Kohn-Sham energy functional takes the following form: 

                          (eq. 3.9) 

where Ts[ρ] is the kinetic energy, νext is the external potential (from the nuclei, for 

example), VC is the Coulomb energy term, and EXC is the exchange-correlation energy. 

The exchange energy is essentially a manifestation of the Pauli exclusion principle. That 

is to say, when when two wavefuncitons of like spin overlap, the spin repulsion must be 

accounted for in addition to the Columbic repulsion. The correlation energy, on the other 

hand, is defined as the remaining unknown portion of the energy.26 The exchange-

correlation energy is usually formed using either the localized density approximation 

(LDA) or the generalized gradient approximation (GGA), where the exchange-correlation 

energy is assumed to depend exclusively on the local electronic density or both the local 

electronic density and the gradient of the density, respectively.  

We use the Gaussian software package27 for all of our DFT calculations. We use 

the 3-21G* basis set and the B3LYP (Becke’s three parameter hybrid)28 functionals to 

perform geometry optimization and calculations of force constants, dipole moments, and 

E ρ[ ] = Ts ρ[ ]+ υext
r( )ρ

r( )d
r∫ +VC ρ[ ]+EXC ρ[ ]
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polarizability derivatives. 3-21G* is a split double zeta polarized basis set.29 That is, each 

core orbital is comprised of 3 Gaussian functions and each valence orbital is comprised of 

two functions, consisting of two and one Gaussian functions, respectively. B3LYP is a 

hybrid functional which includes the exchange correlation correction. The B3LYP 

functional takes the following form28: 

      (eq. 3.10) 

where a0 = .20, ax = .72, and ac = .81. Here EHF refers to the Hartree-Fock exact 

exchange functional.  

While the 3-21G* basis set provides an ideal combination of speed and accuracy for 

computing the electronic structure of the organic semiconductor molecules discussed in 

this work, it is not usable for transition metals. For those cases where the electronic 

structure of a metal-semiconductor complex was needed, the LANL2DZ (Los Alamos 

National Laboratory 2 Double-Zeta) basis set was used. The LANL2DZ is an effective 

core potential (ECP) basis set, used for atoms heavier than Ne.30 In an ECP basis set, the 

core electrons are replaced by an effective core potential, which incorporates relativistic 

effects. This allows for valence electron calculations to be carried out in a fraction of the 

computational time that would otherwise be required.31 We used the LANL2DZ basis set 

for Au atoms and the 3-21G* basis set for C and H atoms. Using a combination of ECP 

basis set for transition metal elements and an all electron basis set for all other elements is 

increasingly popular.32 

The Raman spectrum (frequencies and intensities) calculations were performed in 

two steps; first the force constant matrix was evaluated and then the eigenvalue equation 

was solved to obtain the eigenvalues and eigenvectors. The Gaussian output is in terms of 

EXC
B3LYP = EXC

LDA + a0 EX
HF −EX

LDA( )+ ax EX
GGA −EX

LDA( )+ ac EC
GGA −EC

LDA( )
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the Raman activity, which is essentially the square of the polarizability tensor. In order to 

compare the theoretical spectrum with experiment, one needs to compute the Raman 

scattering cross section. This can be done using equation 3.7. It should be noted that 

Gaussian returns Raman activity in Å4/amu and Raman shift in wavenumbers. 

Furthermore, the excitation source is usually given in nanometers. It is important that the 

above values must all be converted to the correct units before inserting them into the 

equation for the Raman cross section. 
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4 Experimental!Techniques!

4.1 Fabrication!of!OFETs!

4.1.1 Substrate!preparation!

Device performance in OFETs is dominated by two interfaces: the semiconductor-

dielectric interface and the metal-semiconductor interface. While the latter interface plays 

an important role in charge injection, the quality of the semiconductor-dielectric interface 

is absolutely critical to device performance. In bottom gate OFETs, where the 

semiconductor is deposited immediately on top of a previously formed dielectric layer, 

the nature of the dielectric surface is crucial in determining how well ordered the 

semiconductor film will be and what density of charge carrier traps there will be. In fact, 

it has been said that the choice of the gate dielectric is as important to device performance 

as the choice of the semiconductor itself.33 Much work has been done in using surface 

treatments to improve the dielectric surface prior to semiconductor deposition. This 

section contains a review of some of this work, followed by the substrate preparation 

recipe that was developed for all subsequent OFET fabrication. 

 Pentacene OFETs fabricated using a SiO2 dielectric have been shown to be limited in 

performance due to trap states at the pentacene/SiO2 interface.34 Specifically, while 

pentacene hole mobilities were found to approach that of amorphous Silicon, the organic 

devices suffer from high threshold voltages (in the tens of volts). Cleaning the substrates 

via oxygen plasma helps reduce but not eliminate the effects of these traps. Since 

thorough cleaning cannot eliminate these effects, one expects that the trap states are an 

inherent limitation of the hydrophilic SiO2 dielectric. It is worth noting that in all these 
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systems, the semiconducting materials preform better when deposited on hydrophobic 

surfaces.  This implies that the origin of the trap states is related to the hydrophilicity of 

the SiO2 surface.  

Since the SiO2 surface is hydrophilic because of surface silanol (Si-O-H) groups, one 

may ask if these groups are responsible for trapping mobile charge carriers. Indeed, it has 

been shown that hole mobility is inversely related to silanol density in OFETs fabricated 

on SiO2 dielectrics.35 Additionally, hydroxyl groups in organic dielectrics were found to 

have a similar, if weaker effect. Furthermore, silanol groups trap electrons even more 

strongly, completely inhibiting n-type transport for many semiconductors.36 Clearly, the 

adverse effect of the surface silanol groups must be lessened in order to fabricate optimal 

SiO2 based devices. Additionally, since organic semiconductors, being based on 

conjugated hydrocarbon backbones, are mainly hydrophobic, it is reasonable to expect 

the quality of the semiconductor-dielectric interface is optimized when they are grown on 

hydrophobic, rather than hydrophilic dielectric surfaces. 

 Converting the hydrophilic SiO2 surface to a hydrophobic one can be done by 

covering the surface with a thin, hydrophobic surface treatment. A suitable treatment 

should consist of a molecule that has a hydrophilic head that can be anchored to the SiO2 

surface and a hydrophobic tail that will provide a new surface for the organic 

semiconductor to be deposited on. Ideally, the surface treatment should form as a self-

assembled monolayer (SAM) on the SiO2 as well, thus ensuring it is uniform and thin. A 

commonly used surface treatment that meets these requirements is 

Octadecyltrichlorosilane (OTS). The molecular structure of OTS is shown in Figure 4.1. 

Here, the trichlorosilane head of the molecule serves as the hydrophilic anchor and the 
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18-carbon aliphatic chain serves as the hydrophobic tail. The OTS surface treatment has 

been shown to decrease the surface energy of the dielectric (as one would expect for a 

hydrophobic treatment), resulting in greater crystallinity of subsequently deposited 

organic semiconductor films.37 The more order films then allow for increased charge 

carrier mobilities.  

 

Figure 4.1. Chemical Structure of OTS 

 

The OTS SAM is most commonly formed by dipping the substrates in an OTS 

solution. The OTS SAM is formed via the following two steps38,39: (1) small amounts of 

ambient water lead to the hydrolysis of the chloro- moieties of the silane, resulting in 

trisilanol species; (2) the trisilanol species polymerize onto the dielectric surface. A 

diagram of the final SAM is shown in Figure 4.2. Note how the crosslinking of both OTS 

molecule to OTS molecule and OTS molecule to the SiO2 substrate ensures a monolayer 

is formed. Since the SAM formation occurs via water induced hydrolysis and 

polymerization steps, it is logical to expect that water concentration plays a vital role in 

SAM formation. Indeed, it is found that a high quality OTS SAM is only formed on 

hydrated SiO2 surfaces40, where excess water extracted from the surface into the solvent 

is free to participate in the hydrolysis of OTS.41 Catalytic water may also be introduced 

into the system via dissolved water in the solvent. SAM coverage is found to be a 
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function of solvent water concentration, with water-saturated solvent giving the best 

results.42   

 

 

Figure 4.2 A diagram of two OTS molecules forming a portion of the OTS SAM on 

SiO2. Note how a water molecule is released as the OTS molecules polymerize. 43 

  

Clearly, since the assembly of the OTS monolayer proceeds via a water catalyzed 

pathway, careful consideration must be paid to variables such as hydration level of the 

substrate, water concentration in the solvent, age of the OTS solution, and deposition 

time when designing a recipe for OTS SAM deposition. The protocol for substrate 

cleaning and OTS deposition presented in the next section was developed by carefully 

varying these parameters until optimal OTS coverage was obtained. Even slight 

alterations to the protocol can have drastic effects on the quality of the resultant 

substrates.  

Si++/SiO2 substrates were first cleaned via an organic cleaning in order to remove 

soluble organic impurities. Typically, no more than 4 pieces were prepared at one time. 
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Immediately after being cleaved into 1 in. x 1 in. pieces, the substrates were quickly 

rinsed in isoproyl alcohol to wash away any loose Silicon dust left by the diamond scribe. 

Substrates were then immediately submerged in ~50 ml of acetone and ultrasonicated for 

20 minutes. Exposure to ultrasonic (>20 kHz) waves causes small bubbles in the acetone 

to form and collapse on the substrate surface, thereby knocking loose and dissolving 

organic contaminants. After ultrasonication, the substrates were removed from the 

acetone bath and quickly rinsed with copious amounts of acetone followed by isopropyl 

alcohol. All traces of the organic solvents were then removed from the substrates by 

rinsing with deionized water, in preparation for the subsequent acid cleaning step. 

While the previous organic cleaning step effectively removes soluble organic 

impurities, it cannot remove ionic contaminants. Furthermore, heavier organic residues 

may be insoluble in acetone and isopropyl alcohol, even during ultrasonication. To clean 

the substrates of these impurities, a mixture of 7:3 sulfuric acid (H2SO4) to hydrogen 

peroxide (H2O2) was used. This solution, commonly known as Piranha, is a highly acidic, 

strongly oxidizing agent used to clean organic and ionic impurities off substrates. When 

sulfuric acid and hydrogen peroxide are mixed, the acid forces the dissociation of the 

peroxide via protonation: 

!!!!! + !!!! → !"!!! + !!!! + !∙    eq. (4.1) 

The resultant atomic oxygen is a highly reactive species capable of aggressively 

oxidizing carbon-bearing residues. The piranhna, in effect, aggressively eats away 

organic residues from the surface of the substrates. It should be noted that this reaction is 

very exothermic. Thus the piranha solution is a highly acidic oxidizing agent capable of 

heating itself to temperatures well above the boiling point of water. It must be treated 
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with extreme care. It should go without saying that the piranha is absolutely incompatible 

with all flammable organic solvents and will react explosively with them. Thus, for all 

subsequent cleaning steps, all organic solvent bottles were removed from the work area to 

prevent accidental mixing. 

Immediately after the organic cleaning and water rinse, the substrates were submerged 

in a heated piranha solution for 5 minutes. The piranha solution was made by adding 9 ml 

of H2O2 to 21 ml of H2SO4. To ensure the solution was ready when needed, the solution 

was prepared during the organic cleaning step. The prepared solution was then heated on 

a hot plate to 125o C. The elevated temperature drives the reaction given in eq. 4.1 to the 

right, ensuring an adequate amount of the reactive oxygen species is present in the 

solution. After five minutes in the heated solution, the substrates were removed using 

plastic forceps and thoroughly washed with deionized water. Compressed air was then 

used to dry the substrates. The highly hydrophilic nature of the substrate surface, which 

was a direct result of the strongly protonating piranha solution, was evident in the way 

water sheeted across the substrate surface. The substrates were placed in boxes and 

moved to a glovebox for storage. 

As discussed previously, the hydrophilic, silanol-bearing SiO2 is far from ideal for 

growing organic semiconductor films. Therefore, an OTS SAM was formed on the 

substrates as per the following protocol. The OTS SAM was deposited 24 hours after the 

cleaning procedure. As the substrates emerge from the cleaning procedure in a very 

hydrated state, it is vital to wait one day before beginning the OTS surface modification 

step. If OTS SAM deposition is attempted immediately after cleaning, the excess water 

on the SiO2 surface will cause a runaway polymerization reaction in the OTS solution 
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resulting in poor monolayer formation. Attempts were made to adjust the OTS recipe to 

allow for immediate deposition, but it was found waiting 24 hours gave more reliable 

results. 

The OTS solution was prepared in freshly cleaned and dried glassware. Glassware was 

cleaned using Liquinox Critical Cleaning Detergent (Alconox Inc.) and dried at 120o C. 

The glassware was then allowed to come back to room temperature before use. OTS 

(>90%, Sigma Aldrich) was dissolved in HPLC grade toluene (>99.9%, Sigma Aldrich) 

at a concentration of .25g/10ml. Typically, ~.75 g of OTS and ~ 30 ml of toluene was 

used in a small petri dish. The solution was allowed to age 2-3 minutes, and then each 

substrate was submerged in the solution for 30 seconds. The substrate was removed and 

rinsed with copious amounts of HPLC grade toluene. The substrate was then submerged 

in fresh HPLC grade toluene while the remaining substrates were treated in the OTS 

solution. It should be noted that the insertion of each substrate degrades the OTS solution 

to the point that it can be only be used for 3-4 substrates. After all the substrates had been 

treated, they were ultrasonicated in toluene for 30 seconds. Finally the completed 

substrates were rinsed with isopropyl alcohol and dried with compressed air. 

Upon completion of the OTS procedure, the SiO2 surfaces should be clean without any 

cloudy residue. Such a residue indicates the substrate was exposed to a runaway OTS 

polymerization reaction, likely caused by the introduction of excess water into the 

reaction solution. A substrate thus exposed may not be usable for device fabrication. 

Furthermore, a successful OTS monolayer formation may be confirmed by placing a drop 

of water on the surface and examining the contact angle the drop forms with the surface. 

It has been shown that the contact angle should be ~80o.37 A contact angle less than this is 
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indicative of incomplete OTS coverage. If the above described protocol ever results in 

incompletely covered substrates during a particular a session, it may be modified by 

dipping the substrates for a longer time (up to 60 seconds).  

The complete cleaning and OTS surface modification procedure is outlined in Figure 

4.3. Upon completion, the substrates were ready for device fabrication.  

 

Figure 4.3. Flow chart for Si++/SiO2 substrate cleaning and surface modification 

procedure.  

 

 



 39 

4.1.2 Film!growth!and!Contact!deposition!

Once the SiO2/Si++ substrates have been prepared, the organic semiconductor must be 

deposited so as to form a thin film on top of the SiO2 dielectric. There are various 

methods of forming a suitable film. At the very least, the chosen method should give a 

uniform, well ordered film where the constituent semiconductor molecules are left 

undamaged. Ideally, the method should also be quick and easily customizable such that it 

can be applied to many different semiconductor and dielectric systems. Three such 

methods are described in this chapter: spin-coating; thermal evaporation; and matrix-

assisted pulsed laser deposition (MAPLE). Generally speaking, each of these methods 

has its restrictions on which materials it may be used with. For example, it may be 

possible to deposit a film of a certain materials using thermal evaporation, while it is not 

possible to spin-cast a film of that material.  

After the semiconductor film has been formed, metal contacts must be deposited on 

top of the film. All devices discussed in this work have their top metal contact deposited 

via thermal evaporation. Thus, the section describing thermal evaporation is applicable to 

both semiconductor materials and metals. 

In this work, an MBraun glovebox containing a thermal evaporation system was used 

for most device fabrication. The glovebox contains an inert atmosphere of dry nitrogen 

with concentrations of O2 and H2O held to ~ 2 ppm. Figure 4.4 shows a schematic of the 

glovebox. Briefly, the glovebox system consists of two boxes: box A contains a Direct 

1000 spin-coater, an oven capable of >300oC , and an activated carbon-based solvent 

vapor removal column; box B contains the thermal evaporation system. The two boxes 

are connected via a common gas circulation and purification system. Three antechambers 
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are used to insert and remove samples from the two boxes as well as transfer them from 

one box to the other. The purification system consists of a copper catalyst bed. The 

copper is able to sequester oxygen and sulfur as CuOx and CuSO4, respectively, thus 

maintaining the inert atmosphere. The copper bed must periodically be regenerated by 

passing hydrogen gas over it, extracting the sequestered impurities as H2O and H2S.  

