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Abstract

This thesis focuses on theoretical study of charge transport properties in molecular
systems. The understanding of the transport process and mechanism in molecu-
lar systems is essential for the design of new functional molecular materials and
molecular electronic devices. The molecular junctions and organic molecular crys-
tals have been used as the model systems to highlight the usefulness of theoret-
ical modelling. A molecular junction is a system that consists of one or several
molecules sandwiched between two electrodes. The charge transport in molecular
junctions is a very complex process that is affected by the interaction between
molecules and electrodes, the surroundings, as well as electron-electron (e-e) and
electron-phonon (e-p) couplings. When the molecule-electrode coupling is strong,
the transport process can be very quick. If the e-p coupling is weak, the inelastic
tunneling has only negligible contributions to the total current and the elastic elec-
tron tunneling plays the dominant role. Furthermore, the hopping process becomes
dominant in the case of strong e-p coupling, for which the geometric relaxation of
the molecule needs to be considered. In this thesis, we have examined these three
kinds of transport processes separately.

The first studied system is a molecular junction consisting of aromatically cou-
pled bimolecules. Its elastic electron tunneling property is simulated using Green’s
functional theory at density functional theory level. The dependence of the con-
ductance of bimolecular junctions on the vertical distances, horizontal distances
and the tilt angles has been systematically studied. The inelastic electron tunnel-
ing spectra (IETS) of molecular junctions have been calculated for several systems
that were experimentally measured with conflicting results and controversial as-
signments. Our calculations provide the reliable assignments for the experimental
spectra and revealed unprecedented details about the molecular conformations
within the junctions under different conditions. It demonstrates that a combined
theoretical and experimental IETS study is capable of accurately determining the
structure of a single molecule inside the junction. The hopping process is a dom-
inant charge transfer process in organic molecular crystals. We have studied the
charge transport ability of four kinds of n-type organic semiconductor materials to
find out the related structure-to-property relationship. It is done by adopting the
quantum charge transfer rate equation combined with the random walk approach.
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CHAPTER 1

Introduction

Charge transport as a fundamental phenomenon of electricity or electronics has
long been the research focus. In 1729, Stephen Gray, the English physics, found
that there are conductors and insulators. Since then, the human knowledge on
electricity becomes gradually complete and profound. One of the commonly ac-
cepted facts is that the organic materials are insulators. That is, charges can
not transport in organic materials. It is true in the macro world. When it goes
to the micro world, like in one organic molecule, is this judgement still tenable?
The answer definitely is “NO”. In the 1950s, Westinghouse organized one confer-
ence named “Molecular Electronics” and devoted to the realization of the idea
proposed by Arthur von Hippel that one can make electronic devices from atoms
or molecules. However, they realized that it was really difficult and gave it up.
Until 1974, Aviram and Ratner found theoretically the rectification of the current
ina D — m— A system and stated that molecules with specific design can real-
ize specific functions.! Nevertheless, there was no experiment could prove their
theoretical prediction until 1997, when Reed and coworkers performed the first
measurement of the transport properties of a single molecular junction.?

From the 1980s, with the invention of Scanning Tunneling Microscopy (STM)
and the progress in molecular self-assembly techniques, investigations on molecu-
lar junctions become increasingly prosperous. Lots of preparation techniques and
detection methods on molecular junctions have been designed, such as the Me-
chanical Controllable Break Junction (MCBJ) method,? ! Scattering Tunneling

12714 and other methods combining these two techniques.!31524 Cor-

Microscopy
respondingly, measurement methods such as I(s),? and I(t) methods?® have also

been designed.

Theoretical understanding of transport mechanisms in molecular junctions
started from the simulation of the STM image. Tersoff and Hamann stated that
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the tunneling current in the STM measurement is proportional to the local density
of states at the tip.%” In 1994, Mujica and Ratner developed one simple model to
calculate the conductance based on the elastic scattering Green’s function theory
and applied it to STM.?2% Quantum chemistry methods such as the semiempir-
ical,®34 gb initial®® and the density functional theory (DFT)3¢ 4% methods have
also been developed to describe the transport process in molecular junctions. The
most popular approach is the non-equilibrium Green’s function (NEGF) method
which describes the open system in a non-equilibrium situation with the DFT
method. 443 Our group also developed one simple and intuitive first-principles ap-
proach?% to study the charge transport properties in molecular junctions which
is based on the elastic scattering Green’s function theory, similar to what was

proposed by Mujica and Ratner. 2829

All the above mentioned theories have been developed to deal with the elastic
tunneling process, in which the charge transport from one electrode to the other
obeys the energy conservation rule. However, the actual transport process in the
molecular junctions is much more complex (see Fig. 1.1). Troisi and Ratner clas-
sified the transport regimes based on some important energy parameters.%6 One
of the parameters is the injection energy gap (AFE) that is defined as the energy
difference between the Fermi level and the orbital closest to it, for instance, the
highest occupied molecular orbital (HOMO) or the lowest unoccupied molecular
orbital (LUMO). Another one is the spectra density or energy broadening (I") re-
sulted from the coupling between the molecule and the electrodes. When both
AFE and I are large, the Laudauer regime dominates the transport process. If I' is
small, higher energy is needed for electrons to overcome the barrier and the electron
tunneling will be the main mechanism. Both transport regimes are far from reso-
nance and belong to the elastic tunneling. At both regimes, the electron-phonon

(e-p) coupling is relatively weak (ﬁ < 1, where M is the e-p coupling),

and the vibration signals are reflected as the regular inelastic electron tunneling
spectroscopy (IETS). When AFE is close to zero, the transport electrons will be
resonant with the electronic energy level of the molecule. If T' is not too large, the
electron can stay at the molecule transiently to deform the molecule (polaronic
form). Resonant IETS (RIETS) may present as the sidebands in the conductance-
voltage plot, and it reflects the vibration signals of intermediate molecular ions.
When the e-p coupling is strong, electron hopping from the molecule to electrodes
or between molecular sites will become the main transport process. When both AF
and [' are small enough, coulomb blockade phenomenon induced by e-e interaction
will appear, which is not in our consideration here. The detailed classification of
these transport regimes can be found in the review papers.4647 In this thesis, only
three kinds of regimes, that is, coherent tunneling, normal IETS and hopping are
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Figure 1.1: Classification of transport regimes according to the injection energy
gap, the broadening factor and the e-p coupling.4°

The TETS signals were first detected in the metal-metal oxide-metal tunneling
junctions by Jaklevic and Lambe®® in 1966. When they performed measurement
on the derivative 0G/9V, they found vibration signals of the adsorbate molecules
in the junction. They believed that transport electrons with energy large enough
(eV > hw) can exchange energy with the molecule in the junction. Although the
IETS technique was established very early, the complicated setup and the diffi-
culty in interpretation of the spectra make it hard to be applied widely. The first
IETS experiment on molecules was performed by Wilson Ho and co-workers®® in
1998. With the improvement on techniques, IETS gradually becomes popular as
an important detection technique to obtain the vibration and structure informa-
tion in molecular junctions. Many theoretical methods have been developed to
interpret the inelastic process, and most of them were derived from the scattering
theory or NEGF theory.?®? We also generalized our elastic scattering Green’s
function theory by including the e-p coupling and successfully applied it to many

systems. %003

So far, the electron tunneling process is assumed to be too quick to influence
the geometry of the molecule and the molecule can stay in the ground state. When
the e-p coupling is strong and the charges stay at the molecule for a long-enough
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time to induce geometric change of the molecule before they run away, another pro-
cess called as hopping appears. It always happens in junctions with long molecules
and at high temperatures. To describe this process, master equation methods have
been developed and successfully applied to the transport in DNA.4% Hopping
process in molecular junctions was less studied than the coherent tunneling pro-
cess since most experiments were performed on small molecular systems. Recently,
more and more experiments found that the transport mechanism can shift from
the tunneling to the hopping in molecular junctions with the elongation of the
molecules. %7 Theoretical simulations of the hopping process in molecular junc-
tions should be paid more attention. Up to now, most theoretical simulations
of hopping process only stay at the charge transfer rate calculation which can
not be directly compared with the experimental results (conductance values), ™
although the approximate relationship between the conductance and the charge
transfer rate has been established by Nitzan and Ratner.”™ As we know, the
hopping process is also the main transport mechanism in organic molecular mate-
rials. Here we studied the charge hopping process in organic molecular materials
by adopting the quantum charge transfer rate equation combined with the random
walk approach developed by Shuai’s group.™

In this thesis, we focus on charge transport phenomena that involve three
different kinds of transport regimes in molecular systems. In Chapter 2, we will
first introduce our first-principles approach based on the elastic scattering Green’s
function theory for the study of elastic transport in molecular junctions. Based
on our method, the aromatic effect on the elastic electron transport properties of
bimolecular junctions will be presented. In Chapter 3, the inelastic electron tun-
neling mechanism and the physical qualities to characterize it will be introduced
first. The significance to study IETS and its peculiar propensity rules will also be
presented. Following that, our generalized inelastic electron tunneling theory by
adding the e-p coupling into our elastic electron tunneling theory will be shown. At
last, the influence of the electrode topography, electrode distances, molecular ro-
tation angles and the tilt angles on the ITET spectra will be presented. In Chapter
4, the study on the charge transfer in organic molecular materials will be pre-
sented. Based on the hopping model, the quantum charge transfer rate equation
deduced from Fermi Golden Rule will be given. Following that, the calculation
methods of parameters involved in the rate equation and the charge mobility will
be summarized. A summary of the included papers will be shown in Chapter 5.



