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ABSTRACT
Jennifer Weinberg-Wolf: Optical Characterization of Organic

Semiconducting Single Crystals
(Under the Direction of Dr. Laurie McNeil)

Over the last decade interest in the possibility of “plastic electronic,” semi-

conducting organic materials that hold the potential for display devices with

improved characteristics has increased. To date, the majority of research has fo-

cused on material development and device design. However, if scientists are able

to understand the connection between the structural and electronic properties

of molecules, they can tailor new compounds with desired physical characteris-

tics. Optical characterization is the first step to understanding the structural

properties of materials.

This work focuses on characterizing single crystals of two specific molecules:

α-hexathiophene and 5,6,11,12-tetraphenyl tetracene (rubrene). While there is

plenty of information currently available in the literature about α-hexathiophene,

the resonant Raman experiments I describe in Chapter 3 have uncovered the low-

est experimentally-recorded excited electronic levels. I have tentatively identified

these states as either a triplet Frenkel exciton or a bound singlet Frenkel exciton.

Chapter 4 details how I used Raman, infrared and photoluminescence spec-

troscopy, as well as computer simulations, to characterize rubrene. Studies of

tetracene single crystals helped guide the understanding of the structural and

electronic properties of rubrene. Although all molecular crystals have low in-

termolecular coupling, my analysis showed that rubrene has particularly low

coupling, even for a molecular crystal. This result is somewhat curious since

rubrene has exceptionally high mobility. In general, strong π-electron overlap

implies strong intermolecular coupling, rather than the observed results. The
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photoluminescence spectrum clearly reveals emission from free and bound molec-

ular excitons as well as radiative recombination from free carriers in rubrene. The

dominance of traps from defects and impurities on the photoluminescence emis-

sion at increasing temperatures is also apparent from the experimental results.
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Chapter 1

Introduction

1.1 Overview

Within the last 50 years, interest has grown in the optical properties of or-

ganic molecular crystals. Many books and reviews of interesting optically-active

materials are available in the literature [1, 2]. When researchers first successfully

fabricated organic light-emitting device (OLED) using tris-8-hydroxyquinoline

aluminum (Alq3) in 1987 [3], interest in the applications of thin-films of these

optically-active organic molecular materials grew. Thus began the development

of a new commercial product: all organic displays based on OLEDs and or-

ganic field-effect transistors (OFETs). Horowitz recently published a good re-

view of the work on thin film technology using organic materials [4]. The first

single-crystal OFET [5] (which used alpha-hexathiophene) followed soon after

the thin-film device work. Compared to liquid crystal display (LCD) technol-

ogy, organic transistors and discrete LED displays hold the potential for devices

with improved characteristics including lower power requirements, better resolu-

tion, more mechanical flexibility, and lower production costs (to name just a few

benefits).

Research to date has focused on two distinct initiatives: semiconducting

polymers and organic small molecules. The former may have the advantage



of higher stability for practical applications, but the latter, due to the feasibil-

ity of forming large single crystals, seem to be more suitable for basic science

studies. Materials composed of polycyclic aromatic compounds such as the π-

conjugated oligothiophenes, oligoacenes, and their derivatives are of particular

interest. These small molecules with high levels of conjugation are particularly

appealing for display applications, as the highest occupied/lowest unoccupied

molecular orbital (HOMO/LUMO) separation is typically in the visible range.

In the crystal state, these materials still have optical transitions in the visual

range, which is crucial for optical device applications. Chemists can tailor these

molecules for specific applications by modifying the molecular structure through

chemical substitution and/or the addition of side groups. Consequently, scien-

tists and optical engineers can incorporate the molecules into a host of photonic

devices. Some of these molecules are also very stable, another requirement for

a successful device. Many different molecules have been studied and numer-

ous devices fabricated [6, 7, 8, 9] from these molecular crystals, including FETs

[5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22], LEDs [3, 23, 24, 25, 26, 27],

photovoltaic cells [28, 29, 30, 31], a chemical UV actinometer [32], waveguides

[33], optical links [34], chemical sensors [35, 36], and organic lasers [26, 37]. It

is important to have an understanding of the relationships among crystal struc-

ture, optical properties, and transport properties of a material to advance design

possibilities. The hope is that, once this connection is well understood, it will be

possible to tailor molecules for desired performance in devices.

A perusal of the literature quickly tells the reader that many of the impor-

tant characteristics of these materials for device manufacturing depend on the

microstructure of the thin films and single crystals used. High-quality single

crystals that are relatively free of defects and impurities allow studies of the

various intrinsic qualities of the materials. Of the different intrinsic properties,

optical behavior is particularly interesting because of the materials’ potential

use in devices such as LEDs and displays. Information about electron-phonon
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coupling in resonant states, also derived through optical studies, could have an

impact on design aspects that would affect electrical performance of transistors

and other devices. This dissertation focuses on the optical characterization of

three different polycyclic aromatic π-conjugated molecules and single crystals:

alpha-hexathiophene, 5,6,11,12-tetraphenyl tetracene (rubrene), and tetracene.

This analysis was primarily performed with Raman Spectroscopy and photolu-

minescence spectroscopy, as well as with computer calculations from gaussian

03 [38].

1.2 Molecular Crystals

Two force regimes: strong covalent bonds within molecules and weak van der

Waals forces between molecules distinguish molecular crystals. Because of the

weak crystal field forces, materials maintain many of the same characteristics as

in the individual molecular components in the solid state, hence the designation

as molecular crystals. The weak van der Waals bonds between molecules means

that in the solid state, molecular crystal systems have very low lattice energy.

As expected, this low lattice energy causes molecular crystals generally to have

low melting and sublimation temperatures, low mechanical strength, and high

compressibility. The packing of somewhat large molecules into the solid state

leads to molecular crystals that tend to have low symmetry; therefore, anisotropy

is not uncommon in many different crystal properties (e.g. optical, electronic,

magnetic, and mechanical). Also, since the forces between molecules are very

weak, it is possible to have several different lattice arrangements that all have

similar ground state energies; thus polymorphism is very common.

Although the vibrational and electronic structures of the individual molecules

are similar in the crystal state of molecular crystals, crystal field effects do ex-

ist. Most notable is the Davidov splitting of bands in both the electronic and

vibrational spectra. The presence of more than one equivalent molecule in the
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unit cell causes Davidov, or factor group, splitting. The multiple molecules in

the unit cell will interact and each have slightly different environments, thereby

lifting degeneracies in energy of the original molecular spectrum.

1.2.1 Oligothiophenes: Alpha-hexathiophene

S

S

S

S

S

S

S

S
S

S

S
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S
S

S

S

S

Figure 1.1: A series of α-oligothiophenes or linked thiol rings molecules. In
order of increasing number of rings: α-quarterthiophene, α-hexathiophene, and
α-octothiophene

Oligothiophenes are compounds comprising five-membered aromatic rings

with four carbon atoms and one sulfur atom. In the α-oligothiophenes, the thiol

rings bond to one another at an α-carbon (the carbon that bonds directly to the

sulfur atom). The majority of research to date has focused on α-hexathiophene,

as it has some of the most promising properties for devices. However, scientists

have studied the other α-oligothiophenes extensively as well.

Researchers have predicted the theoretical geometric structures and electronic

transitions [39] along with the lowest triplet state [40] for oligothiophenes with

n, the number of rings, equal to 2 · · · 8. Further, they have calculated the ground
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state conformation and potential energy curves when n = 2 and 3 [41]. Scientists

have experimentally measured the thiophenes with n = 3 · · · 8 and found the

field-effect mobility to increase up to n = 6 (or α-hexathiophene) [42].

The mobility of α-hexathiophene is in the range 0.1-1 cm2/V-s [43, 44], which

is high for an organic material and is comparable to the value for amorphous hy-

drogenated silicon (1 cm2/V-s). Luminescence and optical absorption studies

[45] have found an indirect band gap of approximately 2.2 eV and a polaron

binding energy of 0.35 eV. The crystal displays a strong luminescence when op-

tically excited above the band gap, although the spectrum depends largely on

the quality of the samples studied. As is typical for molecular crystals, the

primary photoexcitations are Frenkel excitons. Researchers have observed elec-

troluminescence [46, 47] in the range 525 - 625 nm (2.36 - 1.98eV) and stimulated

emission [48, 49, 50] in the range 590 - 650 nm (2.10 - 1.91eV) and at a variety of

temperatures [51]. Subsequently, they have produced a variety of devices from

amorphous and polycrystalline thin films. Studies of four-, five- and six-ring sys-

tems [52] have produced time-resolved absorbance measurements. The energies

of the photoexcitations in the different oligomers are approximately inversely

proportional to the number of rings in the molecule.

As in all molecular crystals, the intramolecular covalent bonds are much

stronger than the intermolecular van der Waals bonds and the crystals retain

many of the characteristics of the molecules they comprise. However, the way in

which the molecules crystalize has a strong influence on the mobility of charge

carriers, since the carriers must move among the molecules [53]. Other organic

crystals display similar effects which frequently occur in multiple polytypes differ-

ing only in the stacking of the molecules within the unit cell. A complete under-

standing of the influence of the structure on the lattice dynamics of the material

of interest is therefore important to the development of devices. Research groups

have used Raman spectroscopy, infrared absorption spectroscopy and inelastic

neutron scattering to measure the phonon modes of α-hexathiophene [54, 55, 56,
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57, 58] and substituted hexathiophene [59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69].

While clearly many optical and electronic studies exist, there has not been a

complete study of resonant Raman possibilities in α-hexathiophene. This study

would find possible electron-phonon coupling in the crystal.

Schön Scandal

A discussion about a possible problem with some results in the literature

on this particular molecule is advisable. Jan Hendrik Schön, formerly of Lu-

cent Technologies, was one of the initial researchers to focus attention on α-

hexathiophene, although others had already measured some very promising prop-

erties of the molecule. He was a very prolific scientist and reported great exper-

imental success, making the first single molecule transistor, finding supercon-

ductivity in pentacene, and so on. However, after other groups were unable to

reproduce his results, Lucent Technologies convened a special panel to investigate

many of the publications more carefully. Unfortunately, this panel found mul-

tiple papers to have identical graphs purporting to be the outcomes of different

experiments, unreasonable experimental accuracy, and results that contradict

known physics outright [70]. This scientific misconduct resulted in the with-

drawal of over 15 papers from prestigious journals by the co-authors including

our collaborator Christian Kloc. The impact of this misconduct, however, is

even greater if one stops to consider the number of citations of these fraudulent

papers. Therefore, one must be very careful in reading the literature about this

material (as well as the literature on pentacene). However, this scandal does not

negate the previously-noted interesting qualities of α-hexathiophene and most of

the published work on this molecule and crystal system can be trusted as quality

science.
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Figure 1.2: A series of oligoacenes or fused benzene ring molecules. In order of
increasing number of rings: Naphthalene, Anthracene, Tetracene (also known as
Naphthacene) and Pentacene

1.2.2 Oligoacenes: Tetracene and Rubrene

Oligoacenes are ladder-like hydrocarbon molecules that share many of the

useful characteristics of the oligothiophenes. Researchers have focused on the

three-ring (anthracene), four-ring (tetracene - also called naphthacene) and five-

ring (pentacene) compounds depicted in Figure 1.2. All of the molecules have D2h

point group symmetry. The sp2 hybridization of the valence carbon atoms causes

the planarity of the molecules. Because of the difficulty of growing high-quality

single crystals and the confusing existence of multiple polymorphs, systematic

studies of the optical and vibrational properties have only recently been possi-

ble. The presence of defects and grain boundaries strongly influence the mea-

sured optical and transport properties of polycrystalline films of these materials,
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pentacene’s properties are particularly sensitive to crystal quality [71].

One of the smaller molecules, anthracene, is a chain of three fused benzene

rings. The Raman signature of anthracene single crystals [72, 73, 74], thin films

[75], powder [76], and solutions [77]; at multiple temperatures [78, 79] and various

pressures [80, 81]; and by theoretical calculations [82, 83] give a very complete

picture of the vibrational structure of the molecule. Using Brillouin scattering

[84] and inelastic neutron scattering (INS) [85], researchers have been able to

measure the elastic constants of the single crystal. Photoconduction experiments

on anthracene [86, 87, 88] yield values for the band gap between 3 and 4 eV.

Scientists have also conducted experiments to measure the luminescence of single

crystals [89, 88] at multiple temperatures [90] and at different pressures [91]. The

spectra indicate a very strong coupling of excitons to intramolecular vibrations.

Data from reflectivity studies of sublimed films [92] indicate that the ~a and ~b

axes of the crystallites tend to lie in the plane of the substrate, a structural

geometry similar to that found in other oligoacene thin films and crystallites.

The full crystallographic information for the crystal at multiple temperatures

(from X-ray diffraction studies [93]) is also available.

Tetracene has a measured band gap of 3-3.5 eV [94, 95]. As with anthracene,

researchers have measured the photoluminescence spectrum at a variety of tem-

peratures. The spectrum reveals a variety of free and trapped excitons, the

energies of which depend on the structural characteristics and possible defects of

the crystal [96]. The crystal field effects (Davidov splitting) are very similar for

anthracene and tetracene [97]. Researchers have measured the exciton-phonon

coupling constant g to be 0.77 [98, 99], where g = ELR

B
and ELR is the lattice

relaxation energy while B is the exciton band halfwidth. For g < 1, excitons

are not self-trapped. Tetracene has a very high hole mobility; values between

0.8 cm2/V-s [94] and 1.3 cm2/V-s [100] in high quality crystals approach and

even exceed the mobility of amorphous silicon. The vibrational modes for the

gas phase of both tetracene and pentacene molecules from experiments [101] and
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theoretical calculations [102] are available in the literature. Early Raman mea-

surements of tetracene crystals [103, 104, 105] have been of lower quality crystals

or on older instruments incapable of high resolution, high signal-to-noise mea-

surements. A more recent comprehensive study that collected data about the

vibrational structure as a function of temperature and pressure for two poly-

morphs of the crystal [106] has improved the general structural understanding of

this molecule.

Pentacene has a measured band gap of approximately 1.8 eV [107, 108]. Crys-

tallographic data are available for some of its polymorphs [109]. The single crys-

tal mobility for pentacene is 1.4 cm2/V-s [100] while scientists predict a value

as high as 75 cm2/V-s for very pure single crystals [110]. As with tetracene,

however, the transport properties vary greatly depending on materials prepara-

tion and the structural defects in the resulting crystals and thin films [111, 112].

Measurements exist for reflection spectra [113], photoluminescence spectra [114]

and Raman spectra [103, 115, 116].

Figure 1.3: Diagram of a Rubrene Molecule

Slightly more complicated is the substituted oligoacene 5,6,11,12 - tetraphenyl

tetracene, commonly known as rubrene. Rubrene is a relatively small aromatic
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hydrocarbon consisting of a backbone of four fused benzene rings (tetracene)

with four substituted phenyl groups (two on each internal ring) as shown in

Figure 1.3. Steric hindrance dictates that the substituted phenyl groups rotate

out of the plane of the tetracene backbone. The measured HOMO/LUMO gap

of the molecule is approximately 2.2 eV [117, 118]. The main polymorph is

an orthorhombic crystal [119, 120] with D18
2h point group symmetry (while the

molecule has C2h point group symmetry), and has four molecules in the unit cell.

There are 102 Raman-active vibrational modes for the crystal. The crystal also

has a high melting point (>315oC).