 

Figure 4.4. Schematic of the MBraun glovebox system.  

  

4.1.2.1 Spin)Coating/

Spin-coating is a typical thin-film deposition method for polymeric, soluble 

semiconductors and dielectrics. Spin-coating allows for the quick formation of uniform 

films by taking advantage of the solubility of such materials. Therefore, this method is 

restricted to those organic semiconductors and dielectrics that are appreciably soluble in a 

solvent. While many semiconducting polymers can be made soluble by the addition of 

solubizing side chains, small molecule organic semiconductors are completely insoluble 

in common solvent and thus cannot be spun-cast. It also may only be used in cases where 
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the chosen solvent does not interact with or degrade the substrate on which the film is 

being formed. Conveniently, the SiO2 surface is completely inert to and unaffected by the 

organic solvents commonly used to dissolve organic semiconductors.  

The spin-coating process may be summarized as follows: (1) the organic 

semiconductor is dissolved in a solvent to a chosen concentration; (2) a predetermined 

volume of the solution is dripped onto the selected substrate (which may be heated) either 

as it begins to rotate, or before it has began rotating; (3) the substrate rotates at a speed of 

a few thousand revolutions per minute (rpm); (4) the solution washes out over the surface 

of the substrate, leaving behind a film as it evaporates. Typically, the substrate, along 

with the newly formed film, will then be baked at an elevated temperature (often under 

vacuum) to drive off any remaining solvent left in the film.  The spin-coating process, as 

described above, leaves ample opportunity for customization for different polymeric 

materials, solvents, and substrates. In fact, small changes in any of the steps may have 

drastic implications on film thickness, coverage, or uniformity. For example, the film 

may be made thicker by using a more concentrated solution, using a larger volume of 

solution, using a lower boiling point solvent, or by spinning at a lower speed. For some 

polymeric materials, there may be restrictions on usable solvents and maximum 

obtainable concentration (via the materials solubility).  Furthermore, on some highly 

hydrophobic substrates, there may be a limitation to the lowest usable spin-speed, as at 

low speeds the solution may simply form a bead and be flung off the substrate without 

leaving a film. Clearly, an individual recipe must be developed for each 

semiconductor/dielectric and substrate system by carefully optimizing each of the above 
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described steps. This is, in general, a non-trivial process. Details on the spin-coating 

conditions for the systems discussed in the work are found in their respective chapters. 

Figure 4.5 shows optical images representative of common outcomes when spin-

coating films. Figure 4.5 (a) shows a properly formed film. One sees a uniform, evenly 

colored film covering the vast majority of the substrate. Figure 4.5 (b), on the other hand, 

shows the result of a failed spin-coating attempt. The poor coverage of and radial features 

in the film are indicative of very poor wetting of the semiconductor solution on the 

hydrophobic substrate. The spin speed in this case was not sufficient for spin-coating on 

such a substrate. The polymer used to make the films seen in Figure 4.5 (a) and (b) is a 

polyflourenes based compound, as discussed in chapter 5. Figure 4.5 (c) shows a 

magnified image of a heavily nucleated semiconductor film. The polymer used to make 

this film was only marginally soluble in the chosen solvent, resulting in pre-mature 

precipitation of the solute. Further filtering of the solution prior to spin-coating, may have 

helped in this case. This film is not suitable for device fabrication. The material used to 

make this film is also a polyflourenes based compound.  
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Figure 4.5. Images of spun-cast semiconductor films: (a) a well formed film covering 

most of the substate; (b) a poorly formed film unsuitable for further use; (c) a magnified 

image of a heavily nucleated film.    

 

 

4.1.2.2 Thermal/evaporation/

Thermal evaporation is a form of physical vapor deposition where a solid source is 

heated to the point where it vaporizes, creating a vapor which then condenses on the 

target substrate. Clearly, this process is only usable for those materials that have a 
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melting or sublimation temperate much less than their decomposition temperature. Thus, 

the process is suitable for many metals and small organic molecules, while it is not usable 

for many heavier organic polymers, which often will decompose long before they 

sublimate. The process may be summarized as such: (1) The solid is heated by placing it 

on a boat (made of a high melting point metal) or in a crucible (made of a non-reactive 

inorganic material) until individual molecules or atoms have enough thermal energy to 

escape from the solid; (2) the escaped molecules/atoms travel from the source to the 

target; (3) the molecules/atoms deposit on the substrate, creating a film. Clearly, the 

evaporation process must be done in a vacuum, so that the evaporated particles can travel 

from the source to the target without colliding with ambient molecules. It should be noted 

that both organic semiconductors and metals have the potential to be highly reactive with 

species such as O2 and H2O, so such impurities in the deposition chamber may destroy 

the evaporant, rather than merely scatter it. It is evident that the mean free path of a 

particle in the deposition chamber be much greater than the distance from the source to 

the substrate. From [44], the mean free path of an atom in a gas is 

! = !
!!"!!                  (eq. 4.2) 

where ρ is the density of the gas and R is the van der Vaals radius of the gas atoms 

(typically ~1.5 Å). By applying the ideal gas law, one can quickly rearrange to arrive at: 

! = !!!
!!"!!      (eq. 4.3) 

where KB is Boltzman’s constant, T is the temperature, and P is the pressure. It is seen 

that the mean free path of a atom in the gas is inversely proportional to the pressure of the 

gas. Table 3.1 lists the approximate mean free paths of atoms at select pressures. 
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Pressure (mbar) Mean Free Path 

 1000 ~100 nm  

1 ~ .1 mm 

10-3 ~ 10 cm 

10-5 ~10 m 

10-6 ~100 m  

Table 4.1. The mean free path of gas molecules at different pressures. 

 

In a typical deposition chamber the substrate may be many tens of cm away from the 

source. Thus, in order to ensure unimpeded travel of the evaporant to the substrate, 

pressures of  <10-5 mbar are desired.    

In the MBraun thermal evaporation system used in this work, a vacuum of ~ 10-6 mbar 

is obtained via Pfeiffer Vacuum turbomolecular pump (Pfeiffer Vacuum) backed by a 

rotary vane pump (Edwards), henceforth referred to as the roughing pump. The 

turbomolecular pump works essentially as a very high-speed turbine selectively imparting 

momentum to gas molecules driving them towards the exhaust. For proper operation, gas 

molecules must have a free path in between being impacted by a rotor and being 

redirected by the subsequent stator. Thus the mean free path of the gas molecules should 

be greater than the distance of separation of blades in the turbine. Since machining 

limitations require that the blades be separated by at least a few millimeters, it can be 

inferred from table 4.1 that the turbomolecular pump will only operate when exhaust 

pressures are ~ 10-1 mbar. The roughing pump is thus required to back the turbomolecular 

pump by maintaining the suitable exhaust pressure. Evacuation was begun in the MBraun 
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system by using the roughing pump to pump the chamber down to ~200 mbar at which 

point the turbomolecular pump was started. The turbomolecular pump did not accelerate 

appreciably until the roughing pump had pumped the chamber down to 10-1 mbar. At this 

point the turbomolecular pump quickly accelerated to its operating speed, evacuating the 

chamber to its final pressure.  

The evaporation chamber itself contains restively heated sources, a substrate holder, 

and a quartz microbalance thickness monitor. A picture of the chamber is shown in 

Figure 4.6. There are four positions in which sources can be placed. The source may be a 

tungsten boat (used for the evaporation of aluminum and gold), a molybdenum boat (used 

for the evaporation of silver), or a quartz crucible (used for the evaporation of organic 

semiconductors) nestled by a metal bracket. An SQC-223 co-deposition controller is used 

to control the power delivered to the source. The controller compares the observed 

deposition rate (as measured by the quartz thickness monitor) against the desired 

deposition rate and adjusts supplied power accordingly.  The controller can also be made 

to account for the rate of change in the deposition rate in order to temper adjustments to 

supplied power. This can be used to minimize oscillations in the deposition rate. 

Typically, metals such as gold and aluminum (Kurt J. Leskar, 99.99% purity) were 

evaporated at a rate ~3 Å/s to a thickness of 30 nm for top contacts or a thickness of 80 

nm for gate electrodes. Total time for evacuation and evaporation for metal deposition 

was ~ 20 minutes. Organic semiconductors were evaporated at a gentler rate of .3 Å/s to a 

total thickness of 50nm. Total time in these cases was ~ 50 minutes.  
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Figure 4.6. Picture of thermal evaporation chamber. 

In order to form isolated devices, the metal for the top contacts has to be patterned. 

The pattern should feature two closely spaced metal contacts separated by a narrow, 

rectangular region, thus defining the channel. This can be accomplished by evaporating 

the metal through a shadow mask that has been cut such that it is the negative of the final 

desired metal pattern. The shadow mask is firmly clamped to the substrate before 

evaporation to ensure an accurate reproduction of the pattern. Masks made of thin 

molybdenum were manufactured by JVIC (Missouri State University, Springfield, MO) 
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using designs made by the author in the AutoCad software package. A sample mask 

design is shown in Figure 4.7. The mask resulted in devices with channel lengths of 50 – 

250 µm and widths of .5 – 2.5 mm, giving W/L ratios of 10 to 40. It may be noted that 

molybdenum is used for the mask because it has the lowest coefficient of thermal 

expansion of all common metals,45 and thus can be cut by laser with minimal distortion of 

fine features.  

 

Figure 4.7. Sample mask design used for patterning top contacts for OFETs. The 

listed to the side of each row give the width and length of the OFET channel. The mask is 

1 X 1 inch in total size. 
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4.1.2.3 MAPLE/

MAPLE is a form of pulsed laser deposition (PLD) that allows for the vapor phase 

deposition of polymeric organic semiconductors. This is in stark contrast to thermal 

evaporation, which while allowing for the vapor phase deposition of small molecule 

semiconductors is incompatible with many heavier polymeric semiconductors. PLD itself 

is a technique whereby a pulsed laser, directed at a solid target, ablates target material 

into a plume. Atoms or molecules from the plume can then gently deposit onto a 

substrate. As with thermal evaporation, the deposition must be done in an evacuated 

environment where vaporized particles have unimpeded travel from the target to the 

substrate. MAPLE is different from ordinary PLD in that the target is an originally liquid 

solution that has been made solid by freezing. Thus, in MAPLE the energy incident from 

the laser may primary be absorbed by the solvent whereas in PLD the bulk material itself 

must absorb the energy. Thus MAPLE is ideal for materials that may decompose before 

vaporizing, as is the case for many polymeric semiconductors. Clearly, the laser 

wavelength must be carefully chosen to ensure that it matches the absorbance of the 

solvent and is safely separated from the absorbance of the solute. 

A diagram of the PLD system used to fabricate devices in this work is shown in Figure 

4.8. The entire chamber is evacuated to 10-5 mbar using a pumping system similar to the 

one descried in the previous section. The laser is directed though a quartz window to the 

target, which is mounted on a rotating stage. The target is held in contact with a liquid 

nitrogen cooled stage, thus ensuring the solvent remains frozen. The substrate is 

suspended ~4 cm from the target.     
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Figure 4.8. Schematic of the PLD system 

!

4.2 Electrical!Characteristics!

After fabrication was completed, it was necessary to ascertain the quality of the 

OFETs by characterizing their electrical performance. The current-voltage (I-V) 

characteristics of the devices were measured by using a Keithley 236 Source Measure 

unit and a Keithley 2440 SourceMeter. As described in section 2.2, a proper 

characterization will require the sourcing of two voltages (i.e. drain voltage and gate 

voltage) and the measurement of the respective two currents, so the two units were 

required to work in tandem. The 2400 has a resolution of 50 pA while the 236 has a 

resolution of 10 fA.  The 236 was chosen to measure the drain-source current due to its 
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better resolution it offers allowing for the reliable measurement of currents down to 10-11 

A. A schematic of the setup is shown in Figure 4.9. 

 

Figure 4.9. Schematic of electrical characteristics testing station 

 

Output characteristics were recorded by writing a LabView (National Instruments) 

program which set the 2400 to source the constant VG while using a Keithley supplied 

program to sweep the 236 through the desired VDS range as it recorded the current. The 

program took the desired start and end drain voltage values along with the number of VDS 

points to record and took start and end VG points along with number of gate voltage 

points, and thus allowed for a fully automated way to record a full set of output 

characteristics. 

Transfer characteristics were recorded using a similar program as described above. 

The 2400 was set to source the VG and record gate current while the 236, once again, 

sourced VDS and recorded IDS. The program was written such that the two units would 

communicate with the other using triggers such that the 236 would take a drain current 
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measurement for each VG point sourced by the 2400. Like the output characteristics 

program, this program allowed for a fully automatic collection of transfer characteristics 

once the relevant parameters such as start and end voltages and number of points were 

selected. The program was later modified to automatically extract simple parameters such 

as charge carrier mobility and threshold voltage from the freshly collected transfer 

characteristics. 

 

4.3 Raman!scattering!measurements!

As discussed in chapter 3, Raman spectroscopy is essentially a very weak inelastic 

scattering effect. As such, a Raman spectroscopy system must consist of the following 

parts: (1) an intense monochromatic light source; (2) optics to focus the light source onto 

the specimen; (3) optics to collect the scattered light; (4) a filter to remove the Rayleigh 

scattered light; (5) a monchromater to split the Raman scattered light into a continuous 

spectrum; and (5) a detector to collect the scattered light. It should be noted that, in 

general, a filter to block the Rayleigh scattered light is not absolutely necessary as a 

monochromater may suitably split the Raman scattered light from the Rayleigh scattered 

light. However, the use of such filters can greatly reduce the total space needed for the 

Raman system. Likewise, while not absolutely necessary, lasers are generally used as the 

excitation source as they provide the needed intensity and monchromaticity.  

Furthermore, if the scattered light is collected in a backscattered geometry, a single set of 

optics may serve to focus and collect the incident and scattered photons, respectively. 

All Raman measurements discussed in this work were collected using a Rennishaw 

InVia Raman Microscope. The system consists of two enclosures, the first of which 
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houses the filter, monochromater, and charge coupled device (CCD) detector, and a 

second, which houses a microscope with a 50X lens that focuses the laser onto the sample 

and collects the scattered light. A schematic of the system is shown in Figure 4.10. The 

system has two excitation sources: a 400mW 785nm diode laser and a 50 mW 514.5 

Argon ion laser. The laser beam enters the enclosure where it is directed to an optical 

edge filter. The edge filter is chosen with a cutoff wavelength λ equal to that of the laser. 

It completely reflects all wavelengths ≤ λ and is completely transparent to wavelengths > 

λ. Thus, the laser is reflected by the filter and directed through the microscope down onto 

the sample. The backscattered light is then collected by the microscope and re-redirected 

onto the filter. Stokes scattered light passes through the filter while the elastically 

scattered light is blocked. Thus, the filter separates the Raman scattered light from the 

much more intense laser line. The Raman scattered photons are then passed through a 

monochromater and focused on a CCD. 

The stage on which the sample is placed has automated x, y, z controls, allowing for 

the point-by-point mapping of the Raman spectrum as a function of position on the 

sample. Thus, one may place an OFET on to the stage and generate a map of the Raman 

spectrum as a function of position along the channel and contact regions. The microscope 

focuses the laser to point ~7 µm in diameter so the points may be separated by as little as 

a few micrometer. The maximum total incident power on sample is ~30 mW for the 

785nm laser and ~3 mW for the 514 nm laser.  
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Figure 4.10. Schematic of the micro Raman system. 

  

 

 !
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5 Pulsed!laser!deposited!Films!for!Organic!Field!Effect!

Transistors!!