CHAPTER 2

Elastic Transport in Molecular Junctions

When electrons transport through a metal-molecule(s)-mental junction, they may
interact with the molecule(s). If the interaction is very weak, the probability for
electrons to exchange energy with the molecule(s) is small, and the inelastic tun-
neling process can be ignored. For theoretical simulations, it is always convenient
to start from the simplest situation based on reasonable approximations. To in-
vestigate the charge transport in molecular junctions, the elastic transport process
is always chosen as the starting point where the electrons transport through the
junction with energy conservation. For small molecules sandwiched between two
metal electrodes, the main transport mechanism is proven as the coherent tun-
neling process which shows that the conductance decreases exponentially with the
increase of molecular lengths. Besides the length dependence of the conductance,
there are also many other factors that can influence it, such as electrode ma-

19,40,76-79 80-82 83-87

molecular conformations, substitutions on the molecule,

88-94

terials,
anchor groups and contact configurations.?659 The solvent, 2239799104 tem-
peratures?197103-11 and the load %3 coming from the tip can also influence the
transport properties of molecular junctions. All these factors have been widely
studied both in experiments and theory to some extent. For self-assembly mono-
layer, the molecules around the target molecule can also present significant influ-
ence. Some theoretical works have been devoted to the intermolecular interaction

on charge transport properties in bimolecular junctions. 4118

As mentioned in Chapter 1, many theoretical approaches have been developed
to describe the elastic tunneling process in molecular junctions. Here we will
simply introduce the method developed by our group, which is based on the elastic
scattering Green’s function theory and adopts first-principles methods. In the
second section, one application based on our method will also be presented where
the aromatic coupling effect on the electron transport properties of bimolecular
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junctions is investigated.

2.1 Elastic transport theory

The method to investigate the elastic charge transport properties is based on the

work of Mujica, Kemp and Ratner?.

The model system is composed of three
subsystems: the source electrode (S), the central molecule (M) and the drain
electrode (D) (see Fig. 2.1). Because the localized atomic orbitals are adopted as
the basis sets in our first-principles calculation, the Hamiltonian of the system can

be written in a contracted pattern:
H=Hs+Hy+Hp+U (2.1)

where Hg, H); and Hp are the Hamiltonian of the source electrode, the molecule
and the drain electrode respectively. U represents the interactions between sub-
systems and can be written as follows if only the interaction between neighboring
subsystems is considered:

U=Hsy+ Hys+ Hyp + Hpu (2.2)

where Hgys or Hpys is the interaction between the source or drain electrode and
the molecule. Correspondingly, the eigen wavefunctions (molecular orbitals) for
this system can also be expressed as:

=15+ vy +Yp (2.3)

s (M3 b

Figure 2.1: Model system of a molecular junction in our theoretical method.

Based on the generalized Kubo formula for the stationary carrier conduc-

119

tance''® and adopting the three-dimension electrode model,*> the current density

can be calculated as:

2emKgT [ Er—FE;+¢eV E—F
'0‘(5): B dE., {Inll f Z _nll f Z
739 = 2052 [ i+ exp(PEZZ ) — -+ exp(TEE))

« Sa «a
X [TO(Eg)Pripng i
(2.4)
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where e and m are the charge and mass of one electron respectively, K is the
Boltzmann constant and 7" is the temperature at which electrons transport through
the junction. A distinction should be made between T' (temperature) and the
transition function T*¥)(Ey). E; and Ey are the fermi energy of the electrode
and the energy along the Z direction for the transport electron. Parameters a
and [ represent the up and down spin of electrons respectively. r3, is the average
radius of transport electrons and can be written as:

1 1
— )8 — 2.5
' o (2.5)

The electronic density at the source (drain) electrode p‘fg ) (pﬁia(ﬁ )} is calculated

as:
B _ 1 2m

Ph,
In the equation for current density (Eq. 2.4), the transition function 7°%)(E,) is
the most important parameter. Now we will introduce the calculation of 7% (E.).

Based on the elastic scattering Green’s function theory,?° the transition func-
tion can be written as:

T(E) = U + UG(E)U (2.7)

where U, the scattering potential, is the interaction between subsystems here and
G(F) is the Green’s function:

1

“E)=F—x

(2.8)

The transition from the initial state ) |S;) to the final state > |D;) can be calcu-
i J
lated as:
Tps(E) = > (D;|U + UG(E)U|S)
v (2.9)
=Y (D;|U|S;) + (D,[UG(E)U|S;)
1,

where the interaction between the source and the drain can be ignored since it
is normally very weak. The transition function can be expressed with the atomic

sites as:
Tos(E) = 3 D AD UK ) (K [n){|n|k) > (kU S:)
e a / E— E’n + Zrn
wkn (2.10)
= Z Vor Vi i
k' kn
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where k and &’ are atomic sites on the bare molecule, n is the label of molecular
orbitals for the extended molecule and D; (S;) is the atomic site on the drain
(source) electrode. Vpys (or Vgy) is the coupling energy between the drain electrode
(or source electrode) and atomic site k&’ (or k), they can be calculated according
to:

D kK occ
7 m n

k ocCccC

S
Vo =22 > CnCoun(@ilUI6m)

where ¢ is the atomic orbital and C},, (Cy,, Cip) is the molecular orbital coefficient.

(2.11)

The Green’s function can be written as:

(K'|n) {n[k)

= ——————— 2.12
9k’ k E—E, +il, ( )
where I',, is the broadening factor and it can be calculated according to:
k K
Lo = Ve D [l Pr(E) + 7Vhy Y [(nléy)['n” (E) (2.13)
i J

where n°(E) and n? (E) are the density of states for the source and drain electrodes
respectively.

From the current density calculated as above, the current can be obtained by
multiplying the injection area:

I =7r3.jps (2.14)

and the conductance can be calculated as the derivative of the current:

ol

G= FiTa (2.15)

In our calculation, the cluster model where the molecule connected with sev-

eral metal atoms is adopted. The rest part of the electrode is described by the
effective mass approximation. This approximation has been proved to be reason-
able because the electrons are mostly localized on the molecule and the first layer
of the electrode. Based on this model, different contact configurations can be sim-
ulated and the coupling energy between the molecule and the electrodes can be
calculated, which is very intuitive for us to understand the interaction between the
molecule and the electrode. The method based on the elastic scattering Green’s
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function theory mentioned above has been implemented in the code QCME (Quan-
tum Chemistry for Molecular Electronics). 2! The calculation procedures have been
shown in Jiang’ PhD thesis.?? This package can be interfaced with any quantum
chemistry program, and here we always based on the quantum chemistry calcula-
tion from Gaussian 03 program.!?® Many systems including large and small with
conjugated and saturated molecules have been investigated based on our method,
and good agreement with the experimental counterparts have been generally ob-
tained. #445:124 Attention should be paid that the effect of the bias on the geometric
and electronic structures of molecular junctions is neglected here, consequently our
method is only applicable in the low bias. This is the drawback of our method in
comparison with that of non-equilibrium Green’s function (NEGF) theory. Many
programs based on NEGF theory have been developed in recent years, such as
Atomistix ToolKit (ATK)," 43 TranSIESTA, 442 McDCal,*3 Smeagol 125126 and
others.