Rubrene has an almost 100% photoluminescent efficiency at room tempera-

ture [121]. Scientists have successfully doped it into many other OLED devices

to improve characteristics such as lifetime [122], stability [123], color [124] and

brightness [125]. Other devices including chemical sensors [126], actinometers

[32], and lightsticks make use of its properties. Many research facilities have

reproduced measurements of its hole mobility. Researchers have found an FET

mobility [127] as high as 20 cm2/V-s at room temperature, even higher than

that of amorphous hydrogenated silicon. Also, time-of-flight measurements of

the hole mobility in rubrene [128] indicate values as high as 2 cm2/V-s. Scien-

tists know much less so far about the electronic and vibrational structure of the

crystal. Studies of (relatively defect free) single crystals allow one to learn about

the intrinsic characteristics of the material and shed light on the exceptionally

high mobility of rubrene in comparison to other oligoacenes.

Physicists have measured the absorption spectrum in the visible range for

evaporated thin films of rubrene [129, 130, 131, 117], as well as the photolu-

minescence spectrum [132, 121]. A recent publication began the difficult task

of understanding the photoexcitations that occur in the single crystal [133] and

will be discussed in more detail in Section 4.3. The literature contains a few

Raman spectra for unpurified thin films [103, 134, 135, 136], but these are of low

quality and often only demonstrate new possibilities in experimental techniques
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(i.e., FT-Raman) rather than focus on the interpretation of the actual vibrational

structure of rubrene.

There is no comprehensive example in the literature of the vibrational struc-

ture of rubrene or tetracene from a technique such as Raman or infrared spec-

troscopy. Nor have scientists yet studied the vibrational modes at different tem-

peratures or pressures either. This dissertation addresses these seeming holes in

the available literature on these interesting materials.
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Chapter 2

Experimental Techniques

The data I collected in this dissertation are all from optical techniques which

investigate the electronic and vibrational structure of small samples. Shubin Liu

of the High Performance Computing group of UNC performed computer calcu-

lations that aided, and at times guided the interpretation of the experimental

results.

2.1 Crystal Growth

Christian Kloc at Bell Laboratories, Lucent Technologies, grew the single

crystals used in these measurements using horizontal physical vapor transport

in a flow of argon gas. He acquired the starting materials for α-hexathiophene

and rubrene crystals from Aldrich. Widely available sources in the literature

describe the details of the growth process for α-hexathiophene [137], similar

materials [138] and for rubrene [139]. To change the morphology of the growing

crystals and to get thick bulk crystallites more suitable for this present study,

He subsequently used some previously sublimed rubrene crystals for a typical

vacuum-sealed ampoule growth.



Figure 2.1: Possible interactions between an incident photon and a crystalline
medium. Rayleigh scattering is an elastic process, while the Stokes and anti-
Stokes interactions pictured are the inelastic Raman scattering processes.

2.2 Raman Spectroscopy

Raman spectroscopy is the inelastic scattering of light. It is a non-destructive,

non-invasive probe of the vibrational structure and phonon modes of a crystal.

Venkata Raman received the 1930 Nobel Prize in physics for measuring and

understanding this inelastic scattering effect. The basic experiment requires a

monochromatic incident light source (often a laser), a system of lenses to collect

the scattered light, a system to separate the energies of the collected light (a

spectrometer or spectrograph) and some sort of detector (initially photographic

paper, now photomultiplier tubes (PMTs) and charge coupled devices (CCDs)).

Consider the example of a material irradiated by a high-intensity monochro-

matic light source. The molecules in the material will scatter this light, which one

can collect for analysis. The majority of the scattering will be elastic, meaning

that the scattered wavelength is equal to the incident wavelength. This phe-
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nomenon is called Rayleigh scattering and is the second process from the left in

the schematic of Figure 2.1. A very small proportion of the incident photons,

(one in 106) however, will undergo Raman scattering in which the final state of

the system is different from the initial state. In this case the outgoing, scattered

photon has more (anti-Stokes scattering) or less (Stokes scattering) energy than

the incident photon. The exact energy shift will depend on the type and strength

of the bonds in the material which create phonons, so one can view the spectrum

of a particular material as the vibrational fingerprint for the system.

2.2.1 Classical Theory

Although Raman scattering is a quantum-mechanical interaction, one can

initially describe it classically. The incident monochromatic light source is a

sinusoidal electro-magnetic planewave:

~E(~r, t) = ~Ei(~ki, ωi) cos(~ki · ~r − ωit) (2.1)

where ω is the frequency and ~k is the wavevector of the incident radiation.

This electric field will induce a sinusoidal polarization within the medium equal

to:

~P (~r, t) = χ(~ki, ωi) ~Ei(~ki, ωi) cos(~ki · ~r − ωit) (2.2)

where χ(~ki, ωi) is the susceptibility of the medium. The polarization has

the same frequency and wavevector as the incident planewave. One can expand

χ(~ki, ωi) as a Taylor series in the normal modes of vibration of the system ~Q(~r, t).

Here, ~Q(~r, t) is defined to be:

~Q(~r, t) = ~Q(~q, ω0) cos(~q · ~r − ω0t) (2.3)
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where ~q and ω0 are the wavevector and frequency of the normal mode phonons.

Expanding the susceptibility in terms of equation 2.3 yields

χ(~ki, ω, ~Q) =
∞∑

n=0

[
1

n!

(
∂nχ

∂ ~Qn

)

0

~Qn(~r, t)

]

= χ0(~ki, ωi) +

(
∂χ

∂ ~Q

)

0

~Q(~r, t) + . . . (2.4)

Here χ0 is the electric susceptibility with no fluctuations and the first-order

differential is an oscillatory susceptibility induced by normal modes in the medium.

For this classical representation, one only needs to expand the susceptibility to

first order in ~Q(~r, t). Substituting equation (2.4) into equation (2.2) yields the

induced polarization:

~P (~r, t, ~Q) = ~P0(~r, t) + ~Pind(~r, t, ~Q)

where ~P0(~r, t) = χ0(~ki, ωi) ~Ei(~ki, ωi) cos(~ki · ~r − ωit)

and ~Pind(~r, t, ~Q) =

(
∂χ

∂ ~Q

)

0

~Q(~r, t) ~Ei(~ki, ωi) cos(~ki · ~r − ωit)

=

(
∂χ

∂ ~Q

)

0

~Q(~q, ω0) cos(~q · ~r − ω0t) ~Ei(~ki, ωi) cos(~ki · ~r − ωit)

or ~Pind(~r, t, ~Q) =
1

2

(
∂χ

∂ ~Q

)

0

~Q(~q, ω0) ~Ei(~ki, ωi)

× {cos
[(

~ki + ~q
)
· ~r − (ωi + ω0) t

]

+ cos
[(

~ki − ~q
)
· ~r − (ωi − ω0) t

]
} (2.5)

Two different sinusoidal waves compose the induced polarization, one with

wavevector ~kS = (~ki−~q) and frequency ωS = (ωi−ω0) which is the Stokes-shifted

wave and the other with wavevector ~kAS = (~ki+~q) and frequency ωAS = (ωi+ω0)

which is the anti-Stokes-shifted wave.
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2.2.2 Quantum Theory

In reality, the Raman effect is a quantum-mechanical interaction. Assume

that the system starts in an initial state |i〉 with all the electrons in the ground

state, and some number, Ni(ωi), of incident photons with frequency ωi, some

number Ni(ωs), of scattered photons with frequency ωs, and some number Ni(q),

of phonons. After a Stokes Raman scattering event, the system will be in the

final state |f〉, with all the electrons remaining in the ground state and Nf (ωi) =

Ni(ωi) − 1 photons, Nf (ωs) = Ni(ωs) + 1 photons, Nf (q) = Ni(q) + 1 phonons.

After an anti-Stokes scattering event, the final state |f〉 still has all the electrons

in the ground state, and Nf (ωi) = Ni(ωi) − 1 photons, Nf (ωs) = Ni(ωs) + 1

photons, but Nf (q) = Ni(q)− 1 phonons.

i
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n n
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d)

e)
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Figure 2.2: Feynman Diagrams for the six scattering processes that contribute
to Stokes Raman scattering and are commonly found in the literature. See for
example reference [140].
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The coupling between photons and phonons is very weak. Although all the

electrons are in the same initial and final states, the scattering process is medi-

ated by excited virtual states and an electron-phonon interaction Hamiltonian

He-ion. It is possible to draw a Feynman diagram for the interactions involved

during a Raman scattering event. In Feynman diagrams, lines lead from exci-

tations (propagators) into interactions (vertices). Arrows represent propagators,

indicating creation (an arrow pointing away from a vertex) or annihilation (an

arrow pointing towards a vertex) in an interaction. Given a single Feynman di-

agram for an interaction (as in Figure 2.2 a), it is possible to derive the other

processes by just permutating the time order of the vertices of the original pro-

cess. Therefore, one can see that there are in fact six possible scattering processes

that will lead to Stokes scattering. Figure 2.2 shows all six Feynman diagrams

representing these possible scattering processes, but I will discuss the process

in only subFigure 2.2 (a) in detail. Since each vertex in the Feynman diagram

represents an interaction, the probability of the interaction can be derived from

the Fermi Golden rule and will have the general form:

P ∝
∣∣∣∣∣
∑

n

〈n|H |i〉
[~ωi − (En − Ei)]

∣∣∣∣∣

2

(2.6)

where |i〉 is the initial state with energy Ei, |n〉 is an intermediate electronic

state with energy En and H is the hamiltonian describing a particular interaction

between states |i〉 and |n〉. Stepping through the interactions in Figure 2.2 (a)

allows one to quickly write down the entire quantum-mechanical interaction for

Stokes Raman scattering by simply multiplying terms from successive vertices.

Multiplying the specific three vertices in Figure 2.2 (a) together yields:
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P =

(
2π

~

) ∣∣∣∣∣
∑

n,n′

〈f |He-R(ωs)|n′〉 〈n′|He-ion(ωo)|n〉 〈n|He-R(ωi)|i〉
∆E1∆E2∆E3

∣∣∣∣∣

2

(2.7)

∆E1 = [~ωi − (En − Ei)] (2.8)

∆E2 = [~ωi − (En − Ei)− ~ωo − (En′ − En)] (2.9)

∆E3 = [~ωi − (En − Ei)− ~ωo − (En′ − En)− ~ωs − (Ef − En′)] (2.10)

where He-R is the Hamiltonian for the electron-radiation interaction between

the incident or scattered photon and the electrons of the system. He-ion is the

electron-phonon interaction Hamiltonian which describes how an electron-hole

pair is scattered when emitting a phonon. |i〉 , |n〉 , |n′〉 , and |f〉 are the initial,

possible intermediate and final states of the system. ~ωi and ~ωs are the energies

of the incident and scattered photons respectively while ~ωo is the energy of the

scattered phonon.

One can simplify equation (2.7) slightly. First, equation (2.9) is equivalent to

∆E2 = [~ωi−~ωo−(En′−Ei)], while equation (2.10) becomes ∆E3 = [~ωi−~ωo−
~ωs−(Ei−Ef )]. As previously mentioned Raman scattering does not change the

final state of the electrons of a system, so Ei = Ef and equation (2.10) further

simplifies to ∆E3 = [~ωi − ~ωo − ~ωs]. This will vanish if energy is conserved in

the scattering process, so one can replace this denominator factor with the delta

function: δ [~ωi − ~ωo − ~ωs]. This delta function further simplifies equation

(2.9) since ~ωi − ~ωo = ~ωs, so ∆E2 = ~ωs − (En′ − Ei). Substituting these

simplifications into equation (2.7) yields the final scattering probability for one

possible Raman process:

P =

(
2π

~

) ∣∣∣∣∣
∑

n,n′

〈i|He-R(ωs)|n′〉 〈n′|He-ion(ωo)|n〉 〈n|He-R(ωi)|i〉
[~ωi − (En − Ei)] [~ωs − (En′ − Ei)]

∣∣∣∣∣

2

· · ·

· · · × δ [~ωi − ~ωo − ~ωs] (2.11)

To account for all the different possible processes (the other five Feynman

diagrams pictured in Figure 2.2) one must simply repeat this procedure for each
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process depicted as a subfigure in Figure 2.2 and sum the resulting terms. This

yields the total probability for scattering.

2.2.3 Temperature Effects

Temperature will affect a crystal in two distinct manners, typically referred

to as implicit and explicit temperature effects. One can quantify how each of

these effects change the vibrational energy of a Raman mode:

(
∂ν

∂T

)

P

=

(
∂ν

∂T

)

T

−
(

α

β

)(
∂ν

∂P

)

T

(2.12)

where

α =

(
1

V

)(
∂V

∂T

)

P

is the expansivity of the material and

β =

(
1

V

)(
∂V

∂P

)

T

is the compressibility of the material.

The first term in equation (2.12) is the explicit temperature effect related

to changes in the phonon occupation number that occur with changes in tem-

perature. The second term is the implicit temperature effect that quantifies the

change in vibrational frequency due to thermal expansion and contraction of the

crystal lattice with temperature.

In practice, lowering the temperature of a material will cause Raman lines

both to narrow and to shift to higher frequency. Because the weak van der Waals

force bond lengths change more than the covalent bond lengths during thermal

contraction, intermolecular modes will vary disproportionately when exposed to

changes in temperature compared to intramolecular modes.
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2.2.4 Resonant Raman Effect

Raman scattering does not yield information about only the vibrational (phonon)

modes of the material studied. Looking closely at the denominator in equation

(2.11), one can see there exists the possibility of a singularity if the energy of

the incident or scattered photon is equal to the transition energy between an

intermediate virtual state and the initial state of the system. Stated slightly

differently, if the incident or scattered photon’s energy is equal to the energy of

an electronic transition in the material, the vibration and electronic states can

couple, leading to a large enhancement of the scattering probability. This res-

onance allows one to extract information directly about the electronic states of

the system, because the summation in equation (2.11) is dominated by one (or

at most a few) intermediate states and the sum over n and n′ collapses. In order

to avoid the unphysical situation implied by the potential divergence of the de-

nominator in equation (2.11), one must remember that intermediate states have

a finite lifetime due to different decay processes, so that the energy of the state

(En − Ei) must be replaced by the complex energy (En − Ei)− ıΓn. Therefore,

the final probability for Raman scattering by a single photon is:

P =

(
2π

~

) ∣∣∣∣∣
∑

n,n′

〈i|He-R(ωs)|n′〉 〈n′|He-ion(ωo)|n〉 〈n|He-R(ωi)|i〉
[~ωi − (En − Ei)− ıΓn] [~ωs − (En′ − Ei)− ıΓn′ ]

∣∣∣∣∣

2

· · ·

· · · × δ [~ωi − ~ωo − ~ωs] (2.13)

Having the energy of the incident or scattered photon approach that of an

electronic transition is not enough to guarantee a resonant enhancement of a

vibrational mode, though. The matrix element for that intermediate state must

also be non-negligible (〈i|He-R(ωs)|n′〉 , or 〈n′|He-ion(ωo)|n〉 6= 0). Finally, the

phonon (vibrational mode) and electronic intermediate state must have the same

symmetry so that the two states are allowed to couple.
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2.2.5 Experimental Setup

In these experiments, Raman spectra were dispersed using a Dilor XY triple

spectrometer in a backscattering configuration and collected using a charge-

coupled device (CCD) cooled with LN2. The resolution of the spectrometer

is 1 cm-1. A schematic for the spectrometer is shown in Figure 2.3.

Figure 2.3: Raman Spectrometer Schematic. M1-M11 are mirrors, G1, 2 and 3
are gratings and S1 and 2 are slits in the system.

A variety of α-hexathiophene crystallites were used at different times through-

out the experiments. All of the different crystallites were from the same crystal

growth run. The crystallites were cooled to 33 K (for α-hexathiophene) or 18

K (for rubrene) with an Air Products closed-cycle He refrigerator in a vacuum

chamber pumped down to approximately 3 × 10−6 Torr with a diffusion pump

vacuum system.