As mentioned in chapter 2, the performance of OFETs is heavily dependent on the 

interfaces in the device. The quality of the polymer-dielectric interface, in particular, is 

determined in large part by the method of forming the polymer film. Spin-coating and 

dip-coating are typical techniques that are often used to form the film. These methods, 

however, do not allow for a precise control of the film thickness.46  Furthermore, as 

discussed in chapter 4, if an inorganic dielectric is used, the dielectric surface must be 

modified by the self-assembly of OTS or other monolayers in order to enhance charge 

carrier mobilities and device performance.  

It would be highly desirable to have an alternate method of polymer film deposition 

that allows for better film formation without the need for SAM modification of the 

dielectric. One such method is MAPLE, as discussed in chapter 4. MAPLE allows for the 

layer-by-layer growth of a homogenous polymer film without any laser-induced 

damage.47 It further allows for the deposition of organic polymer films on solution 

processable dielectrics.48 In general, it is often not possible to deposit such films via spin-

coating as the dielectric may be susceptible to solvent induced damage. The MAPLE 

technique has been used to deposit polyfluorene-based,49,50 as well as P3HT51 polymer 

films. The optical and structural properties are similar to that of spin-coated films.  

In this work, OFETs were fabricated using a fluorene co-polymer (9,9dioctylflourene-

co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4phenylenediamine) (PFB), thin film 
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grown both by MAPLE and standard spin-coating techniques. Solutions of PFB were 

prepared for both MAPLE and spin-coating by dissolving the polymer in toluene at 

concentrations of 2 mg/ml and 5 mg/ml, respectively, followed by filtering through at 

.22µ, PTFE filter. For the MAPLE deposited films, a KrF eximer laser was used as the 

irradiation source. Toluene is known to have its maximum absorbance at ~260 nm, while 

the KrF eximer laser emits at 248nm. Since the maximum absorbance of PFB occurs at 

~350 nm,49 energy imparted from the laser is expected to be absorbed by the solvent, and 

not by the PFB. Furthermore, for polyflourenes films, toluene has been shown to give 

better films than other Chlorine-bearing solvents.50 The laser (Physik COMPex, pulse 

duration of 20 ns), at a pulse rate with an energy density of 0.9mJ/cm2, was directed at an 

angle of incidence of 45o at the cold target, which had been placed in an evacuated 

chamber. The target was constantly rotated to avoid heating induced decomposition at a 

single spot. The growth rate was .6nm/min and the final film thickness was ~20nm.  

Spun-cast films were deposited by spin-coating (2000 rpm) ~.3ml of PFB solution on 

both untreated SiO2 and OTS treated SiO2 substrates. The final thickness of the spun-cast 

films was ~50nm. Devices using both the spun-cast and PLD films were completed by 

depositing the top Au contacts (~30nm) at a rate of 3Å/s using thermal evaporation. A 

shadow mask was used to pattern OFETs with typical channel lengths of .05–.1mm and 

widths of .5–1mm. MIS structures were likewise patterned to give device areas of 2.2 X 

10-3 cm2.   

Here, we compare the FET and MIS characteristics of the devices made from the 

spun-cast and MAPLE grown films. We use I-V measurements from the OFETs and 

capacitance-voltage (C-V) and conductance-voltage (G-V) measurements from the MIS 
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structures to construct a detailed analysis of the polymer-dielectric interface The 

electrical characteristics of all the devices are compared to show that without any OTS 

treatment of the SiO2 surface, MAPLE grown OFETs show better transistor performance 

than the spin-coated deposited OFETs. 

Both MAPLE grown and spin-coated films were deposited on OTS and non-OTS 

treated SiO2. Figures 5.1 and 5.2 show the transfer characteristics from MAPLE-grown 

and spin-coated PFB-based OFETs on non-OTS treated SiO2, respectively. The insets 

show the output characteristics. The spin-coated sample shows a higher leakage current 

and a lower modulation of the drain–source current by the gate voltage. Device 

parameters such as charge carrier mobility, On/Off current ratio, and threshold voltage 

were estimated using the standard saturation regime current-voltage characteristics of 

field-effect transistors (eq. 2.7).  

 

Figure 5.1. Transfer characteristics of MAPLE grown PFB-OFET on a non-OTS 

substrate at a drain-source voltage of -30V. The inset shows the output characteristics. 
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Figure 5.2 Transfer characteristics of spun-cast PFB-OFET on a non-OTS substrate at 

a drain-source voltage of -30V. The inset shows the output characteristics. 

 

Transistor characteristics for MAPLE-grown and spin-coated PFB-based OFETs on 

OTS treated SiO2 are shown in figures 5.3 and 5.4, respectively. The device structure and 

size were identical for the MAPLE grown and spin-coated OFETs. The hole mobility is 

deduced from a linear fit to the saturation region of the square root of the drain–source 

current as a function of the gate voltage (figures 5.1, 5.2, 5.3, and 5.4). The results are 

tabulated in table 5.1.We point out that due to the amorphous nature of the polymer, the 

hole mobilities are inherently lower compared to semicrystalline polymers such as F8T2 

and P3HT52,53.  

While the OTS treated spin-coated films perform significantly better than their non-

OTS treated counterpart, the OTS treated MAPLE devices show only slightly better 

performance than their non-OTS treated counterparts. The On/Off ratio is consistently 
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better for the MAPLE grown PFB OFETs since these devices have lower off currents. 

Since VTh is typically independent of morphology54, the apparent positive Vth is 

attributed to the relatively high off currents in the spun-cast samples. To obtain further 

insight into the nature of the polymer-dielectric interface, capacitance-voltage 

measurements were carried out form the MIS structures.  

 

Figure 5.3. Transfer characteristics of MAPLE deposited PFB-OFET on an OTS 

treated substrate at a drain-source voltage of -20V. The inset shows the output 

characteristics 
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Figure 5.4. Transfer characteristics of spun-cast PFB-OFET on an OTS treated 

substrate at a drain-source voltage of -30V. The inset shows the output characteristics 

 

Table 5.1. OFET characteristics of MAPLE grown and spincoated films on non-OTS 

and OTS modified SiO2. 

 Spun-cast Spun-cast OTS MAPLE MAPLE OTS 

Mobility 
(cm2/Vs) 

3×10-6 4×10-4 8×10-6 2×10-5 

On/Off Ratio 10 30 200 250 

Threshold 
Voltage (VTh) 

6 2 -2 -2 

 

Figure 5.5 shows the C-V characteristics of the spun-cast and MAPLE grown PFB 

diodes measured in the frequency range of 2-6 kHz. The insets show their hysteresis 

behaviors at a frequency of 2 kHz. Both of these samples were fabricated on OTS treated 

substrates. Both samples show high capacitance measured in the accumulation region at 

negative bias voltages and low capacitance measured in the depletion region at positive 
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bias voltages. The magnitude of the hysteresis is ~14.3 V and 24.4 V for the spun-cast 

and MAPLE grown samples, respectively. Both samples exhibit frequency dispersions in 

the accumulation region, with the spin-cast devices showing a slightly higher dispersion.  

 

Figure 5.5. Frequency dependence of the C–V curves for (a) spun-cast p++-

Si/SiO2/PFB and (b) MAPLE grown p++-Si/SiO2/PFB diodes. The insets show the 

hysteresis at 2 kHz.  The arrows denote the direction of the sweep cycles. 

  

 

The extent of the frequency dispersions in the accumulated capacitance are ~3.4% and 

0.6% respectively, which is considerable less than reported for some MIS structures.55,56 

The observed frequency dispersions in the accumulation capacitance could possible be 

due to mobile charges acting as trapped charges at higher frequencies due to their non-

response to such high frequencies. The MAPLE grown sample shows a slightly larger 

stretching of the C–V curve along the voltage axis as well as frequency dispersion in the 

depletion region, which may be accounted for by the slightly higher interface trap density 

(Dit) values estimated in this sample.57 
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Though the spun-cast sample showed slightly lower Dit values, the MAPLE grown 

sample exhibited less accumulation capacitance and time constant dispersions. While 

energy loss in the MAPLE grown sample is dominated by interface trap states, energy 

loss in the spun-cast sample is dominated by bulk states, with some interface states 

contribution. Overall it is seen that MAPLE grown MIS structures perform similar to the 

spun-cast ones, even though the surface roughness of the former is higher.49 

In conclusion, this work has shown the MAPLE technique to be a viable alternative to 

spin-coating in the fabrication of device-quality organic MIS diodes and FETs. In MIS 

structure though the spun-cast sample showed slightly lower Dit values, the MAPLE 

grown sample exhibited less accumulation capacitance and time constant dispersions. 

The FETs show a consistently better on/off ratio for the MAPLE grown PFB films 

compared to the spun-cast films. MAPLE grown films provide an added advantage of 

patterning the active layer with minimum surface modification requirements of the 

dielectric-polymer interface. This opens up potential applications of the MAPLE 

technique in nanostructured organic devices. 
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6 Light!scattering!of!Studies!of!Pentacene!

In addition to the dielectric-semiconductor interface, the semiconductor- metal 

interface plays a crucial role in the performance of an OFET. There have been a few 

investigations of the interfaces of organic molecules with metals such as Ag, Al, and Mg 

using Raman spectroscopy. Most of these studies involved vacuum evaporated thin metal 

films. Depending on the choice of the metal, the Raman spectrum of organic 

semiconductors show an enhancement of intensities due to the SERS effect,58 changes in 

relative intensities due to complexes formed by weak interaction between the metal and 

the conjugated ring of the ligand,59 and also partial graphitization of the semiconductor 

film.60 

 The nanostructured size and shape of the metal layer on top of the organic films 

allows for the SERS effect.  Since most p-type OFETs utilize Au contact electrodes, a 

question that may be raised is whether SERS, if observable, may be used as a diagnostic 

tool to probe the organic semiconductor-metal interface in terms of its electronic and 

chemical makeup, along with providing a platform to understand any degradation related 

mechanisms in OFET performance.  

Here, we explore the interface between Au and pentacene using Raman spectroscopy 

by varying the thickness of the Au layer in pentacene-based OFET structures. With a near 

infrared (IR) excitation source, SERS from the pentacene layer is clearly seen beyond a 

certain thickness of Au. Raman maps across the pentacene-Au interface provide a strong 

visualization tool to study the impact of the metal layer on the pentacene film. This 

technique further provides insights into device performance and defect-induced 
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mechanisms when gated. It is seen that the SERS spectrum detects molecular degradation 

in high-operating voltage devices. This is contrasted with low-operating voltage devices, 

where no such degradation is detected. The pentacene results are also compared with 

crystalline graphite, where Au evaporation results in an SERS effect enhancing the 

features from disordered carbons.  

A comparison of the experimental results with first-principles vibrational frequency 

calculations of pentacene clearly show that Au deposition results in a change in the 

aromaticity of the phenyl rings and introduction of disordered carbons. The Raman 

signature of these disorder pentacene molecules is further enhanced by SERS. In fact, it is 

shown that it is possible to simulate the SERS spectrum by explicitly modeling the Au-

pentacene interaction. The thermal evaporation of the pentacene film itself retains the 

aromaticity and structure of the molecule, evident from the Raman spectrum itself. 

Finally, the SERS effect from pentacene films covered with evaporated Ag films is 

investigated. It is shown that with both Au and Ag, the SERS spectrum evolves as a 

function of metal film thickness. In fact, the spectrum shows sub-nanometer level 

sensitivity to the thickness of the metal film for very thin films. Thus, a Raman scattering 

based metrology tool for tracking the thickness of top metal contacts on organic films is 

proposed. 

 

6.1 Observation!of!SERS!

Figure 4.1 shows the representative Raman spectra of a pentacene film in the 1100-

1700 cm-1 region from the channel region and through the Au pad of an OFET using the 

785 nm laser line as the excitation source. The Au thickness of this device was 5 nm. A 
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detailed description of the Raman frequencies of pentacene is found in Ref. [61,62,63]. 

The Raman peaks in the 1140-1190 cm-1 region originate from the C-H in-plane bending 

motion, and the C-C aromatic stretching vibration lies in the 1340-1400 cm-1 range. The 

two peaks at ~ 1160 cm-1 and 1178 cm-1 are related to the motion of the H atoms at the 

end and the side of the molecule. The 1371 cm-1 peak is seen as the strongest C-C 

stretching vibration.  

 

Figure 6.1. Optical image of the channel/contact region of a pentacene-based OFET. 

The Raman spectrum of pentacene in the 1120-1600 cm-1 is shown on top through the Au 

pad (left) and from the channel region (right). 

 

 It can quickly be seen from Figure 6.1 that the 1380 cm-1 and the 1580 cm-1 

region are broadened with the appearance of new peaks when probed through the Au pad. 
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Additionally, the intensity of the 1380 cm-1 peak is greatly enhanced through Au, which 

is not seen here as the two spectra are normalized to the intensity of the 1380 cm-1 peak. 

The relative intensities of the 1160 cm-1 and 1178 cm-1 Raman peaks also change with the 

thickness of the Au film. To understand the role of Au in the Raman scattering of 

pentacene, we have systematically varied the thickness of the Au layer and measured the 

Raman spectrum from the channel-Au pad region using both the 785 nm and the 514 nm 

excitation sources. 

The largest SERS enhancement due to Au nanoparticles/nanostructures occurs when 

excitation wavelengths are in the near infrared, out of resonance with the surface 

plasmons.64 Comparing the Raman spectrum of pentacene through the Au pad using both 

the 785 nm and the 514 nm further distinguishes the SERS effect from normal Raman 

scattering. Figure 6.2 shows the Raman spectra of pentacene films (of same thickness) in 

the 1150 cm-1 -1600 cm-1 region for three different Au layer thicknesses measured with 

the 785 nm excitation. No changes are observed in the Raman spectrum of pentacene for 

Au film thickness < 1 nm. As the Au thickness increases, new peaks at 1381 cm-1 and 

1561 cm-1 emerge, as seen in Figure 6.1. For typical Au thicknesses used in devices (> 20 

nm), these two peaks broaden and dominate the Raman spectrum. Moreover, the intensity 

of the 1380 cm-1 region keeps increasing with the Au layer thickness and saturates at 

about 10 nm. 
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Figure 6.2. The Raman spectra of pentacene films covered with Au films of three 

different thicknesses. 

  

6.2 Confirmation!of!SERS!effect!

To understand the origin of the new features observed in the Raman spectrum of 

pentacene with increasing thickness of the Au layer, several of these films were measured 

with the 514 nm laser line. Figure 6.3 (a) shows a schematic of the setup, where either the 

785 nm or the 514 nm line were incident on the sample in a backscattering geometry. 

Figure 6.3 (b) and (c) show the Raman spectra of pentacene measured with and without 

the Au layer using the 785 nm and 514 nm lasers, respectively. Both sets of spectra were 

measured from the same region in the sample that had a 20 nm Au layer. The Raman 

spectrum of pentacene through Au with the 785 nm line is greatly enhanced compared to 
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pentacene only signal, as evident from Figure 6.3 (b). The 1380 cm-1 and the 1560 cm-1 

peaks dominate and completely overwhelm the other pentacene Raman peaks in this 

region. Qualitatively the Raman spectrum measured with the 514 nm line through Au is 

similar without Au except for the shoulders at 1390 cm-1 and ~1570 cm-1, denoted by the 

dotted lines. The overall CCD counts through the Au layer is lower compared to the 

pentacene only signal due to attenuation of the green laser light. Clearly, there is no 

enhancement of the Raman signal when the 514 nm laser is used. Since this laser has an 

energy that is far away from that of the Au surface plasmons (>1 eV), it will not be able 

to excite them. Therefore, the absence of any enhancement when using the higher energy 

laser confirms that the enhancement seen with the 785 nm source is due to excited Au 

surface plasmons and thus, is indeed an SERS effect.  
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Figure 6.3. a) Schematic of the Raman setup in a backscattering geometry. (b) The 

Raman spectra from two regions in the sample – through a 20 nm thick Au layer and 

without any Au layer with the 785 nm excitation source. (c) The Raman spectra from the 

same regions as in (b) but measured with the 514 nm laser line. 