2.2 Aromatic coupling effect

The study of intermolecular interactions comes from the investigation on the charge
transport in self-assembled monolayers (SAM). In dense SAM, the charge transfer
among neighboring molecules is possible. Early in 1998, Yaliraki and Ratner have
studied the charge transport properties of adlayers of molecules by considering
transport through two identical wires using a model Hamiltonian.?” They found
that there is indirect interaction between two wires by mutual interaction with
reservoirs. If there is direct intermolecular interaction, the conductance maximum
appears when the transfer happens in the middle of the molecules rather than the
ends, for the nonresonant case. At the resonant situations, the conductance values
oscillate with the variation of the transfer positions. In 2000, Lang and Avouris
proposed that there are two kinds of interactions in parallel atomic wires: the direct
interaction between two wires and the indirect interaction through electrodes.2®
Later, Emberly and Kirczenow also proposed one model for SAM where each
molecule bonds with only one electrode. 117 They thought that the charges are
transported by the overlapping of two molecules in the dense SAM and through
one single molecule in the dilute SAM. Liu et al. performed first-principles study
on the conductance of bimolecular junctions and found that the indirect coupling
between two molecules is the main interaction.'® Geng et al. also investigated the
same systems but with imperfect contacts, and the indirect interaction is supposed
to be ignored.!'® The negative differential resistance phenomenon has also been
observed in the bimolecular junctions when the distance between two molecules is
small enough.!*®
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From the research mentioned above, one can find that the interaction between
two molecules in a bimolecular junction is very important to the charge trans-
port properties. There are both direct and indirect interactions between the two
molecules. When both of the molecules are connected with two electrodes, both in-
teractions may be involved. When each molecule only contacts with one electrode,
the direct interaction could be the main interaction. All the above theoretical
investigations are based on models or aromatic systems with 7 — 7 interaction.
There was no experimental proof of the formation of bimolecular junctions until
2008.

Figure 2.2: Conformations of the bimolecular junction. The dashed frame con-
tains the extended molecular system. Parameter b and d represent the lateral and
vertical distance, 3 is the tilt angle of the lower molecule relative to the upper one.
Adapted with the permission from The Journal of Physical Chemistry
C, Copyright 2009, American Chemical Society.

It is commonly accepted that the molecule with only one anchor group can not
connect with two electrodes very well, or to say, molecular junctions can not form.
In 2008, Wu and co-workers found that there are significant statistic conductance
peaks for the Oligo (phenylene ethynylene) (OPE) molecules with only one an-
choring group in the junction prepared with the Scattering Tunneling Microscopy
Break Junction (STM-BJ) method.'® Tt is suggested that there should be two
molecules sandwiched between two electrodes by the aromatic coupling with each
molecule contacted with only one electrode through the sulfur atom. Aromatic
coupling is one kind of special weak interaction between molecules with aromatic-
ity. The interaction between 7 electrons will make the molecules form specific
stacking configurations. Following Wu’s work, we investigated the aromatic ef-
fect on the charge transport properties of bimolecular junctions theoretically. The
model of a typical bimolecular junction is shown in Fig. 2.2. T'wo molecules con-
nect with the each electrode through the end sulfur atom and parallel with each

10
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other. Parameter b and d represent the lateral and vertical distances between two
molecules. [ is the tilt angle of the lower molecule relative to the upper molecule.
Here, the conformation with b=2.88 nm and = 0 is adopted.

2.2.1 Vertical distance dependence

The conductance-voltage characteristics of the bimolecular junctions with different
vertical distances are shown in Fig. 2.3. The first conductance plateaus for the four
conformations appear at the same voltage (about 0.8 V), while the conductance
values at the plateaus are totally different. With the decrease of the vertical
distance d, the conductance value gets larger.

1.5X10-5 | e——d=0.28nm
== =d=0.31nm
= = +d=0.33nm
[ ==« d=0.36nm

1.0x10°

Conductance(G )

5.0x10°

0.0 0.5

1.0
Voltage(V)

Figure 2.3: Conductance curve of bimolecular junctions with vertical distance
0.28 nm, 0.31 nm, 0.33nm and 0.36nm. Reproduced with the permission
from The Journal of Physical Chemistry C, Copyright 2009, Ameri-
can Chemical Society.

The charge distributions of the HOMO and LUMO+2 that have significant
contribution to the conductance plateau are shown in Fig. 2.4. It is shown that
the overlap of the HOMO is much larger than that of the LUMO+2, which also
indicates the strong interaction between the two molecules. For the LUMO+-2,
the overlap gets stronger with the decreasing of the vertical distance, which is

11



CHAPTER 2. ELASTIC TRANSPORT IN MOLECULAR JUNCTIONS

consistent with that of the HOMO. When the vertical distance is 0.36 nm, the
overlap is so small that the interaction becomes very weak.

HOMO LUMO+2
d=0.28nm d=0.28nm
g Sna@
d=0.31nm d=0.31nm
g @
d=0.33nm d=0.33nm
g @
d=0.36nm d=0.36nm

g ¥

Figure 2.4: Charge distributions of HOMO and LUMO+2 for the bimolecular
Junctions with different vertical distances. Reproduced with the permission
from The Journal of Physical Chemistry C, Copyright 2009, Ameri-
can Chemical Society.

It is commonly accepted that there are two possible transport pathways in
bimolecular junctions. One is that electrons tunnel from one electrode to the
other directly. The other pathway is that electrons transport to one molecule, then
jump to the other molecule and subsequently tunnel to the other electrode. When
both ends of the two molecules are connected with both two electrodes, the first
tunneling path may dominate the transport process. However, when only one end
of each molecule contact with each electrode, the second path is definitely the only
effective channel. The coupling between the two molecules in the junctions thus
determines the transport properties. The coupling energy between two molecules
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2.2. AROMATIC COUPLING EFFECT

can be calculated according to

M M occC

Vi =33 Y CinClorn(d|Ul ) (2.16)
k k' n

where M and M’ represent the two molecules respectively. ¢ and ¢, are the
atomic orbitals of two molecules. C},, and C},, are molecular orbital coefficients.
The calculated coupling energies between two molecules are 7.95 eV, 2.78 eV, 1.34
eV and 0.39 eV, when the vertical distances are 0.28 nm, 0.31 nm, 0.33 nm, and
0.36 nm, respectively. The coupling energy drastically decreases with the increase
of the vertical distance. It can be seen that when the vertical distance goes beyond
0.36 nm, the coupling energy becomes very small and the formation of bimolecular
junction gets very difficult.

2.2.2 Tilt angle dependence

1.0x10°

T

5.0x10°

T

Conductance(G)

!\_... N sh

0 10 1
° Angle(degrge)

Figure 2.5: Conductance values of bimolecular junctions calculated at 1.0 V bias
with different tilt angles. Reproduced with the permission from The Jour-
nal of Physical Chemistry C, Copyright 2009, American Chemical
Society.

When the vertical distance and horizontal distance are both fixed, one molecule
may also tilt with respect to the other. Here the configuration with 6=2.88 nm

13



CHAPTER 2. ELASTIC TRANSPORT IN MOLECULAR JUNCTIONS

and d=0.28 nm has been adopted. When the tilt angle changes, the conductance
calculated at 1.0 V bias is shown in Fig. 2.5. The conductance is very sensitive
to the tilt angle. When the tilt angle is only 5 degree, the conductance decreases
to 3.1 x 1077Gy from 1.2 x 107°Gy. When the tilt angle is larger than 5 degree,
the conductance is so small that it will be difficult to detect the conductance.
Our calculation also indicates that the coupling energy between the two molecules
reduces to 0.076 eV when the tilt angle is 5 degree. Such a small coupling energy
makes it very difficult for electrons to transport from one molecule to the other, and
results in very small conductance. Our calculation indicates that the conductance
of bimolecular junctions should be detectable on the almost parallel configurations
rather than the ones with tilt angles.

2.2.3 Dependence of horizontal distances

A Bogpergpeae —A
%D \v‘.t'.ﬁOtﬂ’fﬁﬁ - =B
ni -C
2.0x10 i %Dﬂmnauﬂ»
- D eGP z
3 " Mg& y
g
21.0x10" |
c
S
O
0.0 . — ST
0.0 0.5 1.0 1.5

Voltage(V)

Figure 2.6: Conductance curves of bimolecular junctions with different horizontal
distances. The conformations of A, B and C are shown in the insert. Repro-
duced with the permission from The Journal of Physical Chemistry C
, Copyright 2009, American Chemical Society.