I mounted the α-hexathiophene crystals with vacuum grease such that the
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bc-plane was perpendicular to the incoming laser beam. I did not intentionally

control the orientation of the ~b and ~c axes in the plane of the crystal. All of the

reported measurements, therefore, average over the different polarizations. In one

experiment I attempted to rotate the crystal through different orientations and

measure actual polarization effects. Unfortunately, the resulting signal-to-noise

ratio was too small for a meaningful analysis because of the reduced efficiency of

the gratings in the spectrometer to perpendicularly polarized photons.

I used a Spectra Physics 2017 Ar+ laser to pump a Spectra Physics 375B

dye laser with an organic dye. For the α-hexathiophene experiments, I chose

Rhodamine 6G dye for the dye. I can tune the output energy of the laser with

this dye in a continuously tunable range from 1.97 eV to 2.17 eV (629.3 nm to

571.3 nm). I acquired spectra in energy steps that ranged from 20 meV when

scanning far from the resonant energy to 1 meV close to the resonant energy.

The spectral windows ranged from approximately 70 cm-1 to 1600 cm-1, which

includes both inter- and intra-molecular vibrations. The integration time for each

scan depended on the excitation wavelength in use, but I chose it to maximize

the signal-to-noise ratio while protecting the CCD from saturation from the

background luminescence. As the excitation energy approached the band gap,

the background luminescence increased; therefore, I averaged multiple shorter

scans together to improve the signal-to-noise ratio of the data. I fit all peaks

using a least-squares routine with a Voigt lineshape (where the Raman signal is

assumed to be pure Lorentzian but equipment effects convolve the signal with a

Gaussian distribution).

For the rubrene samples, I initially used multiple crystallites from the same

growth batch, again mounted with vacuum grease, in the previously described

refrigerator. I conducted a follow-up experiment at room temperature using the

largest three-dimensional crystallites from different growth runs. Again, I did

not pay any deliberate attention to the orientation of the crystallites at the time

of mounting, so any polarization effects will therefore average out over the en-
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tire group of crystals. I also made another attempt to investigate the effects of

polarization, but the resulting signal-to-noise ratio was still not large enough to

allow me to determine experimentally the symmetry of different modes. Study-

ing multiple crystals also allowed me to investigate the consistency of crystals

produced in a single growth run. Rubrene is known to highly favor creating a

peroxide layer in the presence of light and oxygen [141]. I made no attempts

to keep the crystals dry or in the dark, so room-temperature, ambient-pressure

measurements are of both the underlying bulk rubrene crystal and the surface

peroxide layer.

In the rubrene experiments, I used Kiton Red dye in the dye laser, yielding

an output energy in a continuously tunable range from 608 to 711 nm (2.04

- 1.74 eV). I chose a single excitation wavelength of 653.55 nm (1.897 eV) in

the experiments to minimize the photoluminescence from the sample in order

to measure the weaker Raman effect. I collected data over the spectral range

of approximately 35 cm-1 to 1600 cm-1, again to include both intermolecular

and intramolecular vibrations. These peak fits used a Lorentzian lineshape with

a least-squares algorithm. For these experimental runs, compared to the α-

hexathiophene measurements, I was able to improve my data analysis techniques.

A new beam path design external to the spectrograph increased the power of the

incident laser that reached the sample. More accurate collection of flat and dark

spectra also allowed me to subtract out equipment effects like the non-linear

response of the CCD. I found that Lorentzian rather than Voigt lineshapes were

more appropriate after these improvements to fit the data.

2.3 Infrared Spectroscopy

Infrared Spectroscopy (IR) is a physical process almost identical to Raman

spectroscopy, except for the distinction that Raman spectroscopy is a scattering

process whereas IR spectroscopy is an absorption process. The incident en-
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ergy infrared experiments use is in the infrared range, while Raman experiments

mostly use incident excitations in the visible range. The selection rules for vi-

brations to be Raman- or IR- active are different. A mode is infrared-active if

the vibration causes a change in the dipole moment of the bond, while a mode

is Raman-active if it involves a change in the polarizability of the molecule. For

materials with a point of inversion (such as all the molecular crystals discussed

in this dissertation), the selection rules are mutually exclusive. Modes that are

Raman-active must be IR-inactive and vice versa, so the two experiments form

a complementary set of data. Finally, for molecules with a point of inversion, all

IR-active modes have ungerade-type symmetry (while the Raman-active modes

have gerade-type symmetry). Gerade-modes have even parity with respect to

the inversion point of the molecule, while ungerade-modes have odd parity with

respect to the same inversion point.

Arthur Ramirez and his student at Lucent Technologies recorded the infrared

data reported in Section 4.2. Christian Kloc grew the rubrene crystals used in

these measurements in the same or very similar growth runs to the crystals I

used in the Raman and photoluminescence experiments.

2.4 Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is different from Raman and IR spec-

troscopy in that PL is the direct emission of light from an excited medium rather

than the scattering of light and, as such, involves real rather than virtual exci-

tations of electrons.

In PL, an excitation source optically pumps a material. Typically, this exci-

tation source is greater in energy than the band gap of the material, in order to

promote electrons to excited states. After a relaxation period, electrons that fall

back to lower states through radiative recombination pathways emit photons,

as shown schematically in Figure 2.4. Because of the thermal relaxation, the
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Figure 2.4: Photoluminescence Schematic

emitted photons have no correlation with the excitation process.

2.4.1 Photoluminescence Theory

It is impossible to discuss the emission of light without first considering the

absorption of light, as the two processes are closely tied. Essentially, one can

think of stimulated emission as the inverse of the absorption process; Einstein’s B

coefficient describes the rates of both of these processes. The Einstein coefficient

Anm describes the rate for spontaneous emission due to a transition from energy

level n to m, while Bnm is the rate for either absorption or stimulated emission

from level n to level m. Einstein showed Bnm = Bmn. In photoluminescence, one

is mostly interested in spontaneous emission from a material. Luckily, the rate

of spontaneous emission is related to that of stimulated emission:
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Anm =
16π2~ν3n3

τ

c3
Bnm (2.14)

where ν is the wavelength of the photon and nτ is the refractive index of the

medium. This Einstein A coefficient determines the rate for radiative transitions

between two levels. If the upper level has a population N at time t, the radiative

emission rate is:

(
dN

dt

)

radiative

= −AnmN (2.15)

Solving this to find the population of the upper state as a function of time

yields:

N(t) = N(0)e−At = N(0)e−t/τR (2.16)

where τR = A−1 is the radiative lifetime of the transition. Therefore, transi-

tions which have large absorption coefficients also have high emission probabili-

ties and short radiative lifetimes.

Electrons can also relax through non-radiative pathways, for example by emit-

ting phonons or binding to traps. One can determine the photoluminescence

efficiency ηR by considering non-radiative relaxation pathways. Taking both

pathways into account, and using τNR for the non-radiative rate, one can then

write the total emission rate of the excited state as:

(
dN

dt

)

total

= −N

τR

− N

τNR

= −N

(
1

τR

+
1

τNR

)
(2.17)

The photoluminescence efficiency is the ratio of the radiative emission rate to

the total de-excitation rate. In other words, divide equation (2.15) by equation

(2.17) to obtain:
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ηR =
AN

N(1/τR + 1/τNR)
=

1

1 + τR/τNR

(2.18)

The simplification above makes use of the fact that A = τ−1
R by definition.

For a high photoluminescence efficiency, a material needs to have a much shorter

radiative lifetime compared to the non-radiative lifetime.

I will discuss the different types of radiative recombination processes that

occur regularly in semiconductors individually.

Band-to-Band Transitions (Electron-Hole Recombination)

A band-to-band transition occurs when an excited electron in the conduction

band recombines with a hole in the valence band. If the semiconductor has a di-

rect band gap and an allowed electric dipole transition, this recombination occurs

with high probability. In indirect bandgap semiconductors, the recombination

can only occur if mediated by a phonon. This is a second-order process and will

have a lower probability or longer radiative lifetime (τR).

Free-to-Bound Transitions

The previously discussed band-to-band transitions will often dominate at

higher temperatures when shallow impurities ionize. As the temperature of a

sample decreases, however, impurities trap carriers. Free electrons can recom-

bine radiatively with holes trapped on acceptors; these are called free-to-bound

transitions. The emitted photon will have an energy ~ω = Eg −EA where EA is

the acceptor’s binding energy and Eg is the band gap of the material. Therefore,

emission due to free-to-bound transitions is a simple way of measuring impurity

binding energies.

28



Donor-Acceptor Pair Transitions

This type of emission is similar to the previously discussed transition free-

to-bound transition. In a compensated semiconductor will have both donors

and acceptors which will allow for more types of interactions. It is possible

for electrons on donors to recombine radiatively with holes on acceptors in a

donor-acceptor pair transition. The emitted photon will the have the energy

~ω = Eg −EA−ED + e2

4πε0εR
where EA is still the acceptor’s binding energy and

ED is the donor’s binding energy. The e2/4πε0εR term is Coulomb interaction

between the ionized donors and acceptors where R is the separation between the

donors and acceptors in the material.

Free-Exciton Emission

In high-purity semiconductors, photoexcitation often leads to the generation

of free excitons (electron-hole pairs). If these excitons annihilate radiatively, a

free-exciton peak will be present in the emission spectrum. A first approxima-

tion would assume that simple radiative decay leads to free exciton emission,

which would be equivalent to a delta function at the exciton ground state en-

ergy. Broadening effects from the lifetime of the exciton, however, would turn

this delta function lineshape into a Lorentzian distribution. Actual experimental

data, however, indicates that most free-exciton emission peaks are in fact asym-

metric in shape. In order to understand this, one must think of the excitons

formed as excitonic polaritons. Polaritons are coupled phonon-photon systems

which then link to the exciton in discussion. This excitonic polariton can relax

towards lower energies by scattering with phonons via their exciton component.

However, the photon component of the polariton has a much weaker interaction

with phonons, scatters less efficiently which leads to the observed asymmetry in

the emission peak shape.
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Bound-Exciton Emission

Finally, if the semiconductor has neutral or ionized donors or acceptors, van

der Waals interactions attract the excitons described in the previous section to

the impurities, lowering the exciton energy. Therefore the emission energy from

a exciton bound to a donor or acceptor will be lower in energy than the free

exciton emission peak.

Most likely transitions for organic molecular crystals

For the materials of interest in this thesis, the dominant transitions are go-

ing to be the band-to-band transitions described first. As already discussed in

Section 1.2.2, rubrene has a near 100% photoluminescence yield, which means

that basically all excited electrons will radiatively recombine. The incident en-

ergy used in the experiments is greater than the band gap of the material, so

photoexcited electrons will start in the conduction band of the crystals. A large

peak associated with recombination from the bottom of the conduction band to

the top of the valence band will dominate the PL spectrum. Molecular crystals

readily form excitons after photoexcitation, so additional features in the photo-

luminescence spectrum are most likely due to exciton emission (although exciton

emission is increasingly likely at lower temperatures - see the discussion of PL

temperature effects in Section 2.4.2). Even though the crystals used in these

experiments are of very high quality, it is impossible to have perfect crystals. In

molecular crystals, the challenge of high purity is even greater than with stan-

dard inorganic semiconductors. When you have fairly large molecules stacked

together in the solid-state, steric hindrance between the molecules prevents a

very rigid lattice. Essentially this means that there are many possible locations

for environmental impurities to easily penetrate the lattice. This, in turn, means

that when exciton emission occurs, it is often from bound excitons rather than

free excitons.
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2.4.2 Temperature Effects

One of the main differences between the absorption and emission transitions

is that electrons and holes thermally relax to approximately kBT from the bot-

tom of the excited state band before being re-emitted. Radiative recombination

occurs only between electron and hole states that are thermally occupied. As the

electrons have time to relax to with kBT , emission will be from a vary narrow

energy range near the band edge.

As the temperature of the sample changes, the band edge can shift and follows

the following empirical equation:

Eg(T ) = Eg(0)− αT 2

T + β
(2.19)

where α and β are constants measured for each material and Eg(0) is the

band gap energy at zero temperature. As the band edge shifts, the PL emis-

sion will also shift since band-to-band transitions dominate the emission. Most

often, the band gap will shrink with increasing temperature which means the

emission will also redshift with increasing temperature. Also, due to the in-

creased presence of phonons, which broaden electronic levels as the temperature

of a material increases, the PL emission thermally broadens with increasing tem-

perature. Therefore, higher temperature measurements often have overlapping

peaks that may be more difficult to separate and analyze.

Finally, if the temperature of the sample is larger than the typical exciton

binding energy (kBT > Ebinding), excitons will thermally dissociate and emission

from free and bound excitons will decrease greatly.

2.4.3 Experimental Setup

I collected photoluminescence spectra using a Spex 0.85m 1403 double monochro-

mator and a Hamamatsu photomultiplier tube (PMT). Figure 2.5 pictures a
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schematic of the experimental beam path for this Spex spectrometer. The reso-

lution of the spectrometer is variable. Since the PL peaks are intrinsically quite

broad, I reduced collection times for scans by setting the resolution to approxi-

mately 25 cm-1. I used the same cryostat from the Raman experiments to cool

the crystals. A Lakeshore temperature controller regulated the temperature of

the cryostat between 18 and 275 K. The photoluminescence experiments used

the same rubrene platelets as the Raman measurements. For a description of

mounting details please refer to Section 2.2.5. I collected most of the data us-

ing the 514.54 nm (2.41 eV) line from the Spectra Physics 2016 Ar+ laser; for

other data runs, I used other Ar+ excitation lines as well as lines from a Liconix

4230NB HeCd laser. Spectra varied over the entire luminescence range of the

rubrene crystals (from approximately 518 to 750 nm or 2.393 to 1.653 eV) with

a variable step size depending on the resolution desired for a specific scan. The

integration time per scan was also varied to maximize the signal-to-noise ratio

and account for changes in the photoluminescence efficiency with changing tem-

perature of the sample. After subtracting the background, I fit all peaks with

Gaussian lineshapes using a least-squares algorithm.

2.5 Computer Calculations

My collaborator, Shubin Liu, simulated the Raman spectra for isolated molecules

of α-hexathiophene, rubrene and tetracene using Gaussian 03 [38]. He used the

Hartree-Fock method to do a structural optimization and the density functional

theory (DFT) B3LYP method to calculate the Raman frequencies, both with the

6-31G* basis set. He repeated the calculation with gaussian 03 with both the

structural optimization and the frequency simulation done with the DFT B3LYP

method and at the 6-31G9(d) basis set level.

Shubin attempted to predict the excited electronic states of the rubrene

molecule as well. Using Gaussian 03 he calculated excitation energies for a
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Figure 2.5: Photoluminescence Spectrometer Schematic. M1-M5 are mirrors, G1
and G2 are gratings and S1-S4 are variable slits in the system.

single molecule system as well as for a two- and a three-molecule configuration.

Gaussian 03 did not converge for four molecules (equivalent to the physical

unit cell in rubrene single crystals). At the time of the writing of this disserta-

tion, an additional calculation with the CASTEP module from Cerius2 [142] is

in progress, with a configuration that includes four rubrene molecules in the unit

cell orientation and period boundary conditions. So far, the cluster has been

working on this configuration for six weeks and it is unclear if it will converge to

a solution. All calculations ran on an SGI Origin 3800 with 64 CPUs and 128

GB memory running the IRIX 6.5 OS.
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Chapter 3

Raman Spectroscopy of

Alpha-Hexathiophene

The room-temperature and low-temperature Raman spectra of α-hexathiophene

measured in our lab closely match spectra available in the literature. Resonant

Raman measurements of α-hexathiophene at 33 K have identified twelve vibra-

tional modes that couple to electronic excitations in the single crystal [143].