As a further check we also evaporated a thin layer of Au (10 nm) on a piece of highly 

oriented pyrolytic graphite (HOPG), and measured the Raman spectrum both with the 

785 nm and the 514 nm excitation sources. HOPG consists of a continuous, ordered sp2 

carbon network, similar to that of pentacene. With the 514 nm excitation, no changes are 

observed in the Raman spectrum of HOPG when probed through the Au film or without 

Au. However, the 785 nm excitation source shows features at 1306 cm-1 and 1540 cm-1 

(Figure 6.4). The 1306 cm-1 is clearly the D-band of disordered graphite. The enhanced 
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sensitivity of the Raman spectrum when using the 785 nm excitation source is only 

explainable by there being a surface enhancement at the Au-graphite interface. Thus, we 

see that the enhancement is not an artifact of the Au-pentacene systems, but is truly a 

surface effect based on the interaction of the 785 nm excitation source with the Au layer 

surface. 

 

Figure 6.4. Raman spectra of graphite through a thin Au film using the 785 nm and 

514 nm excitation sources. The inset shows the Raman spectrum measured with the 785 

nm line without any Au. 

 

Another way of confirming that there is a surface plasmon based effect at the heart of 

the enhancement is to directly measure the absorbance of the pentacene-Au interface. Au 

surface plasmons are known to emit in the near infrared portion of the spectrum and 

absorb ~540 nm. If there are surface plasmons that are capable of creating the SERS 
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effect at the interface, then they should be apparent in the absorption spectrum of the 

interface. A very thin layer of Au (~2 nm) was deposited onto a cleaned glass slide. As a 

last check, we measured the absorbance of the ~ 2 nm film of Au by itself. Upon 

deposition, Au has the tendency to form nano-islands, which then merge to form the film. 

Thus, the Au film on glass will also have a similar nano-roughness, as does the Au 

surface in the Au-pentacene interface. The absorbance is shown in Figure 6.5. Here, the 

absorbance of the surface plasmons is seen clearly. We, therefore, have very strong, 

direct evidence that there are surface plasmons at the Au surface, giving yet further 

support to the existence of the SERS effect. 

 

Figure 6.5. The absorbance of a very thin film of Au. The absorbance signature of Au 

surface plasmons centered at ~ 550 nm is clearly seen. 
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 The existence of an SERS effect at the Au-pentacene interface necessitates that there 

exist a nano-structured Au layer. In order to understand the nature of the nanostructured 

Au layer, we took scanning electron microscopy (SEM) images of the top surface of a 

pentacene specimen with a 2 nm layer of Au. As seen from Figure 6.2, the SERS effect 

just begins to show itself in specimens with Au thicknesses of 2 nm, so we expected to 

see evidence of the nanostructure at the interface in the SEM surface image. Images were 

taken with a FEI Quanta 600F environmental SEM with an accelerating voltage of 20 kV. 

A typical image is shown in Figure 6.6. The images clearly show a surface roughness 

indicative of growth of Au islands. The typical diameter of the surface features is 180 nm 

(±60 nm). Au nanostructures of this size will exhibit surface plasmons, consistent with 

the appearance of the SERS effect. 
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Figure 6.6. SEM image of the top surface of a 2nm Au layer grown on top of a 

pentacene film.  Nano-features consistent with the appearance of an SERS effect are 

clearly seen. An arrow is drawn at the upper left to highlight the characteristic size of the 

nano-features. The piece of dust in the lower right corner should be disregarded. 

 

As shown in Figure 6.2, there are almost no changes in the Raman spectrum of 

pentacene when the Au layer thickness is less than 0.5 nm. However, Figure 6.3 (b) and 

(c) suggest a permanent change due to a structural disorder of the pentacene molecule 

upon evaporation of thicker films of Au. A clue as to the origin of this permanent change 

can be found in the SERS spectrum of HOPG (Figure 6.4). Here, the enhancement picks 

up evidence of the D-band of disordered graphite. It is clear that the evaporation of Au 

onto the graphite creates some disorder in the graphite, which is then detectable via the 
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SERS effect. This brings up the intriguing possibility that the SERS spectrum of 

pentacene contains a fingerprint of disorder in the pentacene film. If this is the case, then 

one may be able to correlate features in the SERS spectrum with molecular structure in 

the film. 

 

6.3 Theoretical!Calculations!of!the!Raman!Spectrum!of!Pentacene!

As mentioned in section 2.4, DFT allows us to make theoretical predictions about the 

Raman frequencies and intensities. To understand the changes in the Raman spectrum of 

pentacene with Au, we have calculated the Raman spectrum of pure and perturbed 

pentacene molecules by disrupting the aromaticity of the phenyl ring. As a first attempt to 

incorporate structural disorder in the pentacene molecule, an additional hydrogen atom 

was added to have one of the C atoms with sp3 hybridization. An addition of a hydrogen 

atom may not be the most realistic pathway but it allows us to introduce distortion in the 

phenyl rings to emulate the experimental conditions. The Raman spectrum was calculated 

for three different scenarios: unperturbed pentacene, pentacene with one sp3 C in the 

outermost ring, and pentacene with one sp3 C in the center ring (Figure 6.7 (a)). The three 

calculated spectra were weighted evenly and then averaged. 
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Figure 6.7. (a) Chemical structure of a pentacene molecule and pentacene with 

disordered sp2 rings. (b) Calculated Raman spectra of a pristine molecule and disordered 

molecule with an sp3 C atom at the edge. (c) Experimental Raman spectrum of pentacene 

through a Au layer. The calculated spectrum is the average of the three spectra 

corresponding to the different schemes in (a). The dashed line correlates the experimental 

Raman peaks in the 1170 cm-1 region to the calculated spectrum. 

 

Figure 6.7 (b) shows the calculated spectra from a pure pentacene molecule along with 

a pentacene molecule with a sp3 defect site in one of the edge phenyl rings. In the 

distorted molecule, the 1218 cm-1 peak gets enhanced and the aromatic C-C stretch 
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vibration at ~1390 cm-1 is slightly hardened compared to the pristine molecule. The 

calculated spectrum in Figure 6.7 (c) is an average of the three calculated spectra, as 

explained previously. This average spectrum agrees quite well with experiment - the 

energies are slightly different but the experimental 1170 cm-1 region is well reproduced 

by our calculations; similarly, the main features in the 1380 cm-1 region also corroborates 

with experiment.  

By weighting the individual spectrum equally from the three pentacene molecules (in 

Figure 6.7), we do not suggest that the distorted molecules to the pristine molecule are in 

a 2/3 ratio. Clearly, upon Au deposition the pentacene layer is most likely to be affected 

at its interface with the Au. Here, where the pentacene is most disordered, the 

enhancement will be greatest. Therefore, by taking a 2/3 ration of disorded to pristine 

molecules, we ensure this enhancement is reflected in our calculations. The experimental 

data (with the 785 nm laser) probes the bulk of the pentacene film. The SERS signal from 

the distorted molecules is much higher compared to the regular Raman intensity from 

pentacene. Using the 514 nm laser excitation source (which doesn’t result in SERS), we 

clearly see that the pristine pentacene C-C stretch at 1370 cm-1 is still stronger than the 

high-energy shoulder in Figure 6.3 (c). The increase in the 1560 cm-1 region (Figure 6.2) 

most likely corresponds to the G-band of sp2 carbons.65 This band appears in many 

disordered carbon structures – carbon fibers, glassy carbon blacks, and pregraphitic 

carbon.66  Overall, Au evaporation on the pentacene layer results in modifying the 

molecule and introducing some disorder in the sp2 carbon network. This may affect a 

small fraction of the pentacene molecules near the interface but since the SERS effect is 

strong for the disordered molecule, the experimental Raman spectrum is overwhelmed by 
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the 1380 cm-1 and the 1560 cm-1 region. In other words, the SERS effect shows a 

sensitivity to the disorder that is otherwise undetectable. 

While we can use sp3 carbons to simulate disorder in pentacene to reliably recreate the 

SERS spectrum, such molecular structures likely do not correspond the real structure of 

the pentacene in the film. Indeed, one may simply ask the question “what caused the 

carbon to become sp3 hybridized?” While the model provides for a quick way to simulate 

disorder and in the process provides critical insight, it does not give an adequate 

explanation of the molecular origins of the disorder.  

A next attempt to simulate the SERS spectrum of pentacene was made by 

incorporating oxygen atoms into the structure. Pentacene, being in organic molecule 

dense with easily picked off π electron, certainly can be oxidized. In fact, work has been 

done where the likely structures of oxidized pentacene were determined using mass 

spectroscopy.67 An attempt made to simulate the SERS spectrum using these structures is 

documented in appendix A. It is found that oxidized pentacene molecules cannot account 

for the observed the SERS spectrum. Thus, we look to another source for the origin of 

disorder in the pentacene molecule.  

As the SERS effect requires the interaction of gold and pentacene as the metal-

semiconductor interface, it is natural to turn to Au atoms when attempting to model the 

SERS spectrum. By explicitly considering the Au-pentacene interaction, we hope to find 

a more authentic model for the disorder in the pentacene film. In postulating how Au may 

interact with pentacene at the molecular level, we consider many possible configurations. 

Since the SERS effect may be caused both by direct bonding of the metal and the 

molecule or by a charge transfer effect, we consider geometries both where Au is bonded 
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to pentacene molecules and where Au atoms are merely in close proximity to pentacene 

molecules. While a full simulation of the SERS effect would require incorporating the 

local field enhancement due to Au nanostructures at the interface, for computational 

simplicity we restrict ourselves to the interaction of individual Au atoms and pentacene 

molecules. Since one would expect that during the evaporation process, some Au atoms 

penetrate the top surface of the pentacene film and lie in between pentacene molecules, 

the geometries considered here are a reasonable simplification. By studying the 

interaction of individual Au atoms and pentacene molecules, we aim to understand the 

interface interaction at the most fundamental level. 

 

Figure 6.8. Optimized structures of (a) a pentacene molecule, (b) two pentacene 

molecules with a Au atom bonded to one of the pentacene molecules at the edge (Edge 

Au), and (c) Au atom bonded to two pentacene molecules at the center (Center Au). 

 

(c)(b)

(a)
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Figure 6.8 (a) shows an optimized geometry of a single pentacene molecule, and (b)-

(c) show two configurations of a Au atom and pentacene molecules. These are the 

minimal energy configurations obtained by DFT computations. In Figure 6.8 (b) the Au 

atom is ~2 Å away from each of the pentacene molecules over the outer rings (henceforth 

referred to as edge Au). It is bonded to one of the molecules and not bonded to the other. 

In Figure 6.8 (c), the Au atom is bonded to carbon atoms in the central rings and is 

positioned ~2 Å away from each pentacene molecule (henceforth referred to as center 

Au). In both cases, the pentacene molecules are slightly deformed from their pristine 

configurations. Different geometries with the Au atom in various locations relative to the 

pentacene molecule were submitted for optimization, but all optimized to one of the 

above geometries. In both cases, the aromaticity of the pentacene molecule is disrupted 

by the presence of the Au atom. That is to say, the Au atom adds itself to a carbon atom 

resulting in a lone sp3 carbon bonded to both Au and hydrogen. We note that in neither 

case does the Au atom affect the breaking of bond in the pentacene molecule or the 

removal of a H atom.  The break in the sp2 network of the pentacene molecule results in a 

change of the geometry of the molecule along with a change in its vibrational spectrum.  
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Figure 6.9. The HOMO (left) and LUMO (right) molecular orbitals of the Au-

pentacene systems for (a) the edge Au and (b) center Au conformation 

 

The effect of the Au atom on the electronic structure of pentacene is clearly seen in 

Figure 6.9, where the HOMO (left) and LUMO (right) of the two above configurations 

are shown. The red and the green represent the phase of the molecular orbital. It is clear 

from the shape of the orbitals that there is some amount of charge transfer from the Au 

atom to the pentacene molecules, as one would expect from observing the SERS effect. 

The LUMO charge distribution for both Au pentacene configurations are roughly the 

same, which is also reflected in similar Raman scattering cross-sections. The Raman 

scattering cross-section is ~ 10-28 cm2/sr for the Au-pentacene configurations, an order of 

magnitude higher than a pristine pentacene molecule.   

(a)

(b)
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Since pentacene crystallizes in a herringbone pattern,68 one may ask if geometries 

where the two pentacene molecules are in a herringbone arrangement yield very different 

vibrational spectra. To answer this, we computed the electronic structure and vibrational 

energies of two pentacene molecules in the herringbone structure and found that the 

results were virtually identical to that of the single pentacene molecule. Details are 

provided in appendix B.This is expected since the Raman frequencies in our range of 

interest (1000-1700 cm-1) are all intra-molecular in nature – the only noticeable 

difference was a ×2 enhancement of all the Raman peak intensities for the herringbone 

arrangement. 

We further computed the electronic structure and vibrational energies of pentacene 

molecules in the herringbone structure bonded with Au atoms. We found, once again, that 

results were very similar to the results from the structures presented in Figure 6.8.  The 

dominant intra-molecular vibrations of the Au-pentacene structure are dependent only on 

the nature of the Au-pentacene interaction and not on the relative orientation of the two 

pentacene molecules. Thus, for simplicity we use the three structures given in Figure 6.8 

as representatives for the Au-pentacene interaction in crystalline pentacene films. The 

HOMO-LUMO energy gaps of the various Au pentacene conformations from our DFT 

calculations are given in Table 6.1. For comparison, the experimental HOMO-LUMO 

gap of pentacene is found to be in the range of 1.9 eV to 2.2 eV,69 where the HOMO 

energy is ~-4.9 eV and the LUMO energy is ~ -3.0.70  Hybrid functionals within DFT 

with increasing fraction of Hartree-Fock exchange enhance the energy gap compared to 

local density approximation.71 We find the HOMO-LUMO energy gap of pentacene to be 

very close to the experimental value with the B3LYP functional. 
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Table 6.1. Calculated HOMO-LUMO energy gap of pentacene and pentacene-Au 
conformations. 

Structure HOMO-LUMO (eV) 
Pentacene 2.29 
Center Au 2.11 
Edge Au 2.02 

 Pentacene (herringbone) 2.00 
Pentacene herringbone with center 

Au 
1.84 

Pentacene (experiment)a 2.2 
a (ref 69) 

Next, we attempt to correlate the theoretically expected changes of the vibrational 

spectrum of pentacene to our experimental results. The theoretically computed Raman 

spectra of pentacene and pentacene with Au are compared with the measured Raman 

spectra from pentacene films in both the channel and contact region of pentacene OFETs. 

As shown in section 6.1, when probed through the Au contact, we see a clear change in 

the pentacene spectrum consisting of shifts in peak position, selective enhancement of 

several peaks and the appearance of new peaks, all indicative of the SERS effect  

As was mentioned earlier, the spectrum of oligoacenes in the 1000-1600 cm-1 region 

can roughly be split into two regions: the C-H in-plane bending region at 1000 – 1300 

cm-1 and the C-C stretching region at 1300 – 1650 cm-1.72 Since our discussion of the 

pentacene Raman spectrum will be limited to two clusters of peaks centered at 1180 cm-1 

and 1380 cm-1 respectively, we will refer to the 1100 – 1250 cm-1 region as the C-H bend 

region and the 1350 – 1450 cm-1 region as the C-C stretch region, for convenience. The 

C-H bend region of the spectrum is dominated by the presence of a peak at 1158 cm-1 

corresponding to the C-H bend of the atoms located at the end of the molecule and a peak 

at 1178 cm-1 corresponding to the C-H bend of atoms located along sides of the 
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molecule.73 Here, we refer to these modes as outer ring C-H bend and inner ring C-H 

bend, respectively. The C-C stretch region primarily consists of C-C stretch vibrations 

localized on either the center or outer rings of molecule. These modes are referred to as 

either inner or outer ring breathing modes, respectively. 