When the vertical distance is fixed as 0.28 nm and the tilt angle (3 is zero, the other
stacking configurations with horizontal distances change are shown in the insert of
Fig. 2.6. The conformations A (b=2.18 nm), B (b=2.88 nm) and C (b=3.57 nm)
have different overlapping benzene rings. The calculated coupling energies for A, B
and C are 12.74 eV, 7.95 eV and 3.33 eV, respectively. The ratio is approximated
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2.2. AROMATIC COUPLING EFFECT

as 3:2:1, which is also consistent with the number of overlapping benzene rings.
The calculated conductance curve indicated that the conductance value at the
plateaus decreases as the horizontal distance increases. One of the reasons is the
enlarged electrode distances, the other is the reduction of the overlapping. It can
also be found that the first conductance plateau shows up at different voltages.
The first conductance plateau arises at lower voltage for the conformation A than
B, while no significant conductance plateau appears in the interested bias for the
conformation C.

In conclusion, the aromatic coupling is found to be the key for the formation
of bimolecular junctions. In addition, it strongly depends on the conformations of
the bimolecular junctions and can significantly influence the transport properties.
Our calculations indicate that the increase of both vertical (d) and horizontal (b)
distances can reduce the coupling energy between two molecules and the conduc-
tance values. Besides, the conductance drastically reduce to very small value when
both molecules are mutually titled. This fact could be used to argue that a good
bimolecular junction adopts the parallel stacking configuration.
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CHAPTER 3

Inelastic Electron Tunneling Spectroscopy

The elastic electron tunneling process has been introduced in Chapter 2. In this
chapter, the inelastic electron tunneling process, in which the energy exchange
takes place between the electron and the molecule, will be discussed. It should be
noted that the interaction between electrons and molecular vibrations, 7.e. a kind
of electron-phonon (e-p) interaction, is assumed to be still very weak, and the elec-
tron state is far away from the resonance. The outline of this chapter is as follows:
first the inelastic mechanism of the inelastic electron tunneling will be presented,
with three basic physical qualities to describe the inelastic electron tunneling spec-
troscopy (IETS); then the significance of IETS will be discussed as a powerful tool
especially to characterize the conformations of molecular junctions; the propensity
rules of IETS will be reviewed; the vibration modes for two kinds of typical groups
will also be shown; and finally, our own approach for inelastic electron transport
will be introduced and applied to establish the spectra-conformation relationship.

3.1 Transport mechanism of IETS

In Fig. 3.1, the transport mechanism of IETS is schematically shown. A molecule
with discrete states is located between two electrodes (the grey parts) whose energy
levels are continuous. After a small bias voltage is applied, the electrons in the left
electrode can tunnel through the molecule to the right one elastically (“a” process),
or inelastically (“b” process) if the bias voltage happens to be equal to the energy
difference of the molecular vibrational level (hw). In the inelastic process, the
energy of the inelastic electron could transfer to the molecule to induce vibrational
excitations. A new channel for the electron to transport is thus opened, which
is reflected as an abrupt increase in the current curve, a step in the conductance
plot and a peak in the IET spectrum. However, it is worth noting that since
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CHAPTER 3. INELASTIC ELECTRON TUNNELING SPECTROSCOPY

the probability of inelastic electron tunneling is very low compared to that of the
elastic process, the contribution from inelastic electrons to the total current is quite
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Figure 3.1: Inelastic electron tunneling mechanism: “a”is the elastic process; “b”
130

»
>,

represents the inelastic process.

According to the mechanism of IETS, it can be seen that the positions where
peaks appear correspond to the frequencies of molecular vibration modes. It mainly
depends on the molecule itself, although the coupling between the molecule and
the electrodes is also important. The peak intensity of the IET spectrum greatly
depends on the e-p coupling within the molecular junction, which is usually the
most difficult part for theoretical simulations. The electrode distance, the con-
tact configuration and the conformation of the molecule within the junction have
been found to have significant influence on the relative intensity of the IET spec-

trum 60,61,131,132

As a result, theoretical simulations combined with experiments
can be adopted to determine the detailed structural information of the molecular
junction. In addition to the position and intensity of peaks in the IET spectrum,
the line width of the peak is also an important parameter. Apart from the in-
trinsic broadening, which is induced by the lifetime of the vibrational state, there

are two other broadening factors, the modulation and thermotic broadenings, that
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3.2. SIGNIFICANCE TO STUDY IETS

can influence the line width of the peak. The modulation broadening is resulted
from the detection of the second-order harmonic signals in the IETS measurement
technique. To reduce the line width, the IETS is often performed at low temper-
atures (like 4.2 K). The modulation broadening of the vibration peak in the IET
spectrum was stated as 1.2V},, where V}, is the modulation voltage!®3. The typical
thermotic broadening was also proposed as 5.4KpgT/e'33. The lineshape of the
intrinsic broadening has a Lorentz line profile which assumes:

r
Iw) = 271 [(w — wyp;)? + 12 (3:1)

where [ (w) is the intensity of the vibration peak, wy; is the vibration energy differ-
ence between two vibration levels, and I is the broadening factor. In our theoretical
simulations, the Lorentz lineshape is adopted to compare with the experimental
results.

3.2 Significance to study IETS

[ETS is a unique spectral tool that can reflect molecular vibration characteristics.
It has become the primary technique to probe the details in nanoscale devices.
The IETS has many advantages for applications, which makes it very popular.

1. High sensitivity

Unlike the Raman and Infrared spectra which are detected in the samples
with more than thousands of molecules, IETS signals can be detected for only one
or several molecules. It is more sensitive than the optical spectroscopic techniques.

2. Wide spectra range

The energy of IET spectra ranges from 50 ~ 500meV (400 ~ 4000cm™1),
which covers almost all the vibration modes of the molecules. In addition, it also
corresponds to the spectra region of Infrared spectrometer, and its results can be
verified by comparing with the infrared spectra.

3. No selection rules

IET spectrum is induced by the interaction between tunneling electron and
the molecule. It is different from other optical spectra such as Raman and Infrared
spectra in which only a part of vibration modes can be detected. There are no
section rules for the IETS. As a result, some transitions forbidden in optical spectra
can be active in the IET spectrum. It can complete the investigation of vibration
modes of molecules.
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Based on the particular characteristics of IETS, it has been widely used to
detect the details within molecular junctions. It not only can confirm the exis-
tence of molecules in the junction, but also tell the conformation variations in the
junction. A combination of theoretical modeling and experimental measurements
can firmly establish the conformation-spectrum relationship, which can help us to
understand better about the electron transport in molecular devices.

3.3 Propensity rules of IETS

Figure 3.2: Schematic diagram of electron tunneling paths. The molecule is
perpendicular (left) or tilt (right) relative to the electrode. The arrows indicate the
vibration orientation and the dash lines represent the tunneling paths. %4

Although there is no selection rules for IETS, some propensity rules have been
proposed by several groups. Early in 1976, Kirtler and co-workers have proposed
that symmetric vibration modes with oscillating dipole moment perpendicular to
the electrode surface have larger intensity than those asymmetric modes with os-
cillating dipole moment parallel to the surface!3®. Lorente and Persson proposed
a symmetry selection rule which is based on the symmetry of the vibration modes,
the intermediate state and the projected density of states on orbitals of bare
molecule®®. Troisi and Ratner proposed a propensity rule for IETS both based
on symmetry and pathways!%. In addition, they also indicated that the quasi-
symmetric vibration modes can also be active in the IETS by the new tunneling
path!3* as shown in Fig. 3.2). The C2-C3 and C3-C4 stretching vibrations are
considered as the quasi-antisymmetric vibration modes. According to the sym-
metry rules proposed earlier, the antisymmetric vibration modes should not be
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3.4. MOLECULAR VIBRATION MODES

active in the IETS if the antisymmetric vibration atoms are in the main tunnel-
ing path. However, when the molecule tilts relative to the electrode surface, the
new tunneling path electrode-C3-C2-C1-S-electrode can open and compete with
the original path electrode-C5-C4-C3-C2-C1-S-electrode. In this new tunneling
path, the quasi-antisymmetric vibration mode can contribute to the IETS. Our
recent works have also confirmed the propensity rules proposed by Troisi'** and
Kirtler'3®. It is noted that in 2008, Paulsson reported the unified description of

inelastic propensity rules'®”, which summarized all previous known rules.

3.4 Molecular vibration modes

Up to now, the IETS of different aromatic and saturated molecules have been
intensively studied. There are 3N-6 (3N-5) vibration normal modes for a molecule,
where N is the number of the atoms in the molecule. Generally, the vibrations
of a molecule include the stretching (along the direction of the chemical bond)
and bending (perpendicular to the bond direction) patterns. For convenience, the
vibration modes of two basic groups will be presented. The atomic motion in
vibration modes related to the CHy group is shown in Fig. 3.3. The name, label
and frequencies of these vibration modes are listed in Table. 3.1. The labeling of
these vibration modes is based on the calculation of C3Hg molecule using B3LYP
functional and 6-31G* basis set in Gaussian 03 program.