These excitations, at 2.066 eV and 2.068 eV with a width of 2 meV, are either

a bound singlet Frenkel exciton or a triplet Frenkel exciton. The resonance

quenches at 55 K. This temperature corresponds to the binding energy of the

trap in the case of a singlet exciton or the binding energy of the triplet exciton.

I discuss these experiments and results below.

3.1 Alpha-Hexathiophene Crystals

α-hexathiophene is a small, aromatic hydrocarbon of six thiol rings bonded

at the α-carbons (the carbons associated with the sulfur atom) as shown in

Figure 3.1. Christian Kloc at Lucent Technologies grew the crystals by horizontal

vapor growth. The crystallites are a few microns thick and millimeters in lateral

dimension. The growth process yields platelets with the ~bc axes in the plane of



the crystallites. The molecule crystallizes in a monoclinic P21/n space group,

and has C2h point group symmetry with four molecules in the unit cell. The

lattice constants for the monoclinic unit cell are: ~a=44.7 Å, ~b=7.851 Å, and

~c=6.029 Å [58]. Figure 3.2 shows the molecular stacking in the single crystal.

My collaborator, Shubin Liu, calculated the geometric structure of the molecule,

following the atomic labeling scheme in Figure 3.1. The structure is also found in

the literature from both X-ray measurements and theoretical calculations [144,

55]. Table 3.1 lists the experimental and theoretical atomic bond lengths and

angles. It is important to note how closely the calculations performed at UNC

follow the published theory and measured values.

Figure 3.1: Alpha-hexathiophene (C20H14S6) Molecule: the labels on the atoms
are in reference to Table 3.1
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Figure 3.2: Molecular Stacking in the Unit Cell of α-hexathiophene

Table 3.1: Comparison of experimental and theoretical geometrical structures of
α-hexathiophene molecules. Refer to the atomic labeling scheme in Figure 3.1.
Data from the column labeled TheoryLit and ExpLit are from the work of Esposti,
et al. [144, 55]. That group used gaussian 94 with basis set 3-21G* for their
calculations. The data from the column labeled TheoryUNC were calculated by
Shubin Liu using gaussian 03 and the 631G9(d) basis set.

TheoryLit ExpLit TheoryUNC

Distances

C1C1′ 1.455 Å 1.445 Å 1.423 Å

C3C8 1.455 Å 1.45-1.46 Å 1.423 Å

C11C15 1.457 Å 1.45 Å 1.428 Å

C1S2 1.734 Å 1.730-1.731 Å 1.827 Å

Continued on the next page
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Table 3.1 cont.

TheoryLit ExpLit TheoryUNC

S2C3 1.732 Å 1.733-1.739 Å 1.827 Å

C11S12 1.734 Å 1.729-1.733 Å 1.826 Å

C8S12 1.734 Å 1.733-1.742 Å 1.827 Å

C15S16 1.735 Å 1.719-1.726 Å 1.828 Å

C17S16 1.721 Å 1.704-1.711 Å 1.804 Å

C1C5 1.354 Å 1.37-1.38 Å 1.376 Å

C3C4 1.354 Å 1.36 Å 1.375 Å

C8C9 1.354 Å 1.36 Å 1.375 Å

C10C11 1.354 Å 1.38 Å 1.373 Å

C15C19 1.354 Å 1.38-1.40 Å 1.372 Å

C17C18 1.348 Å 1.31-1.32 Å 1.360 Å

C4C5 1.428 Å 1.40-1.41 Å 1.418 Å

C9C10 1.429 Å 1.40 Å 1.420 Å

C18C19 1.433 Å 1.41-1.42 Å 1.432 Å

C5H6 1.069 Å - 1.082 Å

C4H7 1.069 Å - 1.082 Å

C9H13 1.069 Å - 1.082 Å

C10H14 1.069 Å - 1.082 Å

C19H20 1.069 Å - 1.082 Å

C18H21 1.069 Å - 1.081 Å

C17C22 1.067 Å - 1.078 Å

Angles

C5C1C1′ 127.9◦ 128.7◦ 129.8◦

S2C1C1′ 121.2◦ 120.9◦ 120.1◦

S2C3C4 111.0◦ 110.5-111.3◦ 110.1◦

Continued on the next page
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Table 3.1 cont.

TheoryLit ExpLit TheoryUNC

C1S2C3 91.9◦ 91.9-91.8◦ 89.8◦

C3C4C5 113.1◦ 113.4-113.8◦ 115.0◦

S2C3C8 121.2◦ 119.6-119.3◦ 120.1◦

S12C8C5 121.2◦ 119.9-119.7◦ 120.1◦

C3C8C9 127.9◦ 129.4-129.7◦ 129.8◦

C8S12C11 91.9◦ 91.9-91.8◦ 89.9◦

C8C9C10 113.1◦ 113.7-114.0◦ 114.9◦

C17C18C19 112.5◦ 113-.1-113.6◦ 114.2◦

S16C15C11 121.2◦ 120.9-121.1◦ 120.1◦

S12C11C15 121.1◦ 121.0-121.4◦ 120.0◦

C15S16C17 91.6◦ 91.2-91.6◦ 89.6◦

H6C5C1 123.4◦ - 122.1◦

H7C4C3 123.4◦ - 122.1◦

H13C9C8 123.4◦ - 122.1◦

H14C10C11 123.4◦ - 122.1◦

H20C19C15 123.4◦ - 122.3◦

H21C18C17 124.0◦ - 123.0◦

H22C17C18 127.1◦ - 129.0◦

3.2 Room Temperature Experiments

As mentioned in Section 1.2.1, previous researchers have measured the vibra-

tional spectra of α-hexathiophene using infrared and Raman spectroscopies as

well as inelastic neutron scattering [144, 54]. In order to compare the quality

and composition of the crystals from Lucent Technologies with that referenced

in the literature, I first measured the Raman spectrum of single crystals of α-

hexathiophene at room temperature. Figure 3.3 is a reproduction of this off-
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Figure 3.3: Room-temperature Raman spectrum of α-hexathiophene with
λexc=607 nm (2.043 eV)

resonance, room-temperature spectrum of α-hexathiophene. The signal-to-noise

ratio clearly changes with energy across this representative spectrum, because

the spectrum in Figure 3.3 is in reality an amalgam of multiple individual scans

at different spectrometer settings. At this excitation wavelength the photolumi-

nescence from the α-hexathiophene crystals noticeably decreases with increasing

Raman shift. Practically, this means that it is easier to subtract the background

at higher Raman shifts, leading to larger signal-to-noise ratios for higher-energy

Raman modes.

Comparing the measured spectrum with that available in the literature shows
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a close correspondence between peaks that I measured and peaks identified by

other researchers. There are additional experimentally-measured peaks cited

in the literature, but they are not visible above the noise in the spectra re-

ported here. Table 3.2 lists the peak positions for experimentally-measured and

theoretically-predicted intramolecular Raman modes. Table 3.3 contains high-

lights from Table 3.2, focusing only on the experimentally-observed, strongest

modes.

Table 3.2: Peak positions and intensities for intramolecular Raman modes from
the the work of Esposti, et al. [54] as well as those measured and calculated at
UNC. The symmetry assignments for the vibrational modes are from the work
of Esposti, et al.. Some of the modes seen originally by Esposti, et al., are not
visible above the noise in the nonresonant spectrum, but are clearly visible with
excitation energies near the electronic transitions and are relisted in Table 3.4.
The spectra were collected with λexc=1024nm (1.21eV) and λexc=632.8nm (1.96
eV) (marked with an †) by Esposti, et al., and with λexc=607 nm (2.043 eV) or
λexc=599.43 nm (2.068 eV) (marked with a ‡) in this work.

Symmetry ExpLit TheoryLit IntLit TheoryUNC IntUNC ExpUNC

(cm-1) (arb. units) (cm-1) (cm-1) (arb. units) (cm-1)

1Ag 3110 3103.1 552 3185.6 929

2Ag 3102 3071.2 390 3131.1 564

2Ag 3081 3071.0 131

4Ag 3070.8 51.8 3127 336

5Ag 3070 3057.3 30

6Ag 3065 3057.1 71 3116.9 556

7Ag 3057 3057.0 354 3114.4 236

8Ag 1562 1554.1 965 1590.3 1421 1592‡

9Ag 1541 1536.4 367 1565.8 4904 1587‡

10Ag 1504 1511.4 3740 1522.2 49460 1507

Continued on the next page
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Table 3.2 cont.

Symmetry ExpLit TheoryLit IntLit TheoryUNC IntUNC ExpUNC

(cm-1) (arb. units) (cm-1) (cm-1) (arb. units) (cm-1)

11Ag 1469 1459.6 83030 1463.1 132375 1473

12Ag 1458 1456.7 770 1452.1 414960 1461

13Ag 1426 1436.9 1439 1447.6 55797 1436

14Ag 1366 1378.2 3822 1343.8 47758

15Ag 1352.8 707 1336.1 47

16Ag 1300.4 115 1291.4 115.7 1293.5‡

17Ag 1265 1262.6 187 1258 50

18Ag 1237 1238.3 92

19Ag 1218 1217.0 30 1212.3 8 1223

20Ag 1204.0 3

21Ag 1194.1 13 1188.8 4770

22Ag 1173.5 808 1169.0 14290

23Ag 1085† 1082.2 115 1163.5 1046 1091‡

24Ag 1067† 1066.0 24 1156.6 1354 1063‡

25Ag 1050 1061.8 5978 1060.9 45 1054

26Ag 1044.4 150 1042.1 27

27Ag 916.5 2 1024.4 15000a

1Bg 894† 901.7 28 1018.1 28375b

2Bg 876† 879.4 180 857.2 36

28Ag 876.9 1

3Bg 865† 873.4 6 841.9 110

29Ag 836† 837.1 16 837.3 2

4Bg 820† 832.7 9 834.1 68

Continued on the next page

aNo good correspondence for this peak

bNo good correspondence for this peak
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Table 3.2 cont.

Symmetry ExpLit TheoryLit IntLit TheoryUNC IntUNC ExpUNC

(cm-1) (arb. units) (cm-1) (cm-1) (arb. units) (cm-1)

5Bg 809† 804.8 0.1

6Bg 800† 796.0 0.1 786.6 52

30Ag 740 751.3 47 777.2 6

31Ag 749.5 16 756.4 2

32Ag 735† 747.7 34 753.6 .1

33Ag 696 702.0 237 724.2 62 698

7Bg 697.4 4 639.9 30

34Ag 667† 672.9 16 635.4 5

35Ag 614† 625.6 13 624.7 4421

8Bg 588 581.6 61 611.8 205

9Bg 579.8 21 598.8 237

10Bg 573.6 4 559.5 144

11Bg 561.2 6 549.2 5

12Bg 531.7 1 529.6 3

36Ag 480.0 11 482.6 6

13Bg 476.2 1 450.4 0.4

37Ag 390.4 1

38Ag 381† 385.7 9 377.8 1 390‡

14Bg 373† 369.9 8 349.7 14 365‡

39Ag 304† 305.5 56 309

40Ag 285.9 6 289.2 1641 296‡

15Bg 276.7 2 266.6 79 269‡

16Bg 203† 178.3 2 181.4 5 209‡

41Ag 145† 147.2 10 150.7 148 145‡

17Bg 103† 102.5 2 104.4 2

Continued on the next page
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Table 3.2 cont.

Symmetry ExpLit TheoryLit IntLit TheoryUNC IntUNC ExpUNC

(cm-1) (arb. units) (cm-1) (cm-1) (arb. units) (cm-1)

42Ag 94† 94.7 2 97.2 2 96‡

43Ag 53.8 0.3 75.3 1

44Ag 33.1 3 38.4 3

3.3 Temperature Dependent Raman

In order to determine the temperature dependence of the vibrational modes,

I collected spectra with fixed excitation wavelengths of 606.95 nm and 598.17

nm (2.043 eV and 2.073 eV) while varying the temperature of the sample from

300 K to 33 K. Figure 3.4 shows this change with temperature for some of the

intramolecular modes of α-hexathiophene. As previously discussed in Section

2.2.3, changes in temperature affects intramolecular and intermolecular modes

in a crystal differentially. A slight decrease in the lattice spacing causes the

main vibrational shift with decreasing temperature, stiffening the bonds and

thus shifting the Raman modes to higher frequencies (the second term in equa-

tion 2.12). Temperature changes affect the weak intermolecular van der Waals

forces more than the covalent intramolecular bonds, resulting in larger shifts for

the lower-energy Raman peaks. Lowering the temperature of the crystal also

reduces thermal broadening effects because the number of phonons in the sys-

tem decreases at lower temperatures (the first term in equation 2.12). This can

reduce the overlap of peaks, making the identification and fitting of vibrational

modes easier at low temperature. These temperature effects are clearly visible

in the α-hexathiophene example as upshifts on the order of 0.2% - 0.4% for in-

tramolecular modes (higher-energy modes with frequencies above approximately
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Table 3.3: Highlights from Table 3.2 - peak positions only. Only the modes ex-
perimentally observed by Esposti et al. [54] are listed in this shortened table.
Modes marked by a † were observed with 632.8 nm (1.96 eV) excitation by Es-
posti et al., the other modes were observed with 1024 nm (1.21 eV) excitation. I
observed the modes marked by a ‡ only with a 599.43 nm (2.068 eV) excitation
source and they will be discussed in more detail in Section 3.4. The other modes
in column Eexp were observed with an excitation of 607 nm (2.043 eV).

Symmetry Eliterature Eexp % Difference

(cm-1) (cm-1)

8Ag 1562 1592‡ 1.6%

9Ag 1541 1541‡ 1.2%

10Ag 1504 1507 0.2%

11Ag 1469 1471 0.3%

12Ag 1458 1461 0.2%

13Ag 1426 1436 0.7%

19Ag 1218 1223 0.4%

23Ag 1085† 1091‡ 0.5%

24Ag 1067† 1063‡ -0.3%

25Ag 1050 1054 0.4%

33Ag 696 698 0.3%

38Ag 381† 390‡ 2.3%

14Bg 373† 365‡ -2.2%

39Ag 304† 309 1.6%

16Bg 203† 209‡ 3.3%

41Ag 145† 145‡ 0.0%

42Ag 94† 96‡ 2.1%

300 cm-1). Meanwhile, much larger shifts of approximately 1% - 7% appear

for intermolecular modes (lower-energy modes with frequencies below 300 cm-1).

Figure 3.5 shows this temperature dependence for some example modes. These

upshifts agree well with the expected shifts in frequency for cooled molecular
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Figure 3.4: Room-temperature and low-temperature (33 K) of α-hexathiophene
with λexc=607 nm (2.043 eV)

crystals.

3.4 Resonant Raman Spectroscopy

Although α-hexathiophene behaved as expected for a molecular crystal in

room- and low-temperature Raman experiments, it displayed more unusual ef-

fects when the incident excitation energy changed. At the resonant excitation

energies, I observed seventeen vibrational lines in the 250 - 1600 cm-1 spectral

range that no other published spectrum of α-hexathiophene reported. In addi-

tion, seven lines previously measured by Esposti et al. [54] were visible above

the noise in the spectrum. Figure 3.6 displays the on-resonance spectrum of
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Figure 3.5: Peak position vs. temperature for both intermolecular and in-
tramolecular modes. The peaks were fit with a least-squares routine using Voigt
line shapes. Some of the highest-frequency intramolecular modes (with very lit-
tle temperature dependence) are plotted, along with the strongest intermolecular
modes that display up to a 7% shift with temperature. Plot (a) is the tempera-
ture dependence of the Raman peak at 1507 cm-1, (b) is the peak at 1473 cm-1,
(c) is the peak at 1460 cm-1, (d) is the peak at 304 cm-1, and (e) is the peak at
280 cm-1.