In order to calculate the SERS spectrum of pentacene films in the Au contact region of 

the OFETs, we incorporate the Au-pentacene interaction using the structures discussed in 

Figure 6.7. Figure 6.10 shows the Raman spectra of the two pentacene molecules with Au 

incorporated as discussed earlier. In both cases, the spectra are dramatically changed 

compared to the pristine molecule. The changes arise mainly due to the four following 

features: (1) silent Raman peaks for pristine pentacene become Raman active; (2) the 

intensity of some peaks are greatly enhanced relative to that of pristine pentacene; (3) 

energy positions of some pristine pentacene peaks are shifted; (4) most pristine pentacene 

peaks are split into new vibrations of unequal intensity. For (4), the splitting usually 

results in a doublet of vibrations where each of the peaks is localized on one of the two 

molecules. The location of the Au atom along with the nature of its interaction with 

pentacene (direct bond or proximity interaction) has a dramatic effect on which of the 

four above features the Raman spectrum most heavily depends upon.  
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Figure 6.10. Calculated Raman spectrum of pentacene molecules with (a) center Au 

and (b) edge Au. 

 

Table 6.2 indicates the position and nature of the vibrations in pristine pentacene and 

each of the two Au-disordered configurations for the calculated Raman spectra. Since we 

compare the frequencies of pristine pentacene to the Au-pentacene complexes, we have 

denoted the symmetries of the vibrations to understand the origin of the vibrations. We 

note that the mode symmetries correspond only to the pristine case.  In the edge Au case, 

the two main peaks seen in the C-H bend region of the spectrum have been broadened 

into a band of many peaks. The formerly dominant ag C-H bend at 1238 cm-1 (mode 4) is 

overshadowed by the strongly enhanced b3g (mode 3) peaks, which are seen at slightly 

lower energies. The ag C-H bend at 1216 cm-1 (mode 2) has been weakened in its former 

location and appears as three peaks at slightly higher energies. We note that when peaks 

are split into doublets, the vibration of higher energy is consistently localized on the non-

bonded pentacene. In the center Au case, the C-H bend region is dominated by the b3g 

mode (mode 3) doublet at 1235 and 1236 cm-1. The vibration has been slightly shifted to 
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higher energies compared to the pristine case and greatly enhanced. The two ag modes 

(modes 2 and 4) in this region are weakened significantly and hardly contribute. The only 

other significant contributor to the spectrum in this region is the appearance of the b2u C-

H bend mode doublet at 1183 and 1184 cm-1. This mode was previously silent. 

In the C-C stretch region, the edge Au configuration is marked by a strong central 

peak centered at 1380 cm-1 with shoulders at 1360 cm-1 and 1405 cm-1. The center peak is 

primarily from an enhancement and splitting of the ag breathing mode originally seen at 

1389 cm-1 (mode 8). The high energy shoulder is primarily due to b2u breathing modes 

originally seen at 1400 and 1429 cm-1 (modes 9 and 11), and the low energy shoulder is 

due to the b2u mode originally seen at 1367 cm-1 (mode 7). Both of these sets were silent 

in the pristine case. For the center Au case, the spectrum is dominated by the b3g mode 

(mode 6) doublet at 1352 and 1353 cm-1. This previously silent mode appears at the same 

energy as in the pristine system. The previously strong ag ring breathing mode (mode 8) 

has been weakened considerably and does not contribute significantly anymore. A b2u C-

C stretch mode (mode 7) doublet at 1388 and 1389 cm-1 provides the second strong peak 

in the region. This mode was also previously silent. The third peak in the region is an ag 

ring breathing mode (mode 10), which has been slightly enhanced, shifted to lower 

energies, and split. One immediately sees how the unmistakable appearance of previously 

silent peaks and the shifting of other peaks may begin to explain the SERS spectrum. 
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Table 6.2: Calculated Raman frequencies and their strengths of pristine pentacene and 

pentacene molecules with an edge Au atom and a center Au atom. The symmetries 

correspond only to pristine pentacene. The peak positions are in cm-1. 

 Pristine Edge Au Center Au 
Mode Description  Position Intensity Position Intensity Position Intensity 

 C-H Bend Region       
1 b2u (Edge C-H bend) 1155 silent 1162 

1165 
v. weak 
v. weak 

1183 
1184 

med 
med 

2 ag (Outer ring C-H 
bend) 

1216 weak 1200 
1220 
1221 

v. weak 
med 
weak 

1219 
1220 
1230 
1231 

v. weak 
v. weak 
v. weak 
v. weak 

3 b3g (Inner ring twist) 1230 weak 1216 
1224 
1228 
1233 

strong 
med 
med 
strong 

1235 
1236 

med 
med 

4  ag (Inner ring C-H 
bend) 

1238 med 1241 
1243 

med 
med 

1208 weak 

5 b2u (Anti-symmetric   
inner ring C-H bend) 
 

1265 silent 1261 
1263 

med 
weak 

1277 
1278 

med 
med 

 C-C Stretch Region       
6 b3g 1353 v. weak 1351 weak 1352 

1353 
v. strong 
v. strong 

7 b2u 1367 silent 1358 
1368 

strong 
med 

1388 
1389 

strong 
strong 

8 ag (Inner ring 
breathing) 

1389 strong 1381 
1382 
1383 

strong 
v. strong 
v. strong 

1380 
1384 

v. weak 
med 

9 b2u (anti-symmetric 
inner ring breathing) 

 

1400 silent 1400 
1405 

med 
v. strong 

- - 

10 ag (outer ring 
breathing) 

1427 med 1411 med 1401 
1402 

med 
strong 

11 b2u (anti-symmetric 
outer ring breathing) 

1429 silent 1416 
1417 

med 
med 

1405 
1405 

weak 
weak 

 

One does not expect either of the two Au-pentacene configurations to alone account 

for the features seen in the experimental SERS spectra. In fact, the experimental spectrum 

should be the sum of spectra from various types of Au-induced disordered pentacene 

molecules along with pristine molecules spread throughout the sampling volume. The 

computed spectra from structures given here, however, are representative of the features 

one would observe in experimental SERS. To simulate this effect, we average together 
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the two Au-disordered spectra with the spectrum from pristine pentacene (weighted by a 

factor of 10) to get a spectrum which accounts for all the various shifts, enhancements, 

and splits that Au may induce into the Raman signature of pentacene. As before, the 

averaging is just a convenient form of combining the spectra and we do not mean to 

imply that 1/3 of the sampling volume consists of one of structures given above. In fact, 

the vast majority of the molecules sampled will be unaffected by the Au atoms. However, 

we see from the vibrational results that the total intensity of the Raman peaks in Au-

disordered structures is much higher than that of the pristine pentacene. We aim to 

combine the spectra in such a way that features from both the pristine pentacene spectrum 

and the Au-disordered spectra contribute to the final spectrum. This is accomplished by 

weighting the pristine pentacene spectrum by a factor of 10. 

 

Figure 6.11. Experimental SERS spectrum of pentacene from a Au/pentacene/organic 

dielectric/Al OFET structure (probed through the Au contact). The calculated Raman 

spectrum is shown in red by averaging the two Au-pentacene configurations and the 

pristine pentacene, which is weighted as explained in the text. 
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Figure 6.11 shows the average computed spectrum and the experimental SERS 

spectrum. The significant changes in the experimental data when measured through the 

Au contact is the enhancement in the 1380 cm-1 and 1560 cm-1 region (Fig. 3), 

corresponding to the D- and G- band of disordered sp2 carbons, respectively.74 The 

experimental data in Figure 6.11 is from a pentacene film on a organic dielectric based 

OFET structure, where the Au thickness was ~ 30 nm. It is expected that for thinner Au 

layers, the 1158 cm-1 peak would be more intense that the 1178 cm-1 peak. The calculated 

spectrum effectively recreates the features seen in the experimental data. Most 

prominently, the broad band in the 1380 cm-1 region is observed in the calculated 

spectrum. The broad features in the 1180 cm-1 and 1560 cm-1 region are also reproduced 

when consideration for expected discrepancies in theoretical and experimental energies is 

given. We note that the C-H bend modes in the 1180 cm-1 region are strongly affected in 

the crystalline environment; the gas phase theoretical calculations are expected to show 

higher energies. It is clearly seen that disorder induced in pentacene molecules by Au 

atoms penetrating into the film can explain the unique surface-enhanced spectra seen at 

Au-pentacene interfaces. Although these calculations do not explicitly consider an 

electromagnetic enhancement of the local fields due to the SERS effect, the DFT 

calculations of the Raman spectrum of pentacene in the presence of Au nevertheless 

predict an enhanced Raman cross section. The edge Au and center Au structures   show 

an order of magnitude higher Raman scattering cross section compared to the pristine 

molecule. 
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6.4 Pentacene!Raman!maps!

Since it is now apparent that the SERS effect exhibits a high sensitivity to disorder in 

the pentacene film, it reasonable to inquire if the effect can be harnessed as a diagnostic 

tool to study degradation and structural changes in organic film of OFETs as they are 

biased. It is known that OFET operation for many different polymers and molecules 

deteriorate upon bias stress, as usually observed as a lowering of the current, decreased 

mobility, and enhanced threshold voltages.75 This effect is especially pronounced in 

OFETs fabricated using inorganic dielectrics. On the other hand, pentacene OFETs 

fabricated using an organic low-k ploy(methyl methacrylate) (PMMA) gate dielectric 

have been shown to feature highly stable, low-voltage operation. 76  These OFETs 

operated at very low voltages with threshold voltages ~ -1 V and showed negligible 

hysteresis under gate bias stress. Others have used x-ray diffraction and Raman scattering 

to report on the origins of the improved performance of PMMA based devices.77 Other 

low-k dielectrics such as poly (4-vinyl phenol) (PVP) based pentacene OFETs also show 

highly stable behavior with enhanced charge carrier mobility. As we now have two 

classes of pentacene devices, the SiO2 dielectric based, high-operating voltage devices 

and the organic dielectric based low-operating voltage devices, we can now compare the 

evolution of their SERS spectra as a function of bias stress to see if, indeed, there is 

evidence of greater degradation in the high-operating voltage devices. 

To do this, we fabricated regular pentacene OFETs based both on SiO2 and PVP 

dieletric layers. SiO2 based devices were fabricated on untreated SiO2 surfaces using 

methods described in chapter 3. The Au source/drain pads of the devices shown here 
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were ~ 5 nm thick. Thin injecting electrodes were chosen so as to maximize the SERS 

sensitivity. As these OFETs were not very well optimized, the typical charge carrier 

mobility (µ) was in the mid 10-3 cm2/Vs range. PVP based OFETs were fabricated using 

a similar top-contact bottom gate geometry. 8 wt% PVP (Mw = 25,000 g/mol), purchased 

from Sigma-Aldrich, was dissolved in dimethyl sulfoxide (DMSO) and spincoated at 

5000 rpm on Al-coated glass. The films were then baked at 120 °C for 1 h in order to 

achieve solvent evaporation. As with the SiO2 based devices, a 60 nm thick pentacene 

(purchased from Tokyo Chemical Industrial Co. Ltd and used without any purification) 

layer was thermally evaporated onto the dielectric surface at a rate of 0.2 Å/s at room 

temperature. Au top contacts of a full 30nm were evaporated to complete theses devices. 

Full thickness contacts were chosen for the organic dielectric devices in order to 

maximize device performance as opposed to maximizing SERS signal strength. The 

mobility of these PVP based devices were typically in the ~100 cm2/Vs range. 

It should be emphasized that while both sets of devices (PVP and SiO2 based 

pentacene OFETs) were fabricated and characterized in identical environments, the 

vertical electric field in the low -operating voltage devices is an order of magnitude lower 

than that of the high-operating voltage devices. The typical operating voltage of -3V for 

the low-operating voltage devices corresponds to an electric field of ~ 105 V/cm. On the 

other hand, the operating voltage of -40V for the high-operating voltage devices 

corresponds to an electric field of ~106 V/cm. This suggests that any differences in the 

responses of the SERS spectra to bias stress are related to the relative field strengths.  

Transfer characteristics of the pristine devices were measured immediately after 

fabrication. In addition, two-dimensional Raman maps of the OFETs were generated by 
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measuring several individual Raman spectra in the channel region of the OFET and 

through the Au contact immediately adjacent to the channel region at 5 µm intervals. 

Together, this set of measurement comprised the “pre-bias stress” results. The devices 

then underwent a bias stress by running them in the saturation regime (VG = -40 V and 

VD S= -30 V for the SiO2 based devices and VG = VDS = -3V for the PVP based devices) 

for 20 minutes in air. Subsequently, the transfer characteristics and Raman maps of the 

OFETs were re-measured. This second set measurement comprised the “Post-bais stress” 

results. Comparing the pre-bias stress measurement with the post-bias stress 

measurements gave a clear picture of the evolution of the electrical and optical 

characteristics of the pentacene film as a function of electric field exposure. 

Figure 6.12 shows the transfer characteristics of a SiO2 pentacene OFET both before 

and after being put under the bias stress. Here, the square root of the drain-source current 

is plotted to better visualize the change in threshold voltage. A 40% drop in drain-source 

current was observed over the course of the bias stress.  
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Figure 6.12. The transfer plots of a pentacene OFET before and after biasing for 20 

minutes at VDS= -30V and VG = -40V. 

 

Device parameters such as charge carrier mobility, threshold voltage, and On/Off ratio 

were estimated by using the standard current-voltage characteristics of OFETs given by 

eq. 2.7.  After biasing the device, the charge carrier mobility was found to decrease from 

2.0×10-3 cm2/Vs to 1.8×10-3 cm2/Vs. The threshold voltage increased from -4V to -12V 

and the On/Off ratio decreased from ~104 to ~103. It is evident that while the mobility 

remained relatively stable, the threshold voltage and On/Off ratio degraded considerably. 

Table 6.3 shows all device parameters. 

Next, the transfer characteristics of a PVP based pentacene OFET were measured. 

Figure 6.13 shows the data for both before and after bias stress. As before, the common 
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device performance parameters were estimated using the standard current-voltage 

characteristics. Charge carrier mobility was found to increase from 1.4 cm2/Vs to 1.8 

cm2/Vs. The threshold voltage remained almost unchanged, going from -1.7 V to -1.5 V. 

Lastly, the On/Off ratio decreased from ~104 to ~103, similar to the previous device. The 

parameters are tabulated in table 4.1. While the changes in the charge carrier mobility and 

On/Off ratio were similar in the two devices, the behavior of the threshold voltage was 

remarkably different. As expected, the SiO2 based device exhibited a strong degradation 

in threshold voltage while the PVP based device maintained a stable threshold voltage. 

 

Figure 6.13. The transfer plots of a PVP based pentacene OFET before and after 

biasing for 20 minutes at VDS= -3V and VG = -3V 
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Table 6.3. Device parameters for pentacene  OFET before and after bias stress. 

 Mobility 
(cm2/Vs) 

Threshold 
Voltage 

(V) 

On/Off ratio 

SiO2 based device 
 Before bias 

stress 
2.0 × 10-3 -4 ~104 

 After bias stress 1.8 × 10-4 -11 ~103 
PVP based device 

 Before bias 
stress 

1.4 -1.7 ~104 

 After bias stress 1.8 -1.5 ~103 
 

As we had clearly confirmed difference in performance degradation between the high-

operating voltage and low-operating voltage devices, we now attempted to correlate the 

degradation in OFET performance to changes in the Raman spectrum measured from the 

device. Each Raman linescan map consists of ~13 spectra spanning 60 µm; the first 

measurement (0 µm) is taken in the channel itself, directly on pentacene, and the last 

measurement was on the Au pad. As shown in the optical image (Figure 6.1), the Raman 

spectra from the different points were collected to plot an intensity map, which provides 

an immediate snapshot as to how the spectrum changes across the interface. After bias 

stress, the Raman linescan maps were re-measured. Figure 6.14 shows the Raman maps 

from a SiO2 based pentacene OFET before and after bias stress using the 785 nm 

excitation source. The incident laser power and integration times were the same for both 

measurements. Data set 1 refers to the spectrum measured on the pentacene (see Figure 

6.1) and data set 13 refers to the Raman spectrum measured well within the Au pad. All 

the spectra were measured in the 1100-1700 cm-1 region. It is immediately obvious that 

the spectrum changes as one moves from the channel region to the contact region (the 

contact begins at around dataset 6).  This is due to the appearance of the SERS effect as 
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discussed previously. A careful analysis of the Raman peaks show that there is a 

significant enhancement of the peak intensity (1380 cm-1 and 1560 cm-1) by noting the 

area under the curve, as well as an increase in line broadening.  