(c)

ey

Figure 3.3: Vibration pictures for the vibration modes of CHy group.
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Table 3.1: The name, label and frequencies of vibration modes of C Hy group

Name Label Frequency (cm™!)
(a) symmetric stretching vs(CHs) 3033
(b) anti-symmetric stretching v,(C Hy) 3058
(c) symmetric scissoring ds(C'Hy) 1544
(d) wagging w(CHsy) or v,(CHs) 1387
(e) rocking p(C'Hy) or 6,(CHy) 759
(f) twisting t(CHs) or v(CHy,) 1332

The benzene molecule is the basic building block of aromatic molecules. The
presentation of its vibration modes is very important for us to sign the IET spectra.
There are 30 vibration modes for a benzene molecule. Based on the Wilson-
Varsanyi label method, the vibration modes are classified and signed. According
to its vibration characteristics, the 30 vibration modes can be classified into nine
groups. The detail classifications can be seen in the Appendix.

3.5 Theoretical method

Based on the elastic transport theory mentioned above, the vibration effect can
be uniformly treated. In this case, the Hamiltonian of the system can be written
as the sum of electronic Hamiltonian and the vibration counterpart. Based on the
Born-Oppenheimer approximation, the vibration coordinates can be written as the
parameter of the electronic Hamiltonian.

H = H(Q.e) + H(Q) (3.2)

where H(Q, e) and H(Q) are the electronic and vibration Hamiltonian respectively.
Correspondingly, the wavefunction for the system can be written as:

¥ =19(Q,¢)0(Q) (3.3)

where ¥(Q,e) and O(Q) are electronic and vibration wavefunctions. Based on
the harmonic approximation, the electronic wavefunction can be expanded and
truncated to the second term:

Y(Q,e) = ¥(Qo,e) + %g’@b:(go (3.4)

When the vibration effect is considered, the transition function T'(F) can be

T(E) =Y "> VowVer Y gii"” (3.5)
Kk n

v py

written as:
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3.5. THEORETICAL METHOD

where Vpp and Vg, are coupling energy. They do not depend on the vibration
coordinates and are equal to the coupling energy in the elastic theory. Here g v

contains all the vibration information and can be calculated as:

no/w _ (Y QK (Q, e)[n(Q, €))|0"(Q))(0"(Q)[(n(Q, ¢)[k(Q, €))|©”(Q))
ek = E—E,— 3., naht + il

(3.6)
where 0¥ (Q), ©*(Q) and ©¥(Q) are vibration wavefunctions. &'(Q, e) and k(Q, e)
are electronic wavefunctions for atomic site k' and k respectively. n(Q,e) is the
eigen-wavefunction (molecular orbital) for the Hamiltonian. n, is the vibration
quantum number for vibration mode a. Based on the harmonic approximation,

NVNTRY

the first integral at the numerator of g,?, can be written as:

(©”(Q)I(F(Q. ¢)[n(Q. €))|0(Q)
— (0 (Q(F(Qor¢) +Z‘9’“ ) 0@l (n( Q) +Za” Q’ l0-0, @) [0"(Q))

(O (@@ @ o)
Za'“ @.0 |_0128” 2.9, 0-aie” (@164(@)

on( OF'(
e |Z T laa) 01 + (2 F5a Vanan(@n Q2

(3.7)

/
where Q7" can be written as:

/

Q" = (07 (Q)|Qu[0"(Q)) (3.8)

Considering the fact that most IETS experiments are performed at low tempera-
tures, the initial Vibration quantum number is assumed to be zero. The Eq. 3.8

can be calculated as , /57—. Ignoring Z mgQQle lo=00| Z on Q | _g,), the Eq. 3.7

can be written as:

(07 (Q)I(K(Q. ) n(Q. ))[O(Q)) = (K (Qo. e |Za” Q’ 0-00) QL
(3.9)
8k” Vi

3 a0 ), oanln(Qo, )2,

Perform the same treatment for the other integral at the numerator of gk, s " the
Green’s function can be written as:
wE T BB, - > Nahw, + 40,

(3.10)
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where A = (K(Qo,€)| 3= #55:%lo=au)Qy " and B = (32 %5522 o=qu[n(Qo, ) 05"
C and D are similar to B and A.

It is clear that the contribution to the current from the inelastic electron

tunneling process can be included in the current by computing Green’s function
g ™" According to the definition of the inelastic electron tunneling spectroscopy

(IETS), the IET spectrum can be obtained from dZ{/DQS.

In our theoretical model, the conformation of the molecule remains unchanged
when electrons tunnel through it. All the calculations are based on the ground
state of the molecule and it is only adaptable in the weak e-p coupling condition
with small bias applied (the normal IET spectra) and strong coupling between
the molecule and electrode. More complicated phenomena such as the overtones
appeared in IET spectra can not be explained with this low-order perturbation
method. The popular NEGF method based on Born Approximation (BA) can
be used to interpret the regular IETS, it is also can be extended to interpret the
occurrence of the dip in IETS by including second-order e-p coupling. Both of
them can not be interpreted with our model at the moment.

3.6 Spectra-conformation relationship

The sensitivity of the IETS is one of its advantages which is the basis to
detect the detailed information in molecular junctions. In this section, we will
discuss how these geometric properties influence the IET spectra by using our
developed inelastic electron tunneling theory.

Electrode topography effect

One advantage of our theoretical method is that we can adopt different cluster
models to simulate the interaction between the molecule and the electrode. The
effect of electrode topography on the IETS can be seen from the following example.
Here three kinds of electrode configurations are taken into account (see Fig. 3.4).
Three gold atoms in a chain represent the sharp tip formed in the junction. The
gold atoms in a triangle can simulate the relatively flat electrode. The tetrahedron
configuration describes the situation between the chain shape and the triangle
shape, with one gold atom in contact with the molecule and other three atoms in
the plane of the second layer. Both ends of the molecule form chemical bond with
the gold electrodes. The electrode distances for the three configurations are fixed
as 1.036 nm. The directions of the molecule relative to the electrode are also the
same.
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Figure 3.4: Three different kinds of electrode configurations: (a) the “Ch” con-
figuration with three gold atoms in a chain; (b) the “Tr” configuration with three
gold atoms in a plane; and (c) the “Tet” configuration with four atoms in tetrahe-
dron. The part in the frame is the extended molecule. Selected from Paper IV,
adapted with the permission from the Journal of Physical Chemistry
C, Copyright 2010, American Chemical Society.

The calculated TET spectra of the three junctions are shown in Fig. 3.5. The
IET spectra of the three configurations differ with each other significantly. The
CH, symmetric scissoring vibration mode dominates the IET spectra of the “Ch”
configuration. The vibration modes with lower frequencies such as C-S symmetric
and antisymmetric stretching modes as well as the S-C-C symmetric scissoring
mode are very weak in the IET spectra. The S-Au stretching mode shows the
strongest signal in the IET spectra of “Ir” configuration. The CHs; symmetric
scissoring mode is not active in the IET spectra of this configuration. In general,
the intensity of the vibration modes with low frequencies becomes stronger, while
the opposite phenomenon is observed for the vibration modes with high frequen-
cies. For the IES spectra of “Tet” configuration, the CHy symmetric scissoring
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Figure 3.5: [ET spectra of the “Ch”, “Tr” and “Tet” configurations. The central
part in the IET spectra of “Tet” configuration has been amplified. Selected from
Paper 1V, adapted with the permission from the Journal of Physical
Chemistry C, Copyright 2010, American Chemical Society.

mode becomes active in the IET spectra again, the S-Au stretching mode become
relatively weaker than that of “Itr” configuration. The intensity of the vibration
modes in the middle of this figure has been amplified. Based on our calculations,
we find that the sharp electrode tends to excite the vibration modes with higher
frequencies, while the vibration modes with lower frequencies become more ac-
tive when the electrode is flat. The similar phenomenon can also be found in our
early calculations.%? Of course, the influence of the electrode geometry on the IET
spectra will mix with other impact factors, which makes the spectra-conformation
relationship more complex.