α-hexathiophene. The peaks marked with an asterisk all represent resonance in-

teractions. Tables 3.4 and 3.5, respectively list the frequencies for all the newly-

measured intramolecular and intermolecular resonant Raman modes and specify

which lines Esposti’s group previously reported.

Unlike the strong correspondence between the predicted and observed fre-

quencies in the off-resonance spectra, these resonant modes do not correspond

directly to other modes predicted by Esposti, et al. [54, 144] or by Shubin Liu
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Figure 3.6: Raman spectra of α-hexathiophene on resonance, λexc=599.43 nm
(2.0683 eV), and off resonance, λexc=602 nm (2.059 eV). The background lu-
minescence as well as all instrumental effects have been subtracted out of the
original spectra. All resonant vibrational modes are marked with asterisks.

at UNC. However, not all of the predicted modes from the theory have been

observed. Therefore, it is conceivable that some of the modes that appear in my

work correspond to vibrational modes predicted at incorrect frequencies. Addi-

tional improvements of the force fields used in the theory (including a coupling

to electronic transitions at 2.066eV and 2.068eV) would presumably improve the

predictions and, one hopes, lead to a better correspondence.

3.4.1 Results

In order to learn more about (and possibly identify) the peaks labeled with

asterisks in Figure 3.6, it is important to understand the dependence of the inten-
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Table 3.4: Additional intramolecular Raman modes observed in this work. The
spectra were collected with λexc=599.43 nm (2.0683 eV). The vibrational modes
listed below marked with a ‡ were previously listed in Tables 3.2 and 3.3. All
other peaks have never been experimentally observed or theoretically predicted
in the literature. The energy values listed below correspond to peaks marked
with asterisks in Figure 3.6.

Frequency (cm-1)

1592‡ 1417 1063‡ 296

1587‡ 1293.5 390.5‡ 277

1522 1284 365‡ 269

1468.5 1116 343 250

1446 1103 327 239

1420.5 1091‡ 318 209‡

Table 3.5: Intermolecular resonant Raman modes of α-hexathiophene observed
experimentally. The spectra were collected with λexc=599.43 nm (2.0683 eV).
Experimentally, because of the elastically scattered (Rayleigh scattered) photons,
it is unfeasible to observe peaks below approximately 40 cm-1. The vibrational
modes listed below marked with a ‡ were previously listed in Tables 3.2 and
3.3. All other peaks have never been experimentally observed or theoretically
predicted in the literature.

Frequency (cm-1)

174.5 96‡

145‡ 66

121 50

111

sity of the peak on incident excitation energy. Unfortunately, in typical Raman

experiments the absolute intensity (or area) of an individual peak is an unreliable

and highly variable quantity because it is closely tied to experimental conditions,

such as focus, CCD efficiency, accumulation time of the scan, etc., that are not

intrinsic properties of the material. In order to resolve this problem, it is possi-

ble to compare the ratio of two peaks within a single scan to the corresponding
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ratio among many scans. This procedure normalizes for different experimental

factors while preserving intrinsic information about changes between different

vibrational modes. The ratio of resonant peak intensity to nonresonant peak

intensity is plotted in Figure 3.7.
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Figure 3.7: (a) Ratio of the intensity of the 1422 cm-1 resonant mode to the
1463 cm-1 nonresonant mode vs. excitation energy. (b) Ratio of the intensity of
the 1045 cm-1 resonant mode to the 1052 cm-1 nonresonant mode vs. excitation
energy. The peaks were fit with Voight lineshapes in a least-squares routine.

The excitation profiles in Figure 3.7 clearly have two maxima, suggesting the

existence of two excitations. All of the excitation profiles associated with the

resonant Raman lines identified in Figure 3.6 with asterisks have the same two

maxima, at excitation energies of 2.066 eV and 2.068 eV, with a full width at half
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maximum (FWHM) of 2meV for each peak. Thus, all the resonant Raman modes

must involve the same electronic state. The splitting, ∆E = 0.002 eV between

the two peaks, is 16 cm-1 when expressed in wavenumber units.

3.4.2 Frenkel Excitons

Both the small width of these resonances and their proximity in energy to the

band edge support the identification of the resonance being the result of a Frenkel

exciton. Frenkel excitons are closely bound electron-hole pairs and are the pri-

mary photoexcitations of molecular crystals. Previous researchers have identified

the lowest-energy singlet Frenkel exciton in a single crystal of α-hexathiophene

by photoabsorption spectroscopy at 2.3eV [145], but this S1 exciton has Au sym-

metry. Both the molecule α-hexathiophene and its crystal are centrosymmetric

because of their inversion points. Therefore, only modes with gerade-type sym-

metry can be Raman active. As stated in Section 2.2.4, the vibrational mode

and the electronic excitation it couples to in a resonance situation must have

the same symmetry. The difference in energy and the symmetry of the mode to

which the electronic excitations couple indicate that the excitations I observed

are different from the one Frolov, et al. [145] reported. Therefore, there must be

other, lower-energy electronic transitions in the single crystal of α-hexathiophene

with gerade-type symmetry that no other experiment has observed.

The fact that the transitions are lower in energy than the previously identified

exciton suggests that bound Frenkel excitons cause the resonances I observed.

The two different peaks in the intensity profile could correspond to the excitation

of two different bound excitons, with slightly different binding energies. Since

there is only 2 meV between the two excitations, the binding locations must be

very similar. One possible example of similar but slightly different binding lo-

cations would be if excitons were localized on different carbons on an individual

α-hexathiophene molecule. The difference in energy between the binding loca-

tions would then be the result of the different electronic configurations around
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the α− and β−carbons in an individual thiol ring. Another possibility would

be excitons localized on an inner or outer ring of an individual α-hexathiophene

molecule. Again, these locations have slightly different electron densities. There-

fore they would represent different environments for the trapped Frenkel exciton,

and thus, different binding energies.

Alternatively, the resonances may involve a triplet state of the S1 Frenkel

exciton reported by Frolov, et al. [145]. A triplet exciton, by definition, is of op-

posite parity from the associated singlet state. Therefore, it would have Ag sym-

metry which is an allowed coupling to the observed Raman modes. Also, in the

triplet symmetry state, the exciton would have lower energy than the previously-

measured single state. Typical singlet-triplet energy splittings, ∆ES−T , are on

the order of 0.5 eV for organic molecules [1]. If the resonances observed here are

from the triplet state of the exciton observed by Frolov, et al., then ∆ES−T =0.23

eV, the correct order of magnitude as compared to other organic materials. Also,

typical Davidov splitting energies ∆ED for triplet excitons are on the order of

10 cm-1, while ∆ED for singlet excitons generally range from 100 to 1000 cm-1

[1]. The ∆ED measured for the two unknown excitations in α-hexathiophene, as

previously mentioned in Section 3.4.1, is 16 cm-1. This would suggest that the

splitting between the two electronic excitations could be Davidov split states of

a triplet exciton.

3.4.3 Temperature Dependence of Resonances

In order to investigate the electronic excitations further, I varied the tempera-

ture of the sample and repeated the resonance experiment. For each temperature

measured, I plotted the ratio of a resonant peak intensity to a non-resonant peak

intensity versus energy, as shown in Figure 3.7. For simplicity, the figure dis-

plays the plot of only one ratio (that of the intensity of the 1045 cm-1 resonant

mode to the 1052 cm-1 nonresonant mode), and each trace in the resulting figure

represents the experiment at a different temperature. All of the ratios for other
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Figure 3.8: Temperature dependence of the resonance profile for α-
hexathiophene. The temperatures range from 22 K to 55K.

resonant modes follow the same trends depicted in Figure 3.8.

The most striking feature of Figure 3.8 is that the resonance profiles (absolute

ratios) decrease with increasing temperature. In fact, by 55 K, the resonance

is just barely visible above the noise of the spectrum. Clearly, something is

quenching the coupling of the vibrational modes to the Frenkel exciton above 55

K.

As discussed in Section 2.2.4, a resonant Raman interaction occurs when

the incident or scattered photon’s energy approaches the energy of an electronic
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transition in the material. Equation (2.13) states the probability of Raman

scattering by a single photon. To find the full differential scattering cross section,

equation (2.13) must include a summation over the initial state of the crystal and

be multiplied by a function of ω.

∂2σ

∂Ω∂ω
= F (ω)

∑
0

∣∣∣∣∣
∑

n,n′

〈i|He-R(ωs)|n′〉 〈n′|He-ion(ωo)|n〉 〈n|He-R(ωi)|i〉
[~ωi − (En − Ei)− ıΓn] [~ωs − (En′ − Ei)− ıΓn′ ]

∣∣∣∣∣

2

· · ·

· · · × δ [~ωi − ~ωo − ~ωs]

(3.1)

In equation (3.1) one can see only two locations that temperature can affect

the scattering probability. One is in the sum over all possible initial states which

includes a typical Boltzman distribution:

n =
1

e
~ω

kBT − 1
(3.2)

Although the phonon distribution in the initial state will change with temper-

ature, this distribution will not cause the quenching of the entire resonance with

temperature as seen in the experiment. As T increases, n approaches infinity, as

expected - at higher temperatures there are more phonons present in the ground

state of the system. This means simply that a warmer material has a ground

state that includes increasingly more vibrational excited states but this does not

affect the possible intermediate virtual states involved in the resonance coupling.

Since this does not affect the excited electronic states, this temperature effect

cannot cause the observed quenching.

The only other location that temperature appears in equation (3.1) is in each

denominator factor. Along with the energy of the phonon and the energy of the

intermediate state, there is the ıΓn term, or width, of each intermediate state |n〉.
This width is inversely related to the lifetime of the state (because of the standard

quantum mechanical uncertainty principle) and is temperature dependent. As
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the temperature of the sample increases, the width of the state also increases due

to thermal broadening from additional phonons. Mathematically, this increasing

width prevents the denominator in equation (3.1) from approaching zero, thereby

quenching the resonance. Physically, the wider the intermediate state, the less

likely it is for a single incident or scattered photon to exactly equal the state’s

energy which decreases the probability of a resonance.

Thus, a measurement of the resonance quenching temperature is a direct link

to the lifetime of the excited state (Frenkel exciton) involved in the resonance.

If, as postulated in Section 3.4.2, the excited state involved in the resonance is

a triplet exciton, the quenching energy is a direct link to the binding energy of

the electron-hole pair in that exciton. On the other hand, if the excited states

are bound singlet excitons, this quenching energy is a direct link to the binding

energy of the traps. The energy of a phonon at temperature T is approximately

kBT , so the threshold of 55 K is only approximately 2.7 meV. Typical binding

energies for Frenkel excitons are more on the order of 1 eV. They can and do

exist in some materials at room temperature (where kBT ≈ 0.025 eV). This may

imply that the bound exciton model hypothesis better fits the data or that the

measured triplet excitons are in fact in an excited state and therefore have a

lower binding energy.

3.5 Conclusion

I measured the Raman spectrum of α-hexathiophene at multiple tempera-

tures and with multiple excitation wavelengths. The resonant Raman spectra

have permitted the identification of electronic transitions not previously mea-

sured that couple strongly to vibrational modes. I have tentatively identified

these electronic transitions as either bound singlet Frenkel excitons or a free

triplet Frenkel exciton state. Plotting the resonant interaction versus tempera-

ture demonstrates a quenching point of the resonance at 55 K which is a direct
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link to either the binding energy of the triplet exciton or the binding energy of

the traps of the single exciton.
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Chapter 4

Optical Characterization of

Rubrene and Tetracene

I compare the Raman spectra for single crystals of rubrene and tetracene to

the calculated spectra for the isolated molecules. The Raman measurements I

present here are of the bulk properties of the material and confirm that the va-

por growth process yields very pure, unstrained rubrene crystals. They indicate

that rubrene, unlike many other oligoacenes, has very weak intermolecular cou-

pling and no observed intermolecular Raman vibrational modes. I discuss the

apparent conflict between the high mobility and the weak π-electron overlap in

this material. The temperature dependent photoluminescence spectra of rubrene

single crystals both agrees with and contradicts other researchers’ work available

in the literature, while the change in PL with different photoexcitation energy is

unremarkable.

4.1 Raman Measurements

4.1.1 Rubrene and Tetracene Crystals

Rubrene is a relatively small aromatic hydrocarbon consisting of a backbone

of four fused benzene rings (tetracene) with four substituted phenyl groups (two
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Figure 4.1: Rubrene (C42H28) molecule. The labels on the carbon atoms are in
reference to Table 4.1.

on each internal ring) as shown in Figure 4.1. Steric hindrance dictates that the

substituted phenyl groups rotate out of the plane of the tetracene backbone.

Christian Kloc grew the single crystals used in these measurements at Lucent

Technologies by horizontal physical vapor transport in a flow of argon gas starting

with rubrene powder acquired from Aldrich. Other publications describe the

details of this growth process for rubrene [139] and for similar materials [138]. To

change the morphology of the growing crystals and to get thick bulk crystallites

more suitable for this present study, some previously-sublimed rubrene crystals

subsequently served as the starting point for a typical vacuum-sealed ampoule

growth. The molecule crystallizes in an orthorhombic structure and has D18
2h point
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Table 4.1: Comparison of experimental and theoretical geometrical
structures of rubrene and tetracene molecules. Refer to the atomic
labeling scheme in Figures 4.1 and 4.3.

Rubrene Tetracene

Experimenta Theory Experimentb Theory

Distances

C1-C2 1.442 Å 1.408 Å 1.431 Å 1.420 Å

C2-C3 1.366 Å 1.351 Å 1.367 Å 1.365 Å

C3-C4 1.439 Å 1.433 Å 1.434 Å 1.427 Å

C4-C5 1.466 Å 1.440 Å 1.452 Å 1.452 Å

C7-C8 1.474 Å 1.464 Å 1.452 Å 1.455 Å

C8-C9 1.431 Å 1.418 Å 1.410 Å 1.395 Å

C4-C9 1.409 Å 1.397 Å 1.393 Å 1.391 Å

C9-C10 1.503 Å 1.506 Å N/A N/A

C10-C11 1.402 Å 1.385 Å N/A N/A

C11-C12 1.395 Å 1.386 Å N/A N/A

Angles

C3-C4-C9 121.8◦ 122.4◦ 122.3◦ 122.3◦

C4-C9-C10 116.0◦ 115.6◦ N/A N/A

C8-C9-C10 122.9◦ 123.1◦ N/A N/A

C9-C8-C17 122.2◦ 122.3◦ N/A N/A

C10-C9-C17-C18 29.4◦ 25.1◦ N/A N/A

a See reference[146]
b See reference[147]

group symmetry [119] with four molecules per unit cell. The lattice constants

for the orthorhombic unit cell are ~a = 26.901 Å, ~b = 7.187 Å, and ~c = 14.430 Å.

Figure 4.2 shows the molecular stacking in the crystal. Most crystallites are thin

or thick platelets, millimeters in lateral dimension. The face of the crystallites
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is the (100) plane. The consensus from the literature is that the crystals have a

room-temperature band gap of approximately 2.21 eV [148].

(a) (b) (c)

Figure 4.2: Three views of the packing in rubrene single crystals. (a) and (c) show
the orientation of molecules with respect to each other while (b) is the primitive
unit cell. The figures are based on x-ray data of the molecular orientation.

Christian Kloc also grew the tetracene single crystals at Lucent Technolo-

gies, in a similar horizontal vapor transport set-up. As tetracene makes up the

backbone of the rubrene molecule, it is an ideal simpler system to use in under-

standing the properties of the more complicated rubrene molecule. Tetracene

crystallizes in a triclinic structure and has Ci point group symmetry with two

molecules in the unit cell. The lattice constants for the triclinic unit cell are: ~a

= 7.98 Å, ~b = 6.14 Å, and ~c = 13.57 Å [102].