 

Figure 6.14. Raman linescan maps of a SiO2 pentacene OFET before after bias stress. 

Data set 1 corresponds to the Raman spectrum measured in the channel region and data 

set 13 corresponds to the Raman spectrum well within the Au pad of one of the contacts 
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due this field may be adequate in distorting the molecules with an increasing fraction of 

disordered sp2 carbons. Another scenario could relate to the actual transport through the 

OFET channel, which results in structural modifications to the molecule. Regardless, 

there is a permanent structural change in the pentacene caused by bias stress. Repeating 

the Raman measurement after several days yields similar Raman maps as shown in the 

“After bias stress” panel of Figure 6.14.  

Next, we create similar Raman maps for the PVP based pentacene device. The maps 

are shown in Figure 6.15. Like before, the spectrum was recorded in the 1100 to 1700 

cm-1 region. The laser intensities and integration times were identical for both 

measurements. It is apparent that the two maps are almost identical. That is to say, the 

Raman spectra of the pentacene film do not systematically change as a function of bias 

stress for the low-operating voltage OFETs, unlike high-operating SiO2 based pentacene 

OFETs. The slight differences in the two images arise since the maps were not measured 

from the exact same location. Many pairs of before/after maps were measured from 

several devices on different substrates and all were similar to what is reported here, 

assuring that the observed stability in the Raman spectra of the low-operating voltage 

devices is not an artifact of any one device or substrate. 
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Figure 6.15. Raman linescan maps of a PVP based pentacene OFET before after bias 

stress. Data set 1 corresponds to the Raman spectrum measured in the channel region and 

data set 13 corresponds to the Raman spectrum well within the Au pad of one of the 

contacts 
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To summarize this portion of the work, we demonstrate that Au evaporation on 

pentacene films induces disorder, which is enhanced by SERS. A comparison of our 

experimental results with theoretical DFT Raman spectrum calculations suggests the 

presence of disordered carbons in pentacene. This is confirmed by further DFT studies 

where the experimental SERS spectrum can be recreated by explicitly modeling the Au-

pentacene interaction at the metal-semiconductor interface. Au atoms enhance the Raman 

signature of disordered pentacene molecules in the film. Finally, the SERS spectrum, via 

its sensitivity to disorder, is harnessed to develop a diagnostic tool for studying the 

molecular origins of device performance degradation. An enhancement of the SERS 

spectrum is seen in those devices that experience degradation in performance as a 

function of bias stress. On the other hand, no changes in the SERS spectra are observed in 

devices which feature stable performance. Thus, we confirm that the SERS spectrum can 

be used as a visualization tool for correlating transport properties to structural changes, if 

any, in organic semiconductor based devices. 

 

6.5 SERS!from!pentacene!with!other!metals!

As was seen in Figure 6.2, the SERS spectrum from the Au-pentacene interface 

evolves dramatically as the thickness of the Au top film increases. Furthermore, the 

evolution of the SERS spectrum can be quantified by taking the intensity ratio of any two 

peaks, as is done in Figure 6.16 (b), for example. Once the peak intensity ratio as a 

function of thickness for this system has been determined, one immediately sees how the 

SERS spectrum can be used to measure Au film thickness for subsequent devices. Thus, 

we have the exciting prospect of the development of an optical spectroscopy based tool 
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for characterizing the top metal contact. Now, the effect has, thus far, has only been 

demonstrated for the Au-pentacene system, However, the SERS effect is also expected 

from other metals such as Ag and Cu.22 Furthermore, we may expect, by recalling the 

SERS spectrum of Au on HOPG, an SERS signal from films of organic materials that 

contain sp2 carbons. If, indeed, a similar effect can be found when using other metals or 

organic films, then such a tool may be more widely applicable. 

Before attempting to generalize metal film thickness sensitivity of the SERS spectrum 

to other systems, we first revisit the Au-pentance system. For convenience, the SERS 

spectrum of pentacene as a function of Au contact thickness is provided once again in 

Figure 6.16 (a). The Au films in these samples were evaporated slowly at .3 Å/s. One 

immediately notices the drastic changes in the 1160 cm-1 and 1380 cm-1 regions of the 

spectrum as the Au layer gets thicker. In the former region, the ratio of the two peaks 

clearly changes as the Au contact gets thicker. In the latter, the 1380 cm-1 grows to 

dominate the 1371 cm-1 peak. To quantify these changes, the ratios of each pair of peaks 

is plotted in Figure 6.16 (b) and (c).  It is seen that the intensity ratio of the 1160 cm-1 

peak to the 1178 cm-1 peak increases till ~3 nm of the Au layer with a slight drop as the 

Au thickness is further increased. Beyond 20 nm of the Au thickness, the ratio remains a 

constant. In the higher energy region, the intensity ratio of the 1380 cm-1 peak to the 1371 

cm-1 peak increases dramatically till ~2 nm, after which it continues to grow slowly 

through 20 nm. In both cases, the ratio clearly varies smoothly as a function of Au 

thickness, with greatest sensitivity for very thin (a few nanometers) Au films. It is evident 

that the SERS spectrum contains within it a remarkable fingerprint of the thickness of the 
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Au top contact. Once the system has been calibrated, one can use the SERS spectrum to 

measure or monitor the thickness of evaporated Au layer. 

 

 

 

Figure 6.16.  (a) The SERS spectrum of pentacene as a function of Au contact 

thickenss. (b) The ratio of the Raman intensity of the 1160 cm-1 peak to the 1178 cm-1 

peak (measured with the 785 nm laser line) as a function of the thickness of the Au layer 

on top of the pentacene film. (c) The ratio of the Raman intensity of the 1380 cm-1 peak 

to the 1371 cm-1 peak (measured with the 785 nm laser line) as a function of the thickness 

of the Au layer on top of the pentacene film. 
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Next, we attempt to generalize the previous analysis to systems with metals other than 

Au. Pentance films were prepared identically to before, but this time, thin layers of Ag 

were evaporated on top to complete the specimens. Once again, Ag was evaporated 

slowly at .3 Å/s to ensure uniform, thin films. Many sample were prepared, with Ag 

layers of various thicknesses. It should be noted that devices with Ag contacts were not 

prepared, as these specimens were used solely for their SERS spectra. The SERS spectra 

were measured using a 514 nm laser. Since Ag surface plasmons emit at higher energies 

than Au surface plasmons, a higher energy laser must be used to ensure maximum SERS 

sensitivity. The SERS spectra are shown in Figure 6.17. As with the Au-pentacene 

specimens, one clearly sees the growth of the SERS spectrum as the Ag layer thickness 

increases beyond 1 nm. 
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Figure 6.17. The SERS spectra from pentacene films with thin Ag layers evaporated 

on top. 

As the Ag films get thicker and the SERS spectrum evolves, one sees the growth of 

features at 1400 and 1560 cm-1. While these features clearly change the pentacene 

spectrum, the spectrum itself keeps its most important features, even more so than it did 

in the Au-pentacene system. Therefore, one could once again quantify the development 

of the spectrum by tracking the ratio of peaks. Consequently, it is evident that the SERS 

features seen from the pentacene OFET geometry are not exclusively limited to the Au-

pentacene interface. One should expect to see a similar spectrum when depositing other 

metals that have optical surface plasmon frequencies.  
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Thus, a tool that makes use of the correlation of the SERS spectrum to metal contact 

thickness may be generalized to other systems that feature other metals, such as Cu, Ag, 

and Pt. 

A system of particular interest may be the metal-dielectric interface formed in the 

back-end fabrication of modern integrated circuits. copper has become the metal of 

choice used to form interconnects in such circuits, owing to its high conductivity and 

electromigration resistance. 78  Additionally, to minimize capacitive losses, low-k 

dielectrics are used to isolate the interconnects from each other. Several organic polymers 

are suitable for use as the low-k dielectric.79 To investigate if an SERS spectrum may be 

detected from a metal-organic dielectric system, Au was evaporated onto a film of 

poly(methyl methacrylate) (PMMA), a commonly used organic dielectric. The Raman 

spectrum of both the pristine PMMA film and PMMA film with the Au contact were then 

recorded. Sample spectra of each of the two cases are shown in Figure 6.18. It is 

immediately obvious that there is an SERS effect from the Au-PMMA interface. In fact, 

the SERS spectrum is somewhat reminicient of the pentacene SERS spectrum, which is 

not surprising considering how both materials consist mainly of similar carbon-carbon 

and carbon-hydrogen bonds. Regardless, it is evident that since an SERS spectrum is seen 

from such interfaces, an SERS based metrology tool for characterizing metal film 

thicknesses may be developed for these systems.  
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Figure 6.18. The Raman spectrum of a PMMA film taken both in its pristine form 

(No Au) and through a Au top contact (Au). The SERS spectrum is clearly seen in the 

latter case.  
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7 OFETs!based!on!Solution!Processable!Polymers!

7.1 Diketopyrrolopyrrole!Based!Polymers!

The design of systems incorporating both donor and acceptor chromophores are of 

particular interest for applications in field-effect transistors and solar cells. Donor 

chromophores are defined as those that are electron rich while acceptor chromophores are 

defined as those that are electron deficient. While the blend of a conjugated polymer 

donor and a fullerene based acceptor as the active layer is typical in organic solar cells80, 

the large bandgap of most conjugated polymers limits device efficiency. In a landmark 

paper, Shockley and Queisser showed that for the solar spectrum, the maximum 

theoretical efficiency for a single junction solar cell occurs at 33.7% and requires a 

bandgap of 1.34 eV.81 For compounds where the donor and acceptor units are combined 

on the same monomer, the hybridization of the high-lying HOMO on the donor and the 

low-lying LUMO on the acceptor results in a donor-acceptor monomer with an unusually 

low bandgap.82 As a result, oligomers and polymers based on donor-acceptor (D-A) 

moieties have a high degree of tunability of their electronic and optical properties as the 

relative contribution of the electron-rich and electron-poor components may be 

controlled.  

Diketopyrrolopyrrole (DPP) containing copolymers have recently gained a lot of 

interest in organic optoelectronics.83,84 The DPP subunit structure is shown in Figure 7.1. 

The strong electron withdrawing nature of the carbonyl functional groups renders the 

subunit electron deficient. Thus, the DPP subunit serves well as an electron acceptor 

when combined as a copolymer with less electron deficient moieties. Furthermore, the 
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planarity of the DPP skeleton encourages π-π stacking of its co-polymers.85,86 As a result, 

OFETs fabricated using these polymers can exhibit ambipolar mobilities greater than 1 

cm2/Vs.85,87, and solar cells using these polymers in conjunction with fullerene based 

acceptors can have power conversion efficiencies greater than 5%.88 

 

Figure 7.1. The (a) DDP and (b) BBT subunits. Note the DPP unit here has two 

thiophene attached to it. 

To be used effectively in a D-A polymer, the DPP acceptor unit needs to be paired 

with a donor unit. While electron rich thiophene and thienothiophene based donor units 

are commonly used, benzo[1,2-b; 3,4-b] dithiophene (BBT) units have also been 

used.89,90 The BBT subunit is shown in Figure 7.1. The alkoxy functional groups attached 

to the central aromatic rings have strong electron donating effects.89 This chapter reports 

the application of two DPP-BBT based copolymers in organic OFETs: a phenyl based 

DPP-BBT and thiophene based DPP-BBT polymer. As seen in Figure 2.6, the two co-

polymers differ based on the linking moiety between the BBT and the DPP subunits; the 

phenyl based DPP polymer (PDPP) has a phenyl linking ring while the thiophene based 

DPP polymer (TDPP) has a thiophene linking ring. Both copolymers are made soluble 

with aliphatic long side chains attached to both the DPP and BBT subunits. While they 
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help with solubility, the side chains do negatively affect charge carrier mobility because 

they cause an increase in the π-stacking distance.91  

The absorption spectra show peaks at 563 nm and 656 nm for PDPP-BBT and TDPP-

BBT films, respectively.92 The experimental absorption spectra are shown in Figure 7.2, 

along with the calculated spectra. The experimental spectra clearly show two absorbance 

peaks, indicating the D-A nature of the polymers. The lower energy peak corresponds to 

the charge transfer excitation from the donor moiety to the acceptor moiety. The higher 

energy peak corresponds to the pi-pi* excitation. The absorption spectra were computed 

with time dependent DFT using the 3-21G* basis set and three different functionals. The 

absorbance predicted by the commonly used B3LYP functional shows a single peak. 

While it predicts the energy of the primary absorbance peak adequately, it completely 

misses the higher energy peak. Furthermore, although not seen in the absorbance, the 

B3LYP functional predicts optically silent, sub-bandgap excitations that cannot be 

reconciled with any experimental results. In fact, the failure of the local functionals, such 

as B3LYP, in predicting charge transfer energies is well documented.93,94 Indeed, if the 

excitations in the DPP polymers have a charge transfer nature, which would be the case 

for a donor-acceptor system, a functional that better incorporates long-range effects 

should give better results. The CAM-B3LYP functional incorporates a long-range 

correction to the B3LYP functional by properly incorporating the long-range exchange 

potential.95 It has been shown to be better at computing intramolecular charge transfer 

excitations.96 As shown in Figure 7.2, the absorbance predicted using the CAM-B3LYP 

functional does have the second, higher energy peak. While the peak is weak, an 

unmistakable shoulder in the main absorbance peak is seen at 4.0 and 3.3 eV for PDPP 
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and TDPP, respectively. While CAM-B3LYP does clearly show the dual absorbance 

peak nature that a donor-acceptor based polymer should have, it does not re-create the 

shape of the experimental absorbance well. To improve upon the theoretical spectra, the 

M06HF functional is optimized for charge transfer excitation by incorporating the full 

Hartree-Fock exchange.97 Here, the absorbance predicted using the M06HF functional 

has two distinct peaks, and does a remarkably good job re-creating the shape of the 

absorbances. Of course, it tends to over-predict energies, but that is the expected cost 

when using large amount of Hartree-Fock exchange.98 Overall, the better performance of 

functionals optimized for charge transfer excitations gives strong theoretical support that 

the DPP polymers behave as donor-acceptor systems.    

 

Figure 7.2. The experimental and theoretical absorbances of (a) PDPP and (b) TDPP. 

 

The transistor characteristics of the DPP copolymers correlate with the morphology of 

the films and capacitance-voltage characteristics of their corresponding MIS diode 

structures. Both copolymers exhibit p-type transistor characteristics with hole mobilities 
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in the range 10-3 -10-4 cm2/Vs for spun-cast films depending upon the molecular weight. 

No degradation in device performance was observed, even after operating the device in 

air. 

A total of three DPP-based copolymer samples were used: one PDPP sample 

(molecular weight 9700 g/mol) and two TDPP samples, a lower molecular weight version 

(sample A, molecular weight 3510 g/mol) and a higher molecular weight version (sample 

B, molecular weight 5080 g/mol). Solutions of the samples were prepared by dissolving 

the polymer in Chloroform at a concentration of 5mg/ml and filtering the solution 

through a .22µm PTFE filter. The solutions were spun-cast on to OTS treated Si/SiO2 

substrates at 2000 rpm to give films ~20nm thick. Attempts were made to use solutions of 

higher concentration (up to ~10mg/ml), but the DPP materials were found to be only 

marginally soluble at those concentrations. Films spun-cast from these more concentrated 

solutions had precipitates and were generally found to be of lower quality. Attempts were 

also made to dissolve the DPP materials in dichlorobenzene. It has been shown in other 

OS systems that using higher boiling point solvents yields better device performance.99 

However, the DPP copolymers were not sufficiently soluble in dichlorobenzene.  