Electrode distances effect

The effect of the electrode distances on the IET spectra is also quite significant,
because it determines the coupling energy between the molecule and the electrode.
Here the Benzenedithiol (BDT) molecule is investigated. The side view and the
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Figure 3.6: Conformation of the Auyo-BDT-Au o molecular junction investigated:
(a) side view; (b) top view.

top view of Aujo-BDT-Au;5 molecular junctions are shown in Fig. 3.6. The anti-
symmetric contact configurations are adopted with one sulfur atom located at the
bridge site of the electrode while the other one located at the top site.

The calculated IET spectra of Aujo-BDT-Auy, with different electrode dis-
tances are shown in Fig. 3.7. When the electrode distance is small (1.09 nm and
1.17 nm), the vibration modes with low frequencies dominate the IET spectra.
When the electrode distances are increased (1.25 nm and 1.33 nm), the vibration
modes with high frequencies become more active, while the vibration modes with
low frequencies become weak in the IET spectra. By careful assignment, the vi-
bration modes around 0.05 V mainly come from the S-Au stretching vibration and
the S-C stretching vibration. The vibration modes around 0.13 V come from the
C-H bending modes (v(19a) and v(18a)). As the electrode distances increase, the
coupling interaction between the sulfur atom and the gold electrode becomes weak
drastically, which induces the decreasing of the intensity of the S-Au stretching
mode in the IET spectra. In general, all the intensity of the vibration modes will
be weaken with the increasing of the electrode distances, while this effect is much
more significant for the vibration modes from the end groups than those from the
middle part of the molecule. Correspondingly, the intensity of vibration modes
from the middle part of the molecule becomes to dominate the IET spectra when
the electrodes is far away from each other to some extent.

Rotation angles effect

Taking the conformation of the Au;o,-BDT-Aus molecular junction in Fig. 3.6 as a
reference, we investigated the effect of the rotation angles of BD'T molecule on the
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Figure 3.7: [ET spectra of the Aujo-BDT-Au1s molecular junction calculated
with electrode distances 1.33 nm, 1.25 nm, 1.17nm and 1.09nm respectively. Se-
lected from Paper II, adapted with the permission from ACS Nano,
Copyright 2011, American Chemical Society.

IET spectra. When the BDT molecule rotates around its S-S axis for 30, 60, and
90 degree respectively, the calculated IET spectra are shown in Fig. 3.8. Here the
electrode distances are assumed as 1.25 nm. It is obvious that the IET spectra of
the Auy2-BDT-Au;, molecular junction with rotation angle 30 and 60 degree are
similar. The vibration modes with high frequencies are much stronger than those
with low frequencies. There are more active vibration modes in the IET spectra
at 60 degree than those in the IET spectra at 30 degree. The spectra profile of the
molecular junction at 90 degree is significantly different from the other two. The
S-Au vibration mode at the low frequencies area becomes to dominate the IET
spectra, while the intensity of the vibration modes from 0.15 V to 0.2 V becomes
very small. In this model, the rotation axis is not perpendicular to the electrode
surface, therefore, when the molecule is rotated, the distances between the atoms
of the molecule and the electrode will change, which will induce the variation of
their coupling energies as well as the intensity of the vibration modes. However, if
the rotation axis is perpendicular to the electrode surface, this rotation effect on
the IET spectra will not be so significant.

Orientation effect
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Figure 3.8: [ET spectra of Auya-BDT-Aua molecular junctions with rotation
angle 30, 60, and 90 degree respectively.

The pathway based propensity rule comes from the investigation of the tile an-
gles of the molecule relative to the electrode surface!®*. The tilt of the molecule
can induce a new tunneling path opened. Taking the hexaecanethiol molecule
(CH3(CHs)155H) as an example, the conformation of Aujo-CH3(CHs)q55-Auys are
shown in Fig. 3.9 (a). The angle /5 is the tilt angle which is defined as the an-
gle between the S-C axis and the Y axis. When the S-C axis is located at the
first quadrant, the value of § will be positive. If the S-C axis is in the second
quadrant, its value will be negative. The IET spectra of Au;jo-CH3(CHg)15S-Auys
with different tilt angles are shown in Fig. 3.9 (b). The IET spectra calculated at
four configurations are different significantly. When the angle is 20 and 50 degree,
there are no vibration modes active around 0.38 V. The IET spectra in the range of
0.075 V-0.2 V are also different with each other. When the tilt angle is -25 degree,
the vibration mode around 0.38 V becomes active in the IET spectra. When [
equals to -40 degree, the vibration mode around 0.38 V dominates the IET spectra.
Calculated results indicate that this vibration peak around 0.38 V comes from the
symmetric stretching vibration of the CHy groups close to the sulfur atom. When
the tilt angle is -25 degree, the new tunneling path bypassing the end sulfur atom
begins to open and compete with the original path through the sulfur atom. The
symmetric stretching of the CHy group will favor the electron transport. When
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Figure 3.9: (a) Conformations of Auya-CHs(CHy)155-Auys molecular junction;
(b) IET spectra of Auja-CHs(CHs )15S-Auys when the angle B is 50, 20, -25 and -40
degree respectively. Selected from Paper 111, adapted with the permission
from Journal of Physical Chemistry C, Copyright 2011, American
Chemical Society.

the tilt angle is -40 degree, the new tunneling path will be the main path, thus the
CH; symmetric stretching mode will dominate the IET spectra.

In conclusion, the effect of some specific structure factors on the IET spectrum
has been studied and some useful experience about the spectrum-conformation
relationship has been obtained, although such a relationship is quite complicated
because many structure factors can impose mixed effect on the IET spectrum.
Besides these impact factors mentioned above, the interaction between molecules
has also been indicated to have significant effect on the IET spectra®.
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CHAPTER 4

Charge Transport in Organic Semiconductor Materials

4.1 Transport mechanism in organic semiconductor materials

In organic semiconductor materials, there are always two kinds of transport behav-
iors observed in experiments. One is that the charge mobility decreases with the
increasing of temperatures, which is the typical characteristic in band transport
mechanism. The other one is that the charge mobility arises as temperatures be-
come higher, which is the proof of the hopping mechanism. In band transport, the
charge carriers are described as a wavepacket with defined momentum and are scat-
tered by lattices. The probability scattered increases as the temperature increases,
thus smaller mobility is expected at the high temperature. In hopping mechanism,
the carrier wavefunction is localized at one molecule and deforms the molecule
(often called as small polarons). The transfer integral between two neighboring
molecules is one of important factors to determine the charge mobility. According

to the temperature dependent transfer integral, '8

it is easy to deduce that the
charge mobility will decrease with the increase of the temperature. Although the
temperature dependence can provide us the important information, the identifi-
cation of the transport mechanism in organic materials is more complicated than
we thought. Recently, Sirringhaus et al. investigated the temperature dependence
of two kinds of pentacene derivatives, 6,13-bistriisopropyl-silylethynyl pentacene
(TIPS-P) and 1,4,8,11-tetramethyl-6,13-triethylsilylethynyl pentacene (TMTES-
P).13 The band-like behavior has been found for the TIPS-P in low temperatures
and the inverse tendency has been found in higher temperatures. Nevertheless, the
charges optical response detected by charge modulation spectroscopy (CMS) indi-
cated the existence of charges localized on the molecule. Shuai’s group performed
theoretical investigation on TIPS-P based on a localized picture and successfully
reproduced the experimental results. It is indicated that organic semiconductor
materials with the hopping mechanism can also preserve band-like behaviors. It is
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necessary to seek better and effective way to determine the transport mechanism of
organic semiconductor materials. With the great progress obtained in techniques,
the detection of Hall mobilities in organic semiconductor materials have been in-
creasingly popular because it is a better way to determine the transport regime by
comparing with drift mobilities. It is widely accepted that the proof of the band
transport is that the detected Hall mobility is as large as the drift mobility. For the
organic materials with high mobilities such as rubrene and dinaphtho(2,3-b:2’,3’-
f]thieno[3,2-b]thiophene (DNTT), their Hall effect has been investigated and they

have been proved to be band transport mechanism. !4

4.2 Theoretical methods in hopping model

Early in the 1950s, Holstein have proposed the generalized theoretical method,
namely the small polaron theory, to investigate the transport properties of or-
ganic molecular materials for both the hopping and band mechanisms mentioned
above. 141142 Here we focus on the small polaron hopping model and introduce the
development in this model briefly. In Holstein model, only the intramolecular e-p
coupling is considered. Based on the Holstein model, Munn and Silbey developed
a variational approach and found that the non-local e-p coupling has the tendency
to enhance the mobility in hopping mechanism. 43144 In addition, Bobbert et al.
extended the Holstein model by including the non-local e-p interaction to form
the Holstein-Peierls model. 1447 For a long period, semiclassic Marcus rate for-
mula is the most popular method to investigate the charge transport properties in
organic semiconductor materials. It has been combined with the quantum chem-
istry methods to calculate the parameters involved in the formula by Brédas and
coworkers. While one should notice that this method is only valid at the high
temperature limit (hw <KpT') and weak coupling conditions (the reorganization
energy is much larger than the transfer integral). For generalization, Shuai’s group
developed the quantum-mechanical charge transfer rate equation which was pre-

149 ¢t al. and have been successfully applied

viously derived by Jortner#® and Lin
in some systems.”™ In this thesis, the quantum charge transfer rate equation is
adopted and the simple derivation is described. For details, we refer the work of

Jortner!*® and Lin.4?