4.1.2 Experimental Conditions

I mounted multiple crystallites from the same growth batch at the same time

for the initial experiment, paying no deliberate attention to the orientation of the

crystallites. Any polarization effects will therefore average over the entire group

of crystals which will affect analysis of the data. Studying multiple crystals
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Figure 4.3: Tetracene (C18H12) Molecule: The labels on the carbon atoms are in
reference to Table 4.1.

also allowed me to investigate the consistency of crystals produced in a single

growth run. I selected the largest, nearly three-dimensional crystallites from

multiple growth runs in order to gain access to different crystal faces, and thus

observe vibrational modes with different symmetries. As I previously mentioned,

rubrene highly favors creating a peroxide layer in the presence of light and oxygen

[141]. I made no attempt to keep the crystals dry or in the dark, so the room-

temperature, ambient-pressure spectra I present here are of both the underlying

bulk rubrene crystal and the surface peroxide layer. It is important to remember

during the subsequent discussion that the Raman data are of the bulk material,

while other interesting attributes of rubrene’s high FET mobility are possibly

from surface channel conduction.

I recorded Raman spectra using a Dilor XY triple spectrometer in a backscat-

tering configuration and a charge-coupled device (CCD) cooled with LN2. The
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resolution of the spectrometer is 1 cm-1. Using an Air Products closed-cycle

He refrigerator in a cryogenic chamber pumped down to approximately 10−6

Torr with a diffusion pump vacuum system, I cooled the crystals to 20 K. I

pumped a Spectra Physics 375B dye laser with Kiton Red dye with a Spectra

Physics 2017 Ar+ laser, yielding an output energy that is continuously tunable

from 608 to 711nm. I chose an excitation wavelength of 653.55 nm(1.897 eV) in

the experiments to minimize the photoluminescence from the sample in order to

measure the weaker Raman effect. My spectral windows ranged from approxi-

mately 35 cm-1 to 1600 cm-1, a range that should include both intermolecular

and intramolecular vibrations. After subtracting the background, I fit all peaks

using Lorentzian lineshapes with a least-squares algorithm.

4.1.3 Computer Simulations

My collaborator, Shubin Liu, simulated the Raman spectra for isolated molecules

using gaussian 03 [38]. He used the Hartree-Fock method for the structural op-

timization and the density functional theory (DFT) B3LYP method to calculate

the Raman frequencies. Both simulations ran with the 6-31G* basis set. He re-

peated the calculation with gaussian 03 with both the structural optimization

and the frequency simulation performed with the DFT B3LYP method and the

6-31G9(d) basis set. All calculations ran on an SGI Origin 3800 with 64 CPUs

and 128 GB memory running the IRIX 6.5 OS.

4.1.4 Rubrene Single Crystal Raman Results

Overall, I can make a few statements about rubrene based on this Raman

investigation. First, the vapor deposition growth process produces very homo-

geneous crystals within each run. I recorded Raman spectra for a number of

crystallites, but made no attempt to mount the crystals in specific orientations.

In Raman spectroscopy, the cross section for scattering depends in part on the
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scalar product of the incident light polarization, the Raman tensor for a partic-

ular mode, and the polarization of the scattered light:

∂σs

∂Ω
∝

∣∣∣ε̂s · R̃ · ε̂i

∣∣∣
2

(4.1)

In equation (4.1), ∂σs/∂Ω is the differential scattering cross-section; ε̂s and ε̂i

are the polarizations of the scattered and incident light, respectively; and R̃ is the

Raman tensor for the system. The geometric arrangement of the experimental set

up, the polarization of the incident and scattered light, and the symmetry of the

crystal are therefore important factors in the overall scattering cross section. As

previously mentioned, rubrene crystallizes in the D18
2h point group, which allows

vibrations of eight symmetry types: Ag, Au, B1g, B1u, B2g, B2u, B3g, B3u. This

point group has a center of inversion, so only the gerade modes are Raman active.

The Raman tensors for these allowed modes are:

Ag =




a 0 0

0 b 0

0 0 c


 B1g =




0 d 0

d 0 0

0 0 0




B2g =




0 0 e

0 0 0

e 0 0


 B3g =




0 0 0

0 0 f

0 f 0


 (4.2)

The rubrene crystal cleaves along the (100) face, so the bc plane is available

in many different orientations in this experiment. As Table 4.2 enumerates, in a

backscattering configuration, one can observe only Ag and B3g modes. Depend-

ing on the relative orientation of the crystal axes in the face of the crystallites and

the incident polarization, the relative intensities of the Ag and B3g modes should

change. I collected Raman spectra from ten different platelet-like crystallites (as

well as from multiple locations on some of the larger crystallites). All of the
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spectra are substantially the same, other than small changes in the relative in-

tensities of individual peaks. This is a strong indication that the crystal-growing

process is creating only very pure, unstrained rubrene crystals. Figure 4.4 is a

representative Raman spectrum measured from the different crystallites.

Table 4.2: Allowed Raman Modes for Backscattering Geometry: The incident
light polarization must be ε̂i =

(
0 x y

)
while the scattered light polarization

must be ε̂s =
(
0 x′ y′

)
where x, y, x′, and y′ are components of the polarization

in the plane of the crystal face.

Symmetry Type
∣∣∣ε̂s · R̃ · ε̂i

∣∣∣
Ag bxx′ + cyy′

B1g 0

B2g 0

B3g f(xx′ + yy′)

4.1.5 Comparison to Theory

One gains more information about the individual modes from the spectra,

especially when comparing them to calculations of the Raman modes of both

isolated rubrene and tetracene molecules. The positions of the peaks in the cal-

culated spectrum for the isolated rubrene molecule, when plotted against the

positions from the experimentally-measured spectrum from the rubrene single

crystal, lie along a least-squares fit line with a slope of 1.05 and a correlation

coefficient of 0.9998 (see Figure 4.5). Table 4.1 lists the atomic positions and

the bond angles from the geometric minimization of the rubrene molecule. The

initial input for the geometric minimizations was a set of X-ray measurements

taken by Theo Siegrist at Lucent Technologies (where the crystals were grown).

The predicted positions from the calculation show that their structure agrees

with that previously published for rubrene [146] and tetracene [147]. As men-

tioned previously, Shubin Liu performed two calculation runs with gaussian 03
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Figure 4.4: Representative room temperature Raman spectrum of rubrene single
crystals collected with an excitation energy of 653.55 nm (1.897 eV).

on the isolated rubrene molecule. The second calculation required much more

CPU time, but there is virtually no difference between the two simulated spectra

for almost every higher-energy mode. For the low-energy modes, only small dif-

ferences appeared: the lowest-energy mode at about 21 cm-1 upshifted 13%, the

other low-energy modes upshifted 3% or less, and the rest of the intramolecular

modes changed less than 1% with the higher-level basis set calculation.

There is an extremely close agreement between the calculated isolated-molecule

Raman spectrum and the experimentally-observed single crystal spectrum. All

but five of the twenty-five highest-predicted-intensity peaks in the calculated

spectra correspond to experimentally-measured modes on the platelet crystals.
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Figure 4.5: Experimentally-measured single crystal vs. theoretically-predicted
isolated molecule peak positions for rubrene. Experimental data were collected
with an excitation energy of 653.55 nm (1.897 eV)

The backscattering geometry of the experimental set-up, with the platelet crys-

tals, allows only observation of the Ag and B3g symmetries, so the peaks in the

calculated spectrum not observed in the experimental spectrum must be of a

different symmetry type (B1g or B2g). Larger, three-dimensional crystallites al-

lowed access to different crystal faces. I observed the remaining predicted modes

in measurements of these different crystal faces. No modes not predicted by

the theory appeared in these additional scans. Overall, for modes of frequency

greater than 300 cm-1, the calculated peak energies are within 2% of the experi-

mentally observed energies after the typical scaling factor [149] of 0.96 has been

applied to the theoretical frequencies.
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The lower-energy modes are farther from experimental values for two main

reasons. Mathematically, small errors at low frequency simply appear large when

given as percentages. Errors as large as 20% correspond to shifts of only ten to

twenty wavenumbers if the peak position is 200 cm-1 or less. Physically, one would

also expect crystal forces (van der Waals bonding between molecules) to affect

lower-energy modes more than vibrational modes with higher energy. As the

simulation is for a single molecule that cannot take into account intermolecular

interactions, rather than the measured single crystal, it is not surprising that

the theory and experiment diverge more in the low-energy range. For each CCD

window, I scaled the peaks in the experimental spectrum so that the tallest

experimental peak matched the intensity of the corresponding theoretical peak.

This scaling technique resulted in intensities that matched within a factor of two

between the experimental and theoretical spectra.

The isolated rubrene molecule has C2h point group symmetry and also has

a point of inversion. The possible Raman-active modes for the molecule are

therefore of symmetries Ag or Bg only, compared with the four possible Raman

mode symmetries in the single crystal (Ag, B1g, B2g, and B3g). It is still possible,

however, to use the theoretical calculations from the isolated molecule to identify

the symmetries of the single crystal vibrational modes. A close inspection of

Figures 4.1 and 4.2 reveals that part of a rubrene molecule lies along a mirror

plane in the primitive unit cell. Therefore, a mode that was initially symmetric

with respect to the axis of symmetry (Ag) in the isolated molecule would still have

to be symmetric with respect to a mirror plane in the single crystal. This means

that it is impossible for a mode predicted as Ag to become any Bg symmetry

when the molecule crystallizes. A detailed group theory analysis of the molecule

allows the calculation of the number of each symmetry mode once one knows the

irreducible representation (see Table 4.3) and the character table (see Table 4.4)

for the C2h point group. The number of allowed modes of each symmetry for a

particular symmetry group is:
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ai = (1/h)
∑

i

(giχi(Γi)χa(Γ)) (4.3)

where ai is the number of modes of a particular symmetry, h is the number of

symmetry operations for a particular class (h = 8 for D18
2h point group symmetry)

and gi is the number of elements in each class (1 for the D18
2h point group).

χi(Γi) is the character from the irreducible representation (see Table 4.3) and

χa(Γ) is the character of the symmetry class from the character table (see Table

4.4). From this group theory analysis one can predict 51 Ag, 51 Bg, 51 Au

and 51 Bu modes for rubrene, exactly the same distribution of modes from the

theoretical simulations. The nearly one-to-one correspondence between peaks

in the calculated and observed spectra, the close correlation in energy of these

peaks, and symmetry considerations of the molecule and single crystal allow me

tentatively to identify the symmetries of the single crystal Raman modes. Table

4.5 lists these modes.

Table 4.3: Irreducible Representation for the Isolated Rubrene Molecule

E C2(y) i σxz

210 -2 0 0

Table 4.4: Character Table for the C2h Point Group

E C2 i σh

Ag 1 1 1 1

Bg 1 -1 1 -1

Au 1 1 -1 -1

Bu 1 -1 -1 1
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Table 4.5: Peak positions for the measured and calculated Raman spectra of
rubrene, including symmetry assignments from the theoretical calculations - Bg

modes from the isolated molecule spectrum are B3g modes in the single crystal
spectrum for the platelet crystals and either B1g or B2g for the modes found on
the other crystallite faces of the larger three-dimensional crystal.

Symmetry Theorya Experiment Comparison

Position (cm-1) Position (cm-1) % Difference

Bg 72.2 73.7 2%

Bg 80.3 85.7 6.3%

Ag 83.2 107.0 22.2%

Bg 96.5 120.3 19.8%

Ag 128.6 141.7 9.2%

Ag 205.3 204.4b 0.4%

Ag 254.4 236.6b 7.5%

Ag 326.4 342.0 4.6%

Bg 385.4 393b 1.9%

Bg 467.7 470b 0.5%

Ag 514.1 517b 0.5%

Bg 575.3 613.7 6.2%

Ag 872.8 896.3 2.6%

Ag 977.7 1003.9 2.6%

Ag 1026.6 1046.0 1.9%

Ag 1183.9 1163.0 -1.8%

Bg 1251.1 1268.2 1.4%

Continued on the next page

aAdditional peaks were calculated to be at 22.9 and 67.2 cm-1 but this is outside
the range of the measured spectrum

bFrom 3D crystallite experiment
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Table 4.5 cont.

Symmetry Theorya Experiment Comparison

Position (cm-1) Position (cm-1) % Difference

Ag 1295.1 1299.9 0.4%

Ag 1307.1 1310.9 0.3%

Bg 1330.5 1315.7 -1.1%

Ag 1420.8 1432.3 0.8%

Bg 1487.7 1519.9 2.1%

Ag 1530.4 1539.9 0.6%

Ag 1592.3 1616.8 1.5%

aAdditional peaks were calculated to be at 22.9 and 67.2 cm-1 but this is outside
the range of the measured spectrum

4.1.6 Tetracene Single Crystal Spectrum

One can glean additional insights in the interpretation of the rubrene single

crystal spectrum by comparing it to the Raman spectra from similar molecules,

specifically tetracene and benzene. Rubrene comprises a tetracene backbone

with four substituted benzene rings. These benzene rings do not disrupt the

conjugation or bonding of the tetracene backbone. Therefore, one would expect

great similarities between the vibrational modes of rubrene and tetracene, with

the possible addition of lines from the benzene spectrum. As there is a lack of

high-quality single crystal spectra of tetracene in the literature [103, 150], we

have measured and calculated the Raman spectrum of tetracene for the purpose

of comparing it with the Raman spectrum of rubrene. Figure 4.7 is the measured

Raman spectrum for tetracene single crystals. The slope of the least-squares fit

of the positions of the calculated and measured tetracene modes is 1.008 with

a correlation coefficient of 0.9995, as seen in Figure 4.6, showing once again

how well the theory matches the experimental spectrum. The Raman spectrum
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Figure 4.6: Experimentally-measured single crystal vs. theoretically-predicted
isolated molecule peak positions for tetracene. Experimental data collected with
an excitation energy of 653.55 nm (1.897 eV)

of benzene, on the other hand, is well established in the literature [151, 152].

Therefore, I did not measure or perform calculations to predict its spectrum

for this work. At first glance, rubrene, tetracene and benzene have surprisingly

different Raman spectra.

Before comparing the tetracene and rubrene spectra, a short discussion of

the tetracene spectrum is beneficial. The correspondence between the simulated

isolated single-molecule spectrum and the measured single crystal spectrum is

not nearly as close as that of rubrene. There are two important reasons for this.

First, tetracene is a rigid, planar molecule that can pack very tightly. Tetracene

crystallizes with triclinic Ci symmetry with two molecules in the unit cell. The
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Figure 4.7: Room temperature Raman spectrum of tetracene single crystals col-
lected with an excitation energy of 653.55 nm (1.897 eV).

lattice parameters are ~a = 7.98 Å, ~b = 13.57 Å, and ~c = 6.14 Å[102], while

the lattice parameters of rubrene are ~a = 26.9 Å, ~b = 14.43 Å, and ~c = 7.19 Å

[119, 153]. The primitive unit cell of rubrene is more than four times as large as

that of tetracene. While the rubrene molecule itself is larger than tetracene, it is

mainly the differences in packing that cause the change in the size of the unit cell.

The phenyl groups on the rubrene molecule prevent the close packing arrange-

ment achieved by tetracene in the solid state. The molecules in a rubrene crystal

are nearly three times farther from each other than are those in the tetracene

crystal. For this reason, it is not surprising to find much stronger intermolecular

interactions between tetracene molecules, and hence a larger difference between
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the simulated isolated molecule spectrum and the measured single crystal spec-

trum.