The current-voltage characteristics of solution processed PDPP-BBT and TDPP-BBT 

(sample A) OFETs on OTS treated Si/SiO2 substrates are shown in Figure 7.3 and Figure 

7.4. Both the PDPP-BBT and the TDPP-BBT devices are p-type and show typical field-

effect transistor behavior such as good modulation of drain-source current by gate voltage 

and drain-source current saturation at high gate voltages. There is almost no hysteresis in 

the output characteristics of the OFETs as shown in Figure 7.3(a). The leakage current 

was at least three-orders of magnitude smaller than the measured currents. The current-
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voltage characteristics of the TDPP-BBT OFETs shown here have a W/L ratio of 10 and 

the PDPP-BBT devices shown here have a W/L ratio of 20. The OFET characteristics 

were also measured from the higher molecular TDPP-BBT sample as shown in Figure 

7.5. The transistor characteristics were measured from at least 20 devices with different 

W/L ratios; almost all devices show similar characteristics.  

 

Figure 7.3. (a) Output and (b) transfer characteristics of PDPP-BBT OFET 

 

Figure 7.4. (a) Output and (b) transfer characteristics of TDPP-BBT (sample A) 

OFET. 
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Figure 7.5. Transfer characteristics of TDPP-BBT (sample B) OFET. The inset shows 

the output characteristics from the same device 

 

Device parameters such as charge carrier mobility, On/Off current ratio, and threshold 

voltage were estimated using the standard saturation regime current-voltage 

characteristics of field-effect transistors (eq. 2.7). The square root of the drain-source 

current as a function of the gate voltage is plotted in Figure 7.3 (b) and Figure 7.4 (b). A 

linear fit was applied to the saturation region to obtain the slope and from Eq. 2.8. the 

hole mobilities were found to be 1×10-3 cm2/Vs for PDPP-BBT and 3×10-4 cm2/Vs for 

TDPP-BBT (sample A). The On/Off ratios for both OFETs were ~ 103 for all samples. 

Sample B shows a considerably higher mobility of 7×10-3 cm2/Vs as determined from the 

transfer characteristics of Figure 7.5. The results are tabulated in table 7.1. Threshold 

voltages were determined by extrapolating the linear fit to zero drain-source current. 

PDPP-BBT was found to have a threshold voltage of -11V, TDPP-BBT (sample A) has a 

threshold voltage of -15V, and TDPP-BBT (sample B) was found to have a threshold 

voltage of -5V.  The deviation of threshold voltages from being zero indicates that mobile 

holes accumulate in the PDPP-BBT/SiO2 interface at a lower (in magnitude) gate voltage 
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than they do at the TDPP-BBT/SiO2 (sample B) interface. This result is consistent with 

the MIS characteristics, which show a slightly higher density of interface traps and the 

accumulation region occurring at a higher (in magnitude) gate voltage in TDPP-BBT. 

We attribute the lower mobility in TDPP-BBT (sample A) to the actual film 

morphology due to its lower molecular weight compared to PDPP-BBT. In regioregular 

poly-(3-hexylthiophene) the OFET charge carrier mobilities increase by more than three 

orders of magnitude when the molecular weight increases by three orders of 

magnitude.100 Our results point to the same trend. When the molecular weight of TDPP-

BBT is increased by a factor of ~three, the charge carrier mobility is found to increase by 

an order of magnitude, as seen in Figure 7.5. 

 

Table 7.1.  Electrical characteristic parameters for DPP copolymer based OFETs. 

 Molecular 
Weight 

(g/mol) 

Mobility 
(cm2/Vs) 

Threshold 
Voltage 

(V) 

On/Off 
ratio 

PDPP-BBT 9700 1 × 10-3 -11 ~103 

TDPP-BBT 
(sample A) 

3510 4 × 10-4 -15 ~103 

TDPP-BBT 
(sample B) 

5080 7 × 10-3 -5 ~103 

 

Since these diketopyrrolopyrrole-based polymers have been shown to be promising 

candidates for the fabrication of OFETs, it is natural to ask if a Raman scattering based 

tool, similar to the one developed for pentacene OFETs, may be applied to transistors 

fabricated using these materials. In searching for a similar SERS effect, we will need to 

once again use a 785 nm near infrared laser. As discussed in chapter 6, this wavelength 

will allow for the excitation of surface plasmons at the Au-semiconductor interface. 
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However, since, the TDPP polymer has a non-zero absorbance at 785 nm (1.57 eV), as 

seen in Figure 7.2, it tends to burn when irradiated with a laser at this wavelength at 

power densities necessary for Raman spectroscopy. Therefore, we limit our Raman 

discussion to the PDPP polymer, and use its results as representative for the DPP polymer 

class. 

 

An intensity profile of a Raman linescan of a PDPP-BBT OFET structure is shown in 

Figure 7.6. An individual Raman spectrum of PDPP-BBT is shown in Figure 7.6 (c). 

PDPP-BBT has a number of Raman modes in the 1100-1700 cm-1 region. A recent 

experimental and theoretical work on pyridyl substituted DPP clarifies the origin of many 

of the peaks that we observe.101 The 1600 cm-1 Raman peak is from the intra-ring C-C 

stretch motion (ring breathing) of the phenyl group. This is observed in all phenyl-based 

conjugated system.102 The 1550 cm-1 and 1364 cm-1 peaks originate from the C=C and C-

C stretch of the central butadiene moiety, respectively.101 The 1200 cm-1 Raman 

frequency is from a C-H bending motion of the phenyl ring103, which is not observed in 

TDPP-BBT. 

We note that there is no SERS effect observed in this system. The Raman spectra 

measured from both the channel and contact regions of the PDPP OFET have the same 

shape with no evidence of selective peak enhancements or new peaks being formed. As 

we have previously shown the SERS effect in the pentacene-based system to be 

indicative of disorder in the semiconductor layer caused by gold evaporation, we believe 

the lack of an SERS effect in the PDPP-based system shows that evaporated gold does 

not create the same disorder in PDPP semiconductor.  
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Figure 7.6. (a) Optical image of the channel/contact region in PDBB-BBT OFET. (b) 

Intensity profile of the 1200 cm-1 Raman peak, corresponding to the color image in (a).(c) 

Raman spectrum of PDPP-BBT. 

 

 Figure 7.7 shows the intensity profile of the Raman spectra in the 1150-1600 cm-1 

range before and after biasing a PDPP-BBT OFET. Data sets 0 and 24 correspond to 0 

µm and 120 µm positions, respectively. Intensity enhancement of the Raman peaks is 

seen close to the edge of the Au contact and the channel region. There is almost no 

change observed in the Raman maps before and after biasing, indicating no induced 

structural changes in the polymer layer upon the application of the electric field. Raman 

measurements were performed on more than 10 devices, and they all showed a similar 

behavior. Furthermore, repeated electrical measurements in ambient conditions over a 

few weeks showed no degradation in device performance. 
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Figure 7.7. Raman maps of PDPP-BBT along the channel/contact region before and 

after biasing the OFET. 

 

We compare the Raman maps of PDPP-BBT with SiO2 based pentacene OFETs 

(Figure 6.14), which were also measured before and after biasing. Comparing the two 

Raman maps in Figure 6.14, one clearly sees changes in the intensity profiles. These 

changes have been discussed in section 6.4. As mentioned before, these changes are 

irreversible. Unlike PDPP-BBT, pentacene OFETs show a reduction in mobilities after a 

few weeks when the devices have been operated many times. 

 In summary, diketopyrrolopyrrole-based copolymers, PDPP-BBT and TDPP-

BBT, containing donor-acceptor structural units are promising candidates for solution-

processed p-channel OFETs. The transistor characteristics show a good modulation of 

drain-source current by gate voltage with almost no hysteresis in the current-voltage 

output characteristics. Charge carrier mobilities ~ 10-3 cm2/Vs in spin-coated PDPP-

BBT/TDPP-BBT OFETs show that these DPP-based copolymers are excellent candidates 

for application in organic electronics. 
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7.2 Polythiophene!Based!Polymers!

While solution processable donor-acceptor systems, such as those based on the DPP 

moiety, are promising candidates for organic devices, a much greater amount of work has 

been done with simpler homopolymer systems. Specifically, the compound poly(3-

hexylthiophene) (Figure 7.8) has been used extensively in both OFETs and OPVs. Note 

that the P3HT monomer is nothing more than thiophene rings with solubilizing alkyl side 

chains. Due to its exceptional planarity, P3HT molecules have a tendency to stack via π- 

π interactions.104 This stacking leads to films with high degrees of molecular order. As a 

result, P3HT based OFETs can have mobilities of 0.1 cm2 V-1 s-1.15 In fact, when 

fabricated with Pt electrodes and organic dielectric films, a mobility of 0.4 cm2 V-1 s-1 has 

been reported.105 Furthermore, P3HT, along with the fullerene-based [6-6]-phenyl C61-

butryric acid methyl ester (PCBM), is commonly used in bulk heterojunction organic 

solar cells with efficiencies in the 4-5% range.106,107  

As promising as a system P3HT is, it is substantially limited by its susceptibility to 

oxidation. It is well known that P3HT is very susceptible to oxidative doping, and thus 

P3HT-based devices show poor performance under ambient conditions.15 P3HT is an 

exceptionally electron rich polymer as the solubilizing alkyl side chains effectively 

donate electron density to the already electron-rich planar thiophene rings. This high 

electron density is what leads to the low ionization potential of P3HT, and the resultant 

susceptibility to oxidation. In fact, it has been shown that the oxidative destruction of 

P3HT is initiated via the oxidation of the alkyl side chains, and that unsubstituted 

polythiophenes are not susceptible to similar oxidation.108 Polythiophenes substituted 

with electron withdrawing alkoxy side chains are also resistant to oxidation, further 
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confirming the alkyl side chain culpability in the incompatibility of P3HT with 

oxygen.109   

 

Figure 7.8. The structures of P3HT and PQT. 

 

Since the solubilizing alkyl side chains of P3HT are responsible for its limitations in 

ambient conditions, it is reasonable to ask if one can modify them without sacrificing the 

conduction ability of the thiophene backbone. In order to do this, the delocalization of 

charge in the polymer must be reduced via a reduction in the conjugation length.15 In fact, 

this has been accomplished in the synthesis of poly-(3,3-dialkyl-quaterthiophene) (PQT), 

a thiophene based polymer that has solubilizing alkyl side chains on only some of its 

thiophene rings.110 The structure of PQT is given in Figure 7.8. The presence of 

unsubstituted thiophene allows PQT more rotational freedom, thus cutting down on π 

conjugation and lower electron density. While some amount of planarity is sacrificed, 

PQT maintains is ability to π stack, and thus yields OFETs with mobilities up to 0.14 cm2 

V-1 s-1 in ambient conditions.111 

Thus, we can use the PQT system to study the optical and electrical characteristics of 

polythiophene based OFETs without being limited with incompatibility of P3HT with 

ambient conditions. While extensive work has been done in the electrical characterization 

of polythiophene based OFETs and OPVs, there has also been work done in the optical 
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characterization of such devices. For example, Raman scattering has been used to 

determine the degree of ordered vs. disordered P3HT in P3HT/PCBM films.112 It is 

evident that polythiophene is a promising solution processable alternative to pentacene 

for a similar optical characterization techniques as used in chapters 6 and 7. Since PQT 

and P3HT differ only in the nature of the alkyl side chains, the Raman spectra of the two 

will be more or less identical; at least as far as the intra-ring vibrations are concerned  

PQT films were prepared for OFETs on Si++/SiO2 substrates. The procedure for 

cleaning and treating the substrates is given in chapter 3. PQT (American Dye Source) 

was dissolved in Dichlorobenzene (ReagentPlus 99%, Sigma Aldrich) at a concentration 

of 10mg/ml. The solution was found to be a cloudy, brick red color, indicating 

incomplete solubility of the PQT in the solvent. The solution was heated to 100oC where 

it turned to a bright candy-red color. As the solution was allowed to cool, it became 

cloudy again, further confirming that the PQT is completely soluble at this concentration 

only at elevated temperatures. Clearly, the solution would have to be heated during use to 

ensure adequate solubility of the PQT. After re-heating the solution, it was quickly 

filtered through a .22µm Teflon filter. While the solution was still warm, it was spun-cast 

at 3000 rpm by dropping ~.3ml of solution onto both untreated and OTS treated 

substrates. A purple colored film was seen to form. Attempts were also made to spin-coat 

at other speeds ranging from 1500 rpm to 5000 rpm. It was found that films were not 

formed at lower speeds, and that very thin films were formed at higher speeds. It should 

be noted that dichlorobenzene has much higher boiling point than the chloroform (180oC 

vs. 62oC) that was used to spin-coat the DPP materials discussed earlier, and as such, is 
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more difficult to spin-coat with. 3000 rpm was found to be good balance between the 

higher and lower spin speeds.  

After spin-coating, the films were annealed at 140o C for 30 minutes. PQT undergoes 

crystalline-to-liquid crystalline and liquid crystalline-to-isotropic phase transitions at 

~120 oC and ~140o C, respectively.111 When annealed at 120 oC to 140o C, PQT films 

have been shown to have excellent π-π packing.113 After annealing, the films were almost 

completely transparent, with a greenish tint, confirming that the molecular ordering, and 

thus, electronic structure of the film had changed.  

Top contacts of Au were evaporated onto the films to complete OFET fabrication. ~30 

nm of Au was thermally evaporated at a rate of ~3 Å/s. The transfer and output 

characteristics of a device fabricated on an untreated substrate are shown in Figure 7.9 

and Figure 7.10, respectively. The output curves show good modulation with a clear 

saturation regime, and the transfer curve show clear switching behavior with a low 

threshold voltage, all characteristics of a decent transistor. Common device parameters 

were estimated using eq. 2.7. Charge carrier mobility was found to be 3.70×10-4 cm2/Vs, 

the On/OFF ratio was 2.5×102, and the threshold voltage was 2.0 V. These initial un-

optimized devices were fabricated on untreated substrates (i.e. no SAM layer) to confirm 

that this system would yield usable devices. Later, devices were fabricated on OTS 

treated substrates to maximize performance.  
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Table 7.2.  Electrical characteristic parameters for PQT OFETs. 

 Mobility 
(cm2/Vs) 

Threshold Voltage 
(V) 

On/Off ratio 

PQT 
without 
OTS 

3.70 × 10-4 -2.0 ~102 

PQT 
with OTS 

2.80 × 10-3 -1.8 ~103 

 

 

Figure 7.9. The transfer characteristics of an PQT OFET 
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Figure 7.10. The output characteristics of an PQT OFET 

 

The Au top contact in these PQT OFETs creates a metal-semiconductor interface 

similar to the Au-pentacene interface through which an SERS spectrum was observed (as 

discussed in chapters 6 and 7. The Raman spectrum of PQT was measured in both the 

channel and contact regions, using identical laser intensities and exposure times. The two 

spectra are plotted in Figure 7.11. It is immediately apparent that there is a strong 

enhancement of the Raman intensities when the spectrum is measured through the Au 

contact. The different relative enhancements of different peaks, combined with the 

appearance of new peaks point to an SERS effect, as was seen in the Au-pentacene 

system. In fact, several of the most distinguishing features of the former spectrum are 

seen here in the PQT spectrum as well. As both pentacene and PQT are highly 

conjugated, aromatic ring based systems, this is perhaps not surprising.  
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Figure 7.11. The Raman spectrum of PQT as measure from the channel (PQT no Au) 

and contact (PQT Au) regions of a PQT OFET. It is apparent that the spectrum from the 

contact region exhibits the characteristics of SERS 

 

The primary features of the pristine PQT spectrum are the two peaks at 1450 cm-1 and 

1380 cm-1. The two peaks correspond to C=C stretch mode and the C–C intra-ring stretch 

mode, respectively.112 The higher energy peak splits into two peaks, the relative 

intensities of which are determined by the degree of order in the film. These two features 

are still seen in the SERS spectrum, but several other peaks join them. A new broad peak 

in the 1560-1 cm region is seen, along with a pair of peak in the 1160 to 1180 cm-1 region. 

Furthermore, the 1380 cm-1 is strongly enhanced relative to the 1450 cm-1 peak. In order 

to gain further insight into the nature of these new peaks, the Raman spectrum of 

polythiophene was simulated using DFT. The method used is detailed in chapter 3.  
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The calciulated Raman spectrum of pristine polythiophene is shown in Figure 7.12. 