Quantum-mechanic charge transfer rate is deduced from the Fermi Golden
Rule. The transition rate from the initial state |¢;) to the final state |¢);) can be
expressed as:

27
ks = T3 VAS(Ep), (4.1)
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where V}; can be seen as the perturbation, here it is assumed as the interaction
between two molecules and it can be written as:

Vii = (s VIei). (4.2)

Here [1;) = |0iO;) and |¢f) = |pOf.), where|p;) and |¢f) are electronic wave-
functions of the initial state and the final state, and |©;,) and |©y,) are the
vibration wavefunctions correspondingly. Since there are many vibration states in
the initial state, the averaging for the initial state is performed and the distribution
function for the vibration states obeying the Boltzmann distribution is expressed
as:

b o) )

Zexp zop)

where Fj, is the vibration energy of vibration state v in the initial state.

With Condon approximation, the charge transfer rate can be expressed as:

’L)’U

h2

Here V/; is the electron coupling between the initial state and the final state and
Et 40 is the energy difference between the initial state and the final state, which
can be calculated as: Ey. 0, = Epy — Ejy.

In addition, based on the harmonic approximation, the vibration wavefunction

© ’U> = H Xiv; (Qj)? (45)

where j is the label of vibration modes and x;,,, (@;) is the harmonic wavefunction.
Correspondingly, the distribution function can be expressed as:

_ hw; —hw;(v; +
P, = 1?[ 2 Slrlh( 2KBT) . eXp[T H ij (4.6)

The charge transfer rate can be expressed as:

Vfl

ks — Zzn/dtexp iEpu ioy) Py | (X i) 2. (A7)

vy ’L)/

Here 6(E Fo5iv; ) in Eq. 4.4 has adopted the integral expression under Fourier trans-
formation and Vy; is designated as the transfer integral.
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With the displaced harmonic oscillator approximation (AQ; = Q' — @; and
w; = wj), the charge transfer rate can be finally written as:

2 +o00 . .
kg = /: / dt exp{iEt — Z S;l(1+2n;) — e (14 n;) — e ™'y} (4.8)

e}

Here EY; is the potential energy difference between the final state and the initial
state and w; is the vibration frequency of the vibration mode j. S; is the Huang-
Rhys factor, which can reflect the intensity of the e-p coupling, and it is defined
as S; = %FLQJQ n; is defined as %

eEBT -1

For self-exchange reaction, the potential energy difference is zero, that is,
E¢; = 0. When the e-p coupling is strong enough, with ) S; > 1, the short time

j=1
approximation can be adopted.
it =1 4 jw;t — w?tQ (4.9)
The quantum rate equation can be written as:
Vf2i e 2,42
ki = o / dt exp{— Z SiI(1 + 2n )wit” — dwjt]} (4.10)

J=1

When temperature is high with % < 1, the rate equation can finally be

ki = Vi Cex (-L) (4.11)
= AKBT P ARk, ‘

This is the Marcus rate equation, where A is the reorganization energy, and it is

written as:

expressed as A = Y Sjw;h.
J

To obtained the so-called Bixon-Jortner rate, one mode with high frequency is
dealt with the quantum method, while other modes will be treated classically based
on the quantum rate equation. After these treatment, the rate can be written as:

kip = sz o~ Si(2m+1) Z Z Sml e Sl(nl+1)]

n;!
m;=0mn;=0 !

AE(ml, nl) QA,KBT
KgT >y Si (215 + 1w?

h? INKpT
NEKpT 1%y S;(2n; + 1w?
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/
where [ is the mode with a high frequency, ' = > s;w;h is the reorganization

J

energy without the contribution from the mode [ and AFE(my;,n;) = W.

When the temperature is very low with % > 1, the rate equation will be

% = S AE(0,n) Th?
ki = LS Pr _ VAN ‘ 4.1
1= R e 7; I Uiy o el B [ vy (4.13)

This is the Bixon-Jortner rate equation.

Above derivation indicates that the quantum rate equation is more general
than both the Marcus rate equation and the Bixon-Jortner rate equation. Normally
the Marcus rate equation is only valid at the strong e-p coupling limit and the high
temperature limit, while the Bixon-Jortner rate equation is applicable at the low
temperature limit. Although Marcus rate equation has limited applicability, it can
provide clear physical pictures and has been applied successfully to predict the
transport properties of many organic materials as well as help one to design new
materials with high mobility.

4.3 Parameter calculation

Benefited from the robust computational ability, it is possible to calculate the
parameters involved in the rate equations. From the above three rate equations,
we can see that the transfer integral (also called as electronic coupling) Vy; and
the reorganization energy (\) are two key parameters. The stronger the electron
coupling is, the larger the charge transfer rate will be. The reorganization energy
can also tell the e-p coupling intensity. The comparison of the two parameters
can provide important and direct identification of the transport mechanism in
the organic semiconductor materials. It is generally accepted that the hopping
is the main mechanism in the materials with Vy; < A and the band transport
happens in the materials with Vy; > A. In addition, it can also help theoreticians
to determine which method is suitable to investigate the transport properties of
organic materials. Consequently, much effort has been devoted to improve the
computational methods for these two parameters. Here we introduce some related
methods

4.3.1 Transfer integral

In the above derivation of the quantum rate equation, the transfer integral is de-
fined as the interaction between two states. For the electron transfer reaction, e.g.,
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A~ + B = A+ B, the initial state and the final state should be |¢)(A™)y(B)) and
[Y(A)Y(B~)). Owing to the weak coupling between molecules in crystals and the
ignorance of the multielectron effect, the two localized states can be approximately
represented with one-electron molecular orbitals (LUMO for the electron transport
and HOMO for the hole transport) of each monomer.

1. Direct coupling

In this method, the transfer integral is calculated as follows:

Vap = (Ya | F' | ¥p) (4.14)

where 14 and 15 is the molecular orbitals of monomer A and B respectively. F'is
the Fock matrix of the dimers AB. At the level of DF'T, F' is the Kohn-Sham-Fock
matrix and it can be calculated according to F' = SCEC~!. Here S is the overlap
matrix, and C' is molecular orbital coefficient matrix. This method has been used

+5, 150 75,151

by Troisi’s ™" and Shuai’ group et al.

2. Site energy correction

Considering the site energy correction, the transfer integral can be calculated
according to:
Vip — 3(ea+ep)Sap
where Vip = (Ya | F [ ¥5), ea = (¥a | F | ¥a) and Sap = (Ya | S| ¥p). This

method was proposed by Brédas et al. and has been verified to be correct and
] 152

Vap = (4.15)

usefu
3. Energy splitting

Another simple method to evaluate the transfer integral is based on the Koop-
man’s theorem and one-electron approximation.!®® It is designated that the elec-
tron coupling is half of the energy splitting between the frontier orbitals (LUMO
or HOMO) of the dimer system. The transfer integral for holes can be calculated

as:
Vip = €HOMO —2€H0Mo—1 (4.16)
The transfer integral for electrons is calculated by:
Vg = €ELUMO+1 — €LUMO (4.17)

2

Attention should be paid when using this method. It is only valid when the
molecules in the dimers are totally symmetric and closed shell systems.

Generally speaking, the Energy splitting method is much more crude than
the other two methods, however, it can provide us a simple picture to understand
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the electron coupling. Calculations have indicated that there is good agreement
between the first two methods. 154

4.3.2 Reorganization energy

Reorganization energy is defined as the relaxation energy of one molecule from its
initial state to its final equilibrium state when one electron is added in or removed
away from it. We can understand this concept from an example. Take reaction
A+ B = A+ B~ as an example, where one electron transfers from molecule A to
B. The reaction process can be understood from Fig. 4.1. )1 and ()5 is the reaction
coordinates of reactants and products in equilibrium. After the electron transfer
from A to B, the equilibrium position has changed. Suppose that the atomic
coordinates do not change as soon as the electron is transferred, the products will
located at a high energy level. After the relaxation, the products go back to the
equilibrium. The energy difference A\; between the energy of the products at ()4
and ()s is defined as the reorganization energy of the reaction. Correspondingly, A\,
is the reorganization energy of the reverse reaction. Generally, the reorganization
energy of this reaction is taken as the average of \; and A9. In particular, A\; will
equal to Ay for self-exchange reactions.