These intermolecular interactions affect the crystal spectrum in two ways:

by the presence of new, low-energy intermolecular vibrational modes and by the

lifting of degeneracies of higher-energy intramolecular modes. A comparison of

the two spectra demonstrate both of these intermolecular interactions. Although

difficult to see in Figure 4.7, many of the Raman modes are actually doublets.

The positions for all of the peaks are listed in Table 4.6. The splitting of peaks

could be the result of crystal field splitting such as Davidov splitting, or the

vibronic mixing of different molecular states. Either way, the doublets are caused

by the crystallization of the molecule. An analysis of the energy split versus

temperature is necessary to distinguish the exact cause of the observed doublets.

I believe that all the modes observed in tetracene below 200 cm-1 are, in fact,

intermolecular vibrational modes, and therefore not predicted in the isolated

molecule simulation. The tetracene crystal has two molecules in the unit cell;

therefore, interactions in the solid state could, in principle, split all peaks into

doublets. While it is not possible to resolve every doublet in the experimental

data, all the frequencies (including all members of each pair) of the higher-energy

modes are within 1.3% of a scaled predicted mode. Table 4.6 lists the corre-

spondence between the experimentally-observed intramolecular modes and those

predicted by the theoretical simulations. Every calculated mode with a scaled

intensity above the noise of the experiments has a corresponding experimentally-

observed mode, indicating the strong correlation between the theory and the

experiment. Given this correspondence, one can use other information from the

theoretical predictions to help interpret the experimental spectrum: specifically

the symmetry assignments of the actual modes and the atomic motions they

represent. Included in Table 4.6 are the symmetries of the modes from the the-

oretical predictions.
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Table 4.6: Frequency of intramolecular modes for tetracene, both experimentally
measured for the single crystal and calculated for the isolated molecule.

Symmetry Theory Experiment Comparison

Position (cm-1) Position (cm-1) % Difference

B1g 146.0 130.7 11.7%

Ag 305.8 316.1 -3.3%

B3g 484.8 495.0 -2.1%

Ag 735.2 752.2 -2.3%

B2g 748.8 768.3 -2.5%

Ag 990.9 998.1 -0.7%

B3g 1168.5
1160.5 0.7%

1165.9 0.2%

Ag 1190.1
1180.2 0.8%

1197.8 -0.6%

Ag 1370.6
1368.8 0.1%

1386.0 -1.1%

Ag 1384.6 1395.6 -0.8%

Ag 1438.1
1403.5 -1.3%

1448.1 -0.7%

Ag 1529.6
1543.0 -0.9%

1544.7 -10%

B3g 1596.9 1617.5 -1.3%

4.1.7 Comparison of Rubrene and Tetracene Spectra

Since the rubrene molecule is just a derivative of the tetracene molecule, it

should be possible to categorize some of the vibrational modes of rubrene as com-

binations of modes from the tetracene backbone and from individual benzene ring
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modes. The Raman-active vibrational modes of benzene are well understood and

characterized [154]. This experiment measured the crystal modes of tetracene.

The theoretical calculations yield individual displacement vectors per atom per

normal mode of vibration.

I converted these theoretical calculations for each vibrational mode

into molecular animations viewable as individual movies at

http://www.physics.unc.edu/project/mcneil/MolecularAnimations/anim.php.

Viewing these animations allows one to understand the motions involved in

different vibrational modes and compare them with other spectra, like those of

benzene and tetracene. For example: the rubrene mode at 83.2 cm-1 involves al-

most no motion of the atoms in the backbone and is simply a symmetric breathing

of the atoms in the phenyl rings. Meanwhile the mode at 80.3 cm-1 involves the

shearing of atoms in the backbone of the molecule only (parallel to the long axis

of the molecule).

Finally, comparing the theoretical calculations of the isolated molecule with

measured spectra from the single crystal indicates that the vibrational coupling

between molecules in rubrene crystals is very small. In most molecular solids,

Raman modes below about 150 cm-1 are almost always intermolecular modes.

However, the calculated Raman spectrum for the isolated rubrene molecule pre-

dicts many low energy modes in this region and the one-to-one correspondence

with the experimental spectrum indicates that the lowest-energy modes measured

here are, in fact, all intramolecular. In stark contrast to this is the predicted spec-

trum for the isolated molecules of tetracene. In that instance the theory predicts

that there are essentially no modes below 300 cm-1, however, experiments do

observe modes in this energy region. This contrast between the low-energy the-

oretical and experimental spectra for rubrene and tetracene is very evident in

Figure 4.8.
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Figure 4.8: Room Temperature Low-energy Experimental Data and Theoretical
Predictions for (a) Rubrene and (b) Tetracene Single Crystals
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4.1.8 Temperature Dependence of Rubrene Spectra

A very obvious difference between inter- and intramolecular modes lies in their

temperature dependence. Temperature disproportionately affects intermolecular

modes associated with vibrations of the atoms bound by the weaker van der

Waals forces. In comparison, the stronger covalent bonds stretch much less in

intramolecular vibrational modes because temperature changes cause changes in

the lattice constants rather than molecule itself. In fact, when the rubrene crys-

tallites are cooled from room temperature to 20 K, there is only a small upshift

in the Raman signal (see Figure 4.9). These modes change by less than 3%

(see Table 4.7), whereas lattice modes of other organic molecular crystals change

more on the order of 5%. Recall the 7% change in some α-hexathiophene inter-

molecular modes from Figure 3.5 in Section 3.3. Between the weak temperature

dependence and the strong correlation with the theory that cannot predict inter-

molecular modes, it seems that all the observed vibrational modes of rubrene are

intramolecular in nature. This lack of strong intermolecular modes and the close

correspondence between the isolated single molecule and the crystal indicate very

weak coupling between molecules in the solid state of rubrene.

Table 4.7: Peak positions for rubrene intramolecular modes at 300K and 20K

Position (cm-1) Position (cm-1) % Difference

300K 20K

73.7 75.6 2.5%

85.7 83.2 -2.9%

107.0 107.2 0.2%

120.3 123.5 2.7%

141.7 138.0 2.6%
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Figure 4.9: Low-frequency Raman spectrum of rubrene at 300K and 20K col-
lected with an excitation energy of 653.55 nm (1.897 eV)

4.1.9 Intermolecular Coupling in Rubrene Single Crystals

On one hand, low vibrational coupling between molecules helps explain the

large mobility of rubrene because the mean free path of an electron should be

larger in rubrene than other organic molecular crystals with fewer intermolecular

phonons that can scatter electrons. On the other hand, the low vibronic coupling

indicates small π-electron overlap between the molecules. Molecular crystals

that have tight packing, and hence more overlap, tend to have a higher mobility.

This trend is evident when comparing the rigid oligoacenes. As the number of
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phenyl rings increases, the density of the crystal increases. At the same time, the

mobility increases, as Table 4.8 lists. The trend of increasing mobility with chain

length is much clearer from the theoretical predictions. Experimental results do

follow this pattern, but it is clear from an investigation of the literature that

crystal preparation and purity are as important − if not more so − than the

actual molecular composition in determining the mobility. The resolution of this

apparent conflict between low density and high mobility in rubrene will require

a more detailed study of the electronic states in the crystal.

Measurements of mobility in organic field-effect transistors have focused pre-

dominantly on lower-bandgap materials, for which it is easier to fabricate con-

tacts. The high mobilities reported may be more a result of the small bandgap

than of the large π-electron overlap. The measured mobilities to date are, in fact,

only lower bounds for intrinsic reasons such as traps and defects. These can limit

the source-drain conductivity and result in a decreased transistor mobility com-

pared to the bulk properties of the material. Additionally, difficulties in making

high quality, low resistance contacts can lower the measured mobility of a device.

Unfortunately, the size of the crystals is typically too small to allow for a four-

contact device, so corrections cannot be made for the contact resistance. Other

research groups have been able to fabricate four-probe single-crystal FETs and

similarly find a high contact-corrected mobility of 8 cm2/V-s [155]. Regardless

of the contacts, however, in FET structures the transport takes place in a very

thin surface layer.

As previously stated, rubrene readily forms an endoperoxide, but this oxida-

tion is limited to a very thin surface layer on a single crystal [156]. The Raman

measurements discussed in Section 4.1.2 are from the bulk of the crystal. The

energy used in this experiment (1.897 eV) is well below the band gap for the ma-

terial so one can assume that the absorption coefficient is very small. Thus, only

the depth of focus of the objective used in the experiment limits the scattering

volume that the Raman signal is collected. For this experimental configuration,
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the depth of focus of the objective is on the order of one micron. Since the

excitation energy used in these experiments allowed hundreds of unit cells to be

probed, the Raman spectra I report here represent the bulk, intrinsic properties

of rubrene crystals. This means that measurements of rubrene FETs may show

a high mobility in spite of the weak intermolecular interactions because the thin

peroxide layer improves the contact to the bulk of the crystal where carrier scat-

tering is limited. This speculation will require more detailed study to explain

completely.

Table 4.8: Densities and Mobilities of Oligoacenes

Crystal
Density Experimental Hole mobility Theoretical Hole mobility

(g/cm3) (cm2/V-s) (cm2/V-s)

Napththalene 1.17a 1b 1.32c

Anthracene 1.24d 2.1e 1.84a

Tetracene 1.29f 1.3g 4.24a

Pentacene 1.33d 2.2h 5.37a

Rubrene 1.27 20i

a S.C. Abrahams, J.M. Robertson, and J.G. White, Acta Crystallographica 2, 233 (1949).
b N. Karl, Synthetic Metals 133-134, 649 (2003).
c W.Q. Deng and W.A. Goddard, Journal of Physical Chemistry B 108, 8614 (2004).
d A. Mathieson, J. M. Robertson, and V.C. Sinclair, Acta Crystallographica 3, 245 (1950).
e See reference[157]
f J. Trotter, Acata Crystallographica 15, 289 (1950).
g C. Goldmann, S. Haas, C. Krellner, K.P. Pernstich, D.J. Gundlach, and B. Batlogg,

Journal of Applied Physics 96, 2080 (2004).
h J.M. Roberson, J. Kowalik, L. Tolbert, C. Kloc, R. Zeis, X. Chi, R.M. Fleming, and C.

Wilkins, Journal of the American Chemical Society 127, 3069 (2005).
i See reference[127]
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4.2 Infrared Spectrum of Rubrene

As discussed in Section 2.3, complementary information can be learned from

the IR spectrum of a material. Since rubrene has a point of inversion, modes are

exclusively Raman-active and IR-inactive or Raman-inactive and IR-active, so

the IR spectrum provides information on different modes compared to the Raman

spectrum. Arthur Ramirez and his students at Lucent Technologies, measured

the infrared spectrum also using crystals grown by Christian Kloc. While the

crystallites from those experiments may not be from the exact same growth run

as the other crystallites I measured, the same lab produced them. Therefore, the

crystals in these and the previously described Raman experiments have nearly

identical growth parameter, which should make comparisons between the Raman

and IR data possible. The theoretical calculations previously discussed in Sec-

tion 4.1.5 that predicted Raman frequencies also generates IR frequencies and

intensities.

Many of the experimentally-measured peaks have a very close correspondence

to theoretically-predicted peaks. The data sets, however, clearly match each

other better in some places than in others. Figure 4.10 shows the comparison

of the theory for the isolated molecule and the measured experimental spectrum

for the single crystals of rubrene. Table 4.9 lists the peak positions, intensities

and percentage difference between the theory and experiment for the molecule.

Peaks seem either to match up very well (see for example Figures 4.10 (b) and

(e)) or to be completely absent (Figures 4.10 (c) and (d)). For the peaks that do

match well, the positions of the peaks in the calculated spectrum, when plotted

against the positions from the experimentally-measured spectrum, lie along a

least-squares fit line with a slope of 0.9975 and a correlation coefficient of 0.9999

(see Figure 4.11).

There are a few predicted peaks that do not appear in the experimental

spectrum at all. The crystallites measured are platelets, similar in dimensions to
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the initial crystallites that Christian sent me. The possible IR modes of rubrene

have symmetries Au, B1u, B2u, and B3u. With the platelets and a backscattering

experimental geometry, I could access only Au and B3u symmetry modes. As

the geometry of the experimental setup allows for observation only of modes

with specific symmetries, the remaining modes that the theory predicts are most

likely inaccessible here. As I do not have access to the equipment that made

these measurements, I cannot make a similar follow-up study with the larger

three-dimensional crystallites to confirm this hypothesis.

One can see from either Figures 4.10 (c) and (d) or from the table that

there are quite a few strong experimental lines that the theory did not predict

at all. As the other modes match so well, I believe that these modes are from

impurities in the material. Since rubrene so readily forms a peroxide, if these

crystals were exposed to oxygen, we might expect to see some C=O stretching

modes around 1800 cm-1. The modes at slightly higher frequency (but below the

C-H stretching modes at 3000 cm-1 and above) are probably the result of other

impurities - possibly the A and B compounds mentioned by Zeis, et. al [139],

which are impurities commonly found after vapor crystal growth of rubrene.

Compound A in particular (C42H30) comprises more than just benzene rings,

and would therefore have C-C and C=C stretching modes at energies different

from rubrene.
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Figure 4.10: Comparing theoretical predictions for isolated molecules and exper-
imental measurements of single crystals of the IR spectrum of rubrene
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Table 4.9: Infrared Peak Positions and Intensities from Theoretical Simulations
Using gaussian 03 and Experimental Measurements

Th. Peak Pos. Predicted Int. Exp. Peak Pos. Measured Int. % Diff

(cm−1) (arb. units) (cm−1) (arb. units)

616.4 4.6 - -

650.1 2 665.1 17.9 2%

685.3 72 695.9 84.3 1.5%

687.5 23.9 695.9 a 84.3 1.2%

707.6 24.2 - -

715.7 11.8 720.0 49.2 0.6%

745.6 48.7 - -

759 50.7 754.1 63.4 -0.6%

771.3 11.7 768.6 64.1 -0.3%

826.2 3.2 - -

889.1 7.4 846.3 66.6 -5%

892.1 5.1 - -

925.4 1.6 911.3 63.6 -1.5%

943.2 10.7 967.7 66.1 2.5%

977 12.9 982.7 24.7 0.6%

1014.8 26.1 - -

1016.7 2 1028.7 79.8 1.1%

1063.7 13.5 1069.4 73.6 0.5%

1091.8 16.6 - -

1114.5 5.7 - -

1152.7 2.1 1148 33.8 -0.4%

Continued on the next page

aExact identification of this peak questionable
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Table 4.9 cont.

Th. Peak Pos. Predicted Int. Exp. Peak Pos. Measured Int. % Diff

(cm−1) (arb. units) (cm−1) (arb. units)

1164.4 2.5 1171.6 43.1 0.6%

1201.4 5.8 - -

1212.6 1.8 1216 40.2 0.3%

1271.8 2.8 - -

1287.9 2.9 - -

1309.1 1.3 1309.5 57.8 <0.1%

1343.2 19.5 - -

1370.6 42.7 - -

1389.7 4.1 1391.4 19.3 0.1%

1427.8 15 1412.5 19.8 1.1%

1457 19.1 1438.8 84.4 1.3%

1481.7 31.2 1464.3 87.7 -1.1%

1489.4 2 1492.1 11.2 0.2%

1523.1 0.6 1556.2 22.6 2.1%

1567.7 7 1573.2 29.8 0.3%

1592 32.6 1597.9 28.1 0.4%

1616.2 1.3 1617.1 11.1 <0.1%

- - 1815.6 16.3

- - 1826.2 36.0

- - 1881.2 44.4

- - 1912.8 14.7

- - 1939.8 13.7

- - 1951.6 62.7

- - 2249.5 9.6

- - 2333.0 13.9

Continued on the next page
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Table 4.9 cont.