The structure used to simulate the spectrum is shown in Figure 7.13. It should be noted 

that this structure is a generic polythiophene and thus, can be used for both PQT and 

P3HT. Others have used a similar simplification.112 The dominant peak at 1460 cm-1 

corresponds to the experimental peak at 1450 cm-1. Other theoretical peaks at 1550, 1100, 

and 1400 cm-1 offer clues as to the origins of the peaks in the SERS spectrum. The peak 

at 1560 cm-1 is due to an anti-symmetric C=C stretch. The peaks at 1100 cm-1 are caused 

by C-H bend modes. Lastly, the peak at 1400 cm-1 corresponds to an intra-ring C–C 

stretch, as expected. It is clear that the peaks seen in the SERS spectrum all correspond to 

theoretically predicted Raman active vibrations. The SERS spectrum is showing 

sensitivity to vibrational modes in the polythiophene that are undetectable via regular 

Raman spectroscopy. However, the shape of the simulated pristine PQT spectrum by 

itself clearly cannot account for the shape of the SERS spectrum. 

 

Figure 7.12. The calculated Raman spectrum of pristine PQT. 

1000 1100 1200 1300 1400 1500 1600 1700

0.00E+000

2.00E-028

4.00E-028

6.00E-028

8.00E-028

R
am

an
 c

ro
ss

 s
ec

tio
n 

cm
2 /s

r

Raman Shift (cm-1)

 

 



 124 

 

Figure 7.13. Structure used to simulate the Raman spectrum of PQT. This structure is 

generic for all polythiophenes. 

As we did with the Pentacene SERS spectrum, we now try to simulate the SERS by 

incorporating disordered PQT molecular structures into the DFT calculations. Since the 

SERS spectrum is detected at the Au-PQT interface where Au molecules may penetrate 

into the PQT film, we use simple Au-polythiophene structures where lone Au molecules 

are placed in close proximity to polythiophene monomer units. Two such structures are 

shown in Figure 7.14. These are the minimal energy configurations of each of the cases 

where Au is bonded to polythiophene and Au is just placed in proximity to 

polythiophene. The Raman spectra of these structures are shown in Figure 7.15. It is 

immediately obvious that the addition of Au to the polythiophene monomers, especially 

in the case where the Au is bonded to polythiophene, re-creates the enhancement of peaks 

seen in the SERS spectrum. Specifically, the C-H bend and C-C intra-ring stretch modes 

are strongly enhanced.  
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Figure 7.14. The structures of Au-Polythiophene disordered complexes. (a) a 

polythiophene subunit with a Au atom attached at its end (edge Au) and (b) a 

polythiophene subunit with a Au atom placed at its center (center Au). In both cases, the 

Au atom is ~2Å from the polythiophene molecule.  

 

 

Figure 7.15. The Raman spectra of the PQT-Au structures given in Figure 7.14 
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As with Pentacene, the SERS spectrum of PQT is shown to have a high sensitivity to 

disorder within the PQT film. This disorder is undetectable with regular Raman 

spectroscopy. Since, in the pentacene OFET system, we were able to demonstrate how 

this disorder correlates with device performance, it is logical to investigate if a similar 

analysis can be done here. We note that while both pentacene and PQT are highly 

conjugated organic systems, they are distinct in several ways. Specifically, while one is a 

small molecule that must be thermally evaporated in order to form a film, the other is 

polymer that must be spun-cast. Furthermore, the polythiophene system is susceptible of 

oxidative degradation in ways the pentacene system isn’t. One may ask if the SERS 

based diagnostic tool developed in chapter 7 may be applied to this system. A 

preliminary attempt to do this is discussed in appendix C. 

In conclusion, The Raman spectrum of a PQT film was found to exhibit the SERS 

effect when probed in the contact region of an OFET. The SERS spectrum was shown, 

via DFT computations, to have sensitivity to Au-induced disorder within the film. The 

OFETs themselves showed a remarkable degradation in performance over time when run 

in ambient conditions. This is on account of the well-known susceptibility of 

polythiophene polymers to oxidative degradation. While PQT is designed to minimize 

this weakness, the PQT polymer likely has some inherent susceptibility. 
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8 Summary!and!Future!Work!

This work was a study of interfaces in OFETs.  OFETs have application in the 

development of low cost and flexible electronic circuits, among other uses, and this work 

contributes to a better understanding of the nature of the interfaces in such devices. The 

work may be split into two sections that deal with the two critical interfaces. The first 

part looks at MAPLE as a method for improved device performance based on a better 

semiconductor-dielectric interface. In the second section, which constitutes the bulk of 

the work, we combine Raman spectroscopy with electrical characterization to take 

advantage of the metal-semiconductor interface to build an SERS based diagnostic tool to 

characterize disorder in semiconductor films and its effect on device performance.  

First, we demonstrated that MAPLE is a viable method for forming organic polymer 

semiconductor films in the fabrication of OFETs. By taking advantage of the layer-by-

layer growth that MAPLE provides, we were able to optimize the semiconductor-

dielectric interface. MAPLE also partially eliminates the need for dielectric surface 

treatments prior to deposition. OFETs fabricated using MAPLE showed better On/Off 

rations than those fabricated using spin-coating. As MAPLE has been shown to be a 

promising candidate for device fabrication, further work is needed in applying the 

technique to other organic semiconductor systems. 

Second, by combining Raman spectroscopy with electrical characterization methods, 

we created a diagnostic tool for studying the molecular origins of OFET performance 

degradation. We found that the Raman spectrum of pentacene measured through a Au 

contact was dramatically different than the spectrum of pristine pentacene. The spectrum 
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featured an enhanced signal with selectively enhanced and shifted peaks. All these 

features pointed to a surface enhancement of the Raman spectrum by the Au top contact. 

By carefully examining the growth of this enhanced spectrum as a function of Au contact 

thickness and taking SEM images of the Au contact surface, we correlated the spectrum 

with the development of surface roughness at the Au-pentacene interface. We finally 

confirmed, beyond doubt, that the enhancement was an SERS effect created by the 

interplay of the near infrared excitation source with the Au surface plasmons by noting 

that a similar effect could not be seen when the excitation source was changed.  

After noting that the SERS spectrum had a signature that was similar to that of 

disordered graphite, we attempted to simulate the spectrum by using DFT to calculate the 

Raman spectra of disordered pentacene molecules. A first attempt of incorporating 

disorder via a simple sp3 carbon breaks in the pentacene structure proved promising. 

Features seen in the SERS spectrum were re-created by such sp3-disordered structures. 

This was followed by a more complete treatment of the molecular origins of the disorder 

where Au-pentacene complexes were used to simulate the SERS spectrum. Peaks seen in 

the SERS spectrum were accounted for by specific vibrations in the Au-pentacene 

complexes, further cementing the idea that the SERS spectrum was selectively enhancing 

the fingerprint of disorder in the pentacene film.  

We then harnessed the SERS spectrum to track disorder in the semiconductor film as a 

function of bias stress. We found that in those devices where there was performance 

degradation, it was accompanied by an enhancement of the SERS spectrum. On the other 

hand, in those devices where there was no performance degradation, there was no 

concurrent enhancement of the SERS spectrum. Thus, the SERS spectrum showed that 
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the performance degradation was, at least in part, caused by molecular degradation in the 

pentacene film.  

Next, the SERS spectrum of Pentacene was also shown to be strongly dependent the 

thickness of the Au layer. A tool that takes advantage of this to measure the thickness of 

the Au layer via the SERS spectrum was proposed. This SERS effect was also seen with 

other metals and organic materials, suggesting that such a tool may have wider 

applications. 

Next, we attempted to apply the opto-electronic tool described above to two polymer 

semiconductor systems. First, two DPP based polymers were used to in the fabrication of 

OFETs for the first time. The interface properties of PDPP-BBT OFETs were further 

probed using Raman scattering. Raman linescans across the channel-contact region from 

devices before and after biasing showed almost no changes indicating that there were no 

structural changes upon the application of an electric field. Furthermore, the metal-

polymer contact seemed to have no impact on the vibrational spectra, unlike pentacene 

based devices. Second, preliminary attempts were made to simulate the SERS spectrum 

seen in polythiophene based OFETs. As with pentacene, the SERS spectrum here was 

shown to detect signs of disorder in the semiconductor film 

Since the SERS effect has been seen in multiple systems, it follows that further work 

is required to see if the SERS based diagnostic tool can be applied more broadly to the 

field of organic devices. Along with similar experiments with different organic materials, 

one might also attempt to track the growth of the SERS spectrum in-situ during bias 

stress. Doing so may give further insight into the origins of molecular disorder in the 

film. Finally, it is reasonable to expect that the plasmonic states that create the SERS 
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effect may also have a direct effect on charge injection or charge conduction at the metal-

semiconductor interface. One may attempt to combine laser excitation along with 

electrical characterization of OFETs to see if the plasmonic effect can be isolated. 

Measuring and understanding the effect are prerequisites to the final goal of being able to 

control and use the effect in such devices. 
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Appendix A. Effect of oxygen on the Raman spectrum of pentacene 

 

In order to observe the influence of oxygen on the Raman spectrum of pentacene, we 

exposed a film of pentacene to a peroxide treatment. A pentacene film grown on a silicon 

substrate was suspended over a ~10 ml of 30% H2O2 in a loosely closed container. A 

small amount of catalytic silver powder was added to the peroxide to initiate 

decomposition in order to create an environment with an elevated oxygen concentration. 

The experimental Raman spectra (normalized to the 1370 cm-1 peak) of pentacene are 

shown in Fig. A1 (a). The relative intensity of the 1597 cm-1 Raman peak increases for 

the film exposed to the oxidizing environment, shown by the dotted line. We have further 

calculated the Raman spectrum of a pentacene molecule with two O-H groups attached to 

the central ring. Previous work has shown that this molecule is an expected oxidation 

product of pentacene.114 The Raman activity of the 1300-1400 cm-1 region for the 

hydroxyl pentacene decreases as seen in Fig. A1 (b); the Raman activity of the 1620 cm-1 

Raman peak (similar to the experimental 1597 cm-1 peak), however, increases. The 

calculated spectrum corroborates our experiments where an enhancement of the C-C 

stretch motion at 1597 cm-1 is associated with uptake of oxygen/OH by the molecule.   

We point out upon bias stress measurements (which were conducted in air), the 

Raman spectra do not show an increase in intensity of the 1597 cm-1 peak compared to 

the pre-bias spectrum. The optical studies indicate more of a distortion of the molecule, 

which is seen as a signature of disordered sp2 carbons. [One cannot of course rule out the 

influence of oxygen/water on transport, especially the change in threshold shifts, which is 
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related to the trap states. Our optical studies, however, do indicate a structural change of 

the pentacene molecules.] 

 

 

Figure S2. (a) Experimental Raman spectra of as-is pentacene film and a peroxide-

treated pentacene film. (b) Calculated Raman spectra of a pristine pentacene molecule 

and one with two O-H groups attached to the central ring. 
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Appendix B. DFT calculations of Herringbone pentacene structures  

 

The Au-pentacene complexes discussed in chapter 6 were found to reliably recreate 

the SERS spectrum of pentacene. These structures featured Au atoms placed in close 

proximity to two pentacene molecules, simulating the interaction of Au atoms, which had 

penetrated into a pentacene film, with pentacene atoms. However, since pentacene 

crystalizes in the herringbone pattern, one may ask if simulating the Au-pentacene 

interaction with the pentacene molecules in this configuration give different results. To 

investigate this, the Raman spectrum of pristine pentacene and pentacene with Au atoms 

were computed and compared to the results discussed in chapter six. It was found that the 

Raman spectra of such structures are more or less identical to the spectra found in chapter 

six. In fact the Raman spectrum of pristine pentacene in the herringbone pattern was 

found to be exactly identical that of a single molecule of pentacene, at least in the energy 

range discussed in this report. Therefore, it is entirely reasonable to use simplified 

structures to compute Raman frequencies and intensities. 

The herringbone Au-pentacene structure used is shown in figure B1. An Au atom has 

been inserted near the center of the structure. The Raman spectrum of the structure is 

provided in figure B2. The Raman spectrum of this Au-pentacene complex is very similar 

to the spectra of the pentacene-Au complexes used in the earlier discussion. 
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Figure B1. An Au atom combined with two pentacene molecules in the herringbone 

basis pattern. 

 

Figure B2. The Raman spectrum of the structure shown in figure B2. 
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Appendix C. Applying SERS based diagnostic tool to PQT OFETs 

In chapter 7, it was shown that the SERS spectrum of the semiconductor film in 

pentacene OFETs detected disorder associated with bias-stress induced degraded 

performance. Here, we attempt to do a similar analysis with PQT based OFETs. The 

transfer characteristics of a representative pristine PQT OFET fabricated on an OTS 

treated substrate are shown in Figure C1, both in its pristine and biased states. The 

characteristics were measured in ambient conditions with VDS = -40V. Device parameters 

such as charge carrier mobility, threshold voltage, and On/Off ratio were estimated by 

using the standard current-voltage characteristics of OFETs given by eq. 2.7.  The charge 

carrier mobility of the pristine device was 3.70×10-3 cm2/Vs, the threshold voltage was – 

1.8 V, and the On/Off ratio was 103. The device was then left on in the saturation regime, 

by setting VDS = VG = -40V, for 20 minutes under ambient conditions. During this time, 

the drain current of the OFET dropped by ~95%. This remarkable drop in performance is 

in stark contrast to that of pentacene based devices, where a much smaller deterioration is 

observed. The transfer characteristics were then re-measured. While the On/Off ratio was 

found to remain unchanged at 103, the charge carrier mobility was found to decrease to 

2.80×10-3 cm2/Vs. However, most remarkably, the threshold voltage degraded to -18.5 V. 

The device parameters for both the pristine and the biased devices are tabulated in table 

C.1.  
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Figure C1. The transfer characteristics of a PQT OFET, both before (pre-bias) and 

after (post-bias) subjecting the device to a bias stress by leaving it on in the saturation 

regime for 20 minutes. 

Table C.1. Device parameters for a PQT OFET, both before and after bias stress. 

 Mobility 
(cm2/Vs) 

Threshold 
Voltage 

(V) 

On/Off ratio 

Before bias stress 3.7 × 10-3 -1.8 ~103 

After bias stress 2.8 × 10-4 -18.5 ~103 
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explore this, the transfer characteristics of the device were re-measured after 3 days. The 

device was found to be non-functional at this point. Furthermore, other devices that had 

not been exposed to the same bias stress were also found to be non-functional. This 

indicates that the precipitous drop in performance in PQT OFETs is, in large part, due to 

effects distinct from electric field induced degradation.   

 To test this hypothesis, a Raman map of the PQT OFET taken after the bias stress was 

compared to one measured before. Each Raman linescan map consisted of ~13 spectra 

spanning 60 µm; the first measurement (0 µm) was taken in the channel itself, directly on 

pentacene, and the last measurement was on the Au pad. The two maps are shown in 

Figure C2. Each of the two maps is dominated by the C=C stretch peak at 1450 cm-1 and 

C–C intra-ring stretch peak 1380 cm-1. The intensity of these two peaks is greatest at the 

edge of the contact region of the OFET. Here, the Au contact is thinnest due to a 

shadowing effect from the thermal evaporation mask. As was shown in chapter 5, the 

SERS effect is strongest for thin Au overlayers, so this is expected. Regardless, it is 

apparent that the SERS signal is stronger from the biased device. The intensity of both 

the 1450 cm-1 and 1380 cm-1 peaks are greater. This is indicative of greater disorder in 

the PQT film. As was the case with pentacene-based devices, this indicates that there is 

electric field induced disorder introduced into the PQT film. However, to fully 

understand these degradation effects, the bias stress must be done in an inert atmosphere 

in order to isolate electric field based effect from oxidation based effects.  
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Figure C2. The Raman maps of a PQT OFET, both before (pre-bias) and after (post-

bias) subjecting the device to a bias stress by leaving it on in the saturation regime for 20 

minutes. 
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