Th. Peak Pos. Predicted Int. Exp. Peak Pos. Measured Int. % Diff

(cm−1) (arb. units) (cm−1) (arb. units)

- - 2925.5 2.1

- - 3015.6 32.9

- - 3022.7 22.7

3050.8 7.4 3033.2 16.8 -0.5%

3058.5 16 3044.6 22.9 -0.4%

3068 88.4 3061.5 50.1 -0.2%

3072.9 71.2 3076.2 48.9 0.1%

3075.3 130 3083.5 35.5 0.3%

3082.7 65.7 3096.0 13.7 0.4%

3113.8 47.2 3122.6 1.8 0.3%

4.3 Photoluminescence of Rubrene

4.3.1 Crystals and Experimental Setup

For the photoluminescence experiments described below, I used the same

platelet crystallites from the Raman measurements described in Section 4.1.2.

The particular crystallites chosen were rather large, so I could measure multiple

positions on each crystallite. The PL results reported here are often an average

from different locations (at least four per crystallite).

4.3.2 Low Temperature Photoluminescence Results

Unlike the previous Raman sections, it makes more sense to start the photolu-

minescence discussion with the low temperature results because such spectra are

more straightforward. Electronic transitions at low temperatures are narrower
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Figure 4.11: Experimental vs. theoretical peak positions for infrared spectrum
of rubrene single crystals

due to less thermal broadening and show no quenching or trapping − both situa-

tions that slightly complicate the higher temperature spectra. Figure 4.12 shows

a typical spectrum from a single position on one platelet crystallite. At low tem-

peratures, there is not much variation with position on the crystallites. Figure

4.13 shows eleven scans from different positions on the two mounted crystallites.

The spectra are essentially the same.

As discussed in Section 2.4.1, the different peaks in the PL spectrum represent

radiative recombination pathways in a photoexcited material. The particular

pathways depend on the actual created excited states of the material. Table 4.10

lists the average peak positions from fitting the photoluminescence measured in
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Figure 4.12: One low temperature (18K) photoluminescence spectrum of rubrene
single crystals after photoexcitation from an incident energy source of 2.41 eV

this experiment. An example of the number and location of gaussian lineshapes

used to fit the PL spectra is shown in Figure 4.14.

In a recent paper by Najafov, et al. [133], groups at Rutgers and Lehigh

Universities measured the excitation spectra of transient luminescence and tran-

sient photoconductivity after pulsed excitations with various energies (from 420

to 680 nm or 2.95 to 1.82 eV). They found that the primary photoexcitations in

rubrene single crystals are free excitons if the incident photon energy is above

2.0 eV. At higher incident photon energies, there are also excited states with
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Figure 4.13: Eleven different positions from photoluminescence measurements
of rubrene single crystals at 18 K after photoexcitation from an incident energy
source of 2.41 eV

higher vibronic levels. This free exciton (which the experiments described here

most likely also create as the incident photon energy used is at least 2.41eV) can,

according to Najafov, et al., follow one of three possible relaxation pathways.

First, it could radiatively recombine and emit a band centered at 570 nm (2.18

eV). Secondly, it could convert the free exciton into a molecular exciton that,

when it radiatively recombines, emits a band centered at 620nm (2 eV). Finally,

it could lead to an intermediate state which self-ionizes into free carriers. The

band centered at 570nm from free excitons matches very well with the three first
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Table 4.10: Peak Positions from Low Temperature (18 K) Photoluminescence
Measurements of Rubrene Single Crystals

Peak Position

Wavelength (nm) Energy (eV)

567.7 2.184

573.9 2.161

584.8 2.120

613.8 2.020

637.7 1.944

observed peaks in Table 4.10, while the band centered at 620nm from molecular

excitons matches fairly closely with the fourth peak in the observed spectrum

(2.0 eV from the literature compared to 2.02 eV reported here). The final peak,

in my experimentally-measured spectrum, well within the band gap (almost a

quarter of aneV from the band edge), is most likely a bound exciton as described

in Section 2.4.1.

4.3.3 Comparison to Theory

In an attempt to learn more about the structure of the excited states of the

system, Shubin Liu made theoretical calculations on the material. While the full

crystal is too complex for current, locally available computing capabilities, it was

possible to generate some information about the excited states of one and two

molecules of rubrene. The calculations took progressively more time (run one,

with one molecule, took 22 hours, while run two, with two molecules, took 6

days and 10 hours to converge) without substantial changes to the excited state

energies predicted. The calculation assumes zero temperature, and therefore it

is best to compare it to the low-temperature photoluminescence measurements

of rubrene. The first excited state that the theory predicts is at 2.1945 eV, only

0.5% different from that measured at 18K. Remembering that one should expect
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Figure 4.14: Example fit of photoluminescence spectrum of rubrene single crystal
at 18K photoexcited with an energy of 514.5 nm (2.41 eV).

a small energy increase is as the temperature of the sample decreases indicates

that the one- and two-molecule simulations do quite a good job predicting the

band edge transition in the material (in reality, just the HOMO/LUMO separa-

tion since the calculation is not for a crystal). However, since these simulations

are not for the single crystal, they will not be able to help with the identifica-

tion of the other states measured, which lie in the band gap and are therefore

most likely excitonic in nature, as previously discussed. If the theory is correct

(and it is difficult to argue that it is fundamentally wrong since it matches the
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experimentally-measured highest energy emission so well), then this result is in

direct conflict with the conclusions reached by Najafov, et al. They claim that the

highest emission peak is due to free excitons, but our theoretical predictions and

experimental spectra indicate that the emission is actually from band-to-band

transitions in rubrene single crystals.

4.3.4 Temperature Dependence of Rubrene PL Spectra
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Figure 4.15: Temperature Dependence of the Peak Positions in the Photolumi-
nescence Spectra of Rubrene Single Crystals
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Once one understands the low temperature spectrum of rubrene single crys-

tals, albeit with a possible unresolved identification of the highest energy emission

peak, it is instructive to follow the different excitation levels with changing tem-

perature of the sample. I controlled the temperature of the refrigerator to within

0.5 K, and took measurements every 25 degrees approximately. Table 4.11 lists

the emission peak position from fits of the data; Figure 4.15 shows a plot of the

same information for ease of interpretation.

Table 4.11: Photoluminescence peak energy vs. temperature for rubrene single crystals

Temperature Peak Pos. Peak Pos. Peak Pos. Peak Pos. Peak Pos. Peak Pos.

( K) ( eV) ( eV) ( eV) ( eV) ( eV) ( eV)

0.0a 2.194

18.0 2.184 2.16 2.12 2.02 1.94 -

49.0 2.182 2.15 2.12 2.06 1.91 -

73.8 2.171 2.15 2.10 2.07 1.91 -

99.1 2.158 2.14 - 2.06 1.91 -

124.6 2.150 2.13 - 2.05 1.91 1.88

149.3 2.147 2.12 - 2.05 1.91 1.81

174.1 2.125 - - 2.06 1.91 1.79

199.0 - - - 2.06 1.91 1.80

224.1 - - - 2.05 1.92 1.80

249.2 - - - 2.05 1.92 1.80

274.5 - - - 2.04 1.92 1.86

300.0 - - - 2.04 1.93 1.86

a From the theoretical calculation
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Figure 4.15 has many different pieces of information. I will discuss each

peak’s temperature trace in turn. First, I added the theoretical value for the

first excited transition of rubrene to the plot at 0 K. This seems to track nicely

the trajectory of the highest energy PL peak (red line). The two highest emission

energy peaks of the PL spectrum gradually decrease in energy with increasing

temperature until experiments can no longer detect them. There is an observable

redshift just as Section 2.4.2 predicted. The shrinking band gap of a material

with increasing temperature causes the observed redshift. Above 180 K, these

band-to-band transitions (from free carriers described in Section 4.3.2) are no

longer observable. The quenching is most likely the result of traps that exist at

the higher temperatures.

The third highest energy emission peak in Figure 4.15 is a little confusing at

first. There are actually two possible peaks at the lowest temperatures (labeled

Peaks 3a and 3b in the figure legend) that seem to merge into one peak at

higher temperatures. While it is difficult to track these two peaks individually

beyond about 75 K, this is not a surprising result. As the temperature of a

material increases, increased numbers of phonons in the system will thermally

broaden energy levels which, in turn, broadens emission lines. The merging of

Peaks 3a and 3b into Peak 3 is an example of this very effect. The slightly

surprising behavior is that Peak 3b actually increases in energy with increasing

temperature over a short range before becoming indistinguishable from Peak 3a.

This indicates that this particular peak is not from band-to-band emission since

Peaks 1, 2 and 3a conclusively show that the band edge shrinks with increasing

temperature. As predicted by Najafov, et al., a molecular exciton emission could

cause this peak. The higher temperature trace of Peak 3, at approximately 2 eV

would support this identification and one would not expect it to have a strong

temperature dependence.

Peak 4 from Figure 4.15 has a different temperature dependence from those

previously discussed. Although the other peaks do not change much (0.06 eV or
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less over 175 K), Peak 4 basically does not shift through the entire temperature

range measured. Therefore, a semi-deep trap, 0.25 eV below the band edge, is

the source of emission for this peak.

Finally, Peak 5 may seem to move more than any other emission line in terms

of energy. But this is a little disingenuous, and it is, perhaps, incorrect to plot

it with the other peaks previously discussed on this temperature dependence

diagram. As I mentioned previously, I made measurements at multiple locations

on two different crystallites. All of the data I present in this section are averages

from these different location scans. This last peak represents emission from

different impurities and/or defects in the crystallites that seem to have more

variation with location on the crystallites than the temperature of the sample.

By eye, these measured crystallites are clearly stacked platelets, and it is not

surprising that there are a number of fault lines as well as impurities (recall

the A and B compounds mentioned in Section 4.2 that are common impurities

in these samples) whose dispersal throughout the crystallites is inhomogeneous.

Therefore, it is not surprising that this final peak is the result of defects and

impurities in the material.

4.3.5 Rubrene PL Dependence on Photoexcitation En-

ergy

I also took measurements at room temperature of the same rubrene crystal-

lites with various incident excitation energies. Because of the number of defects

that cause traps at room temperature, the resulting spectra vary more by change

in location than by change in incident excitation energy. Figure 4.16 shows the

PL spectra from three different locations on the crystal for which I used an in-

cident excitation energy of 496.5 nm (2.5 eV) from an Ar+ laser. In contrast,

Figure 4.17 shows the change in PL spectra when various excitation energies

photoexcited the same location on the crystallite.
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Figure 4.16: PL Spectra from three different locations on rubrene single crystals
with 496.5 nm (2.5 eV) excitation source

Especially considering the variability in PL emission with one excitation, a

detailed analysis of the changes in PL spectra with changing excitation energy is a

pointless endeavor. Additionally, from a practical standpoint, it is quite difficult

to maintain a constant position on a crystal when switching excitation lines

(which requires realigning the system between measurements). However, despite

these limitations, the spectra in Figure 4.17 are remarkably similar. Clearly,

changes in the incident excitation source do not have a strong effect on the

photoluminescent spectrum of rubrene single crystals.
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Figure 4.17: PL Spectra from one location on a rubrene single crystal with
excitation sources equal to 325 nm (3.81 eV), 476 nm (2.61 eV), 488 nm (2.51 eV),
496.5 nm (2.5 eV), 502 nm (2.47 eV), and 514 nm (2.41 eV)

4.4 Conclusion

Since rubrene is of interest to many researchers for its possible application

in devices, a fundamental understanding of the underlying physics that makes

the material unique is important. The Raman data indicate that there are very

small intermolecular interactions in rubrene. All organic molecular solids have

weak intermolecular bonds, as the van der Waals bonds between molecules are

orders of magnitude weaker than the covalent bonds between atoms in a molecule,

but rubrene appears to be more of an extreme case than other materials. The
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intermolecular forces in rubrene are small enough that one cannot measure their

vibrations with Raman spectroscopy. At the very least, I could not observe

the intermolecular modes in any of the experiments described in this chapter.

The photoluminescence results indicate that photoexcitation creates both free

carriers that radiatively recombine through band-to-band transitions as well as

free and trapped molecular excitons. The temperature dependence of the PL

emission is unremarkable, and follows expected trends. The dependence of the

PL emission on incident excitation energy is also unremarkable, as the variation

at different locations on the crystallites is as large as the variation caused by

different photoexcitation energies.
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Chapter 5

Conclusions

In this dissertation, I have sought to build an understanding of the structural

and electronic properties of some new and promising organic semiconducting

molecular crystals. The desire to produce efficient and novel display devices

drives the current interest in the properties of these molecular crystals. Current

technological abilities in organic chemistry make the construction of nearly any

molecular structure possible. However, “black box chemistry” dominates new

material production. Rather than starting from a fundamental understanding of

the relationship between the structure of a molecule and its electronic properties,

and then customizing molecules for the desired optical properties, researchers

test different materials until they find one with promising characteristics. This

method works to some degree, as both α-hexathiophene and rubrene have high

mobility and have been used in a variety of successful devices; however, this un-

systematic approach to materials development is not the most efficient technique.

I have focused on two of these promising molecular crystals that have drawn

considerable attention from other researchers for their possible applications in a

host of display devices. A complete understanding of the relationship between

structure and electronic properties is still a goal for the distant future, but this

work has started to illustrate some of the interesting connections in these mate-

rials.



In α-hexathiophene, resonant Raman experiments yielded information about

previously-unidentified low energy excitations. These particular electronic tran-

sitions couple to vibrational modes of the material. I have tentatively identified

these low energy excitations as the Davidov splitting of a free triplet Frenkel

exciton or two bound singlet Frenkel excitons. Following the resonance’s tem-

perature dependence allowed me to measure a quenching of the coupling at 55K,

which is a direct link to the binding energy of the triplet exciton or the binding

energy of the traps of the singlet excitons.

In rubrene, the measured Raman, infrared, and photoluminescence spectra

were compared to the results of theoretical calculations. While all molecular

crystals have low intermolecular coupling, I found rubrene to have exceptionally

low coupling, to the point that I was not able to measure any intermolecular

vibrational modes. To date, rubrene has the highest measured mobility compared

to other small organic molecular crystals. This appears to contradict the Raman

results because a high mobility usually implies strong π-electron overlap, running

counter to the small intermolecular coupling measured. The resolution of this

conflict may lie in the fact that most of the mobility measurements are made

on device structures that have not been encapsulated. Rubrene readily forms

an endoperoxide on its surface, and the FET mobility measurements measure

surface conduction. Thus, the high mobility may in fact be of the endoperoxide,

while the low intermolecular coupling results that the Raman spectra suggest are

just the bulk properties of the rubrene crystals.

The photoluminescence spectra of rubrene show very little change with chang-

ing incident excitation source. I have classified the different PL emission peaks

as band-to-band transitions, free and bound molecular excitons and deep traps

caused by defects and impurities in the crystals. The temperature dependence of

these emission peaks follow the expected trajectories. The dependence of these

peaks on incident excitation energy is less straightforward.

Both α-hexathiophene and rubrene are promising molecular crystals that
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researchers have already incorporated into a host of photonic devices. Not

only to these materials have interesting properties that make them attractive

for novel products, they also have interesting physical properties, namely the

strong electron-phonon coupling of α-hexathiophene and the incredibly weak

intermolecular coupling of rubrene single crystals. Once scientists reach a fun-

damental understanding of the interplay between the structure and electronic

properties of these materials, the possibilities for future developments are very

exciting. Eventually scientists will reach the goal of understanding how to tailor

molecules to have the exact properties required for specific applications. At that

point, chemists, physicists and engineers can work together to create new, more

efficient, higher resolution, longer lifetime display devices.
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