A+B

Reaction Coordinate

Figure 4.1: Reorganization energy reflected in the reaction coordinate.

Since the interaction between A and B is weak, its influence on the configu-
ration relaxation of A and B can be neglected. Consequently, the reorganization
energy can be simplified as the sum of A4 and Ag. A4 is the relaxation energy
of A from anion state to neutral state (see Fig. 4.2), and it can be calculated
as: Ay = % Ap can be obtained by the same way. It is also very easy

37



CHAPTER 4. CHARGE TRANSPORT IN ORGANIC SEMICONDUCTOR MATERIALS

to deduce that the reorganization energy for the self-exchange reaction such as
AT+ A=A+ A is 2 4 = Ag1 + Aao.

Reaction Coordinate

Figure 4.2: Simplified reorganization energy representation.

Based on the above definition, there are two kinds of methods to calculate the
reorganization energy for the self-exchange reaction. One is called as the Four Site
Energy method or Adiabatic Potential Energy method, and the other one is based
on the analysis of normal vibrations modes. The two methods have been proven
to agree with each other very well.

1. Adiabatic Potential Energy Surface (Four-site Energy)

As is shown in Fig. 4.2, to calculate the reorganization energy of A\4; and
Aa2, one has to calculate the potential energy at four sites. For convenience, we
define two potential energy functions E4(R) and E4-(R) where R is the reaction
coordinate. F4(R) and E4-(R) are the potential energy functions for the neutral
and the anion system respectively. It is direct to obtain:

A = E4-(Qar) — Ex-(Qa2) (4.18)

M2 = Ea(Qa2) — Ea(Qar) (4.19)

The reorganization energy can be calculated as A = Aq1 + Aao.

2. Normal Mode Analysis
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It was proposed by Reimers that the reorganization energy can be projected
on all the vibration modes: 1%

A= Z)\—Z Lrag: = Z PAQ = Zhs% (4.20)

= =1

where Fj is the force constant of the system, AQ); is the displacement between
the equilibrium neutral configuration and the anion configuration along the vi-
bration mode 7, and w; is the vibration frequency of the vibration mode 7. From
above equations, one can also notice that there is a tight correlation between the
reorganization energy and the Huang-Rhys factor.

4.4 Charge mobility

Figure 4.3: All possible charge transport pathways on the surface of AOB of the
pentacene single crystal.

When all the parameters are obtained in the rate equation, the charge transfer rate
is ready to calculate. For the convenience of comparison with experimental results,
the macro physical quality, charge mobility, should be calculated theoretically. To
the best of my knowledge, two approaches have been employed to calculate the
charge mobility. One is based on the master equation, in which method the carrier
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density and electronic field effect can be investigated. This approach has been suc-

cessfully applied on the polymer systems! 157

as well as small molecule systems.
The other approach is the Kinetic Monte Carlo method, which is good for simu-
lating the diffusion mobility. ™! Of course, it also can be approximately applied

to calculate the drift mobility when the electronic field is very weak.

—— trajectory1
—— trajectory?2

trajectory3
—— trajectory4
—— trajectory5

time(ns)

Figure 4.4: The square of the charge transport displacement verse time. The
black line is the average on thousands of records.

Here I simply introduce the general procedure to compute the charge mobility
by the random walk method. Taking the pentacene molecule as an example, its
crystal structure viewed from the C axis is shown in Fig. 4.3. On the AOB plane,
there are six neighbors for every molecule. It means there are six pathways for
electrons to transfer from one molecule if we ignore the transport along C axis
(see Fig. 4.3), and the probability to transport through Pi is W; = —X—. Corre-

N
> ki

i=1
spondingly, the hopping time is %, where k; is the charge transport rate along Pi.

Based on the rate equation mentioned in Section 2, one can get the transport prob-
ability through all the pathways. Then we perform the random walk simulation.

Suppose one charge is located at any one molecule, then a random number W is
generated by the computer, and it is compared with the probability distribution
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i=j—1
of every pathway. If Z W, < W < Z W;, the charge will transport through Pj
to the second molecule When the charge is located at the second molecule, a new
random number will be generated and a new pathway will be decided according to
the above mentioned criteria. Eventually the charge transport trajectory will be
obtained. For example, the transport trajectory can be exported every 10 ns. By
thousands of similar simulations, lots of tracks are obtained. The average on the
thousands of records can give the linear relationship between the square displace-
ment 72 and the diffusion time ¢ though the single record is completely irregular
(see Fig. 4.4). The definition of the diffusion coefficient is as follows:

2
D= lim — (4.21)
t—oo 2Nt
Where r and t is the total displacement and time for every track. n is the dimension
parameter. Consequently, the charge mobility can be calculated with the Einstein
equation:

eD
KgT

= (4.22)
It should be stressed that the mobility calculated here is the diffusion mobility
for which there is no electronic field added. If one adds the weak electronic field,
the drift mobility can be approximated by the calculation of the diffusion mobility.
The only difference between them is to consider the potential energy difference
(—er- E) between two neighbor sites induced by the electronic field. For the strong
electronic field, the random walk approach is thus not a reasonable approach.
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CHAPTER D

Summary of Included Papers

In this chapter, a brief summary of my papers included in the thesis and our
contributions to the research field will be presented.

5.1 Elastic electron transport properties, Paper |

The study on elastic electron transport properties of molecular junctions has been
very intensive both experimentally and theoretically in the last two decades. The
transport mechanism was verified as the tunneling process in most small molecular
junctions. Although the conformation of the molecular junction can not be deter-
mined experimentally, some impact factors such as the molecular length, molecular
components, substitution groups, anchor groups, contact positions, electrode ma-
terials, the solvent effect and so on, have been systematically studied. However, the
effect of aromatic coupling on the transport properties of molecular junctions was
rarely investigated. It was commonly thought that the preparation of single molec-
ular junctions with Break Junction method is impossible if the target molecule has
only one anchor group. However, in 2008, Wu et al. reportd an experimental study
that showed two molecules could be coupled together to form bimolecular junc-
tions through the aromatic coupling.'? Right after that, we performed theoretical
investigation on the aromatic effect.

For the nitrogen substituted OPE molecule, there are two kinds of parallel
stacking conformations: the para-conformation and the ortho-conformation (see
Fig. 5.1). In our model, each molecule is connected with one electrode, and the
electrons can only tunnel from one electrode to one molecule, then jump to the
other molecule and at last tunnel to the electrode on the other side. Based on the
energy calculation, the ortho-conformation was proven to be more stable than the
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Figure 5.1: Conformations of nitrogen substituted OPE bimolecular junction in-
vestigated: (a) ortho-conformation; and (b) para-conformation. The dashed frame
contains the extended molecular system. Parameter b and d represent the lateral
and vertical distance, 3 is the tilt angle of the lower molecule relative to the upper
one. Selected from Paper I, reprinted with permission from Journal of
Physics: Condensed Matter, Copyright 2010, Institute of Physics.

para-conformation, thus our theoretical investigations were all performed on the
ortho-conformation.

Our calculations indicated that the coupling between two molecules in the
junctions is determinant for the formation of bimolecular junctions. The weakening
of the coupling energy between two molecules can induce the decrease of the con-
ductance of bimolecular junctions. When the vertical distance (d) decreases from
0.34 nm to 0.28 nm, the coupling energy increases to 7.078 eV from 0.780 eV. The
calculated conductance-voltage curves are shown in Fig. 5.2 (a). The conductance
values on the plateau become larger with d decreasing. The conductance-voltage
curves of the bimolecular junctions with different horizontal distances (b) are shown
in Fig. 5.2 (b). Here bl and b2 represent the conformations with b=2.17 nm and
3.56 nm respectively. The black line is the conductance curve of the conformation
with 6=2.88 nm (b0). It is obvious that the conductance values on the plateau
reduce with the horizontal distance increasing. The coupling energy between two
molecules for bl, b0 and b2 are 3:2:1, which is consistent with the overlapping
benzene rings. The deviation between two molecules can also weaken the coupling
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as well as the conductance ability (see Fig. 5.2 (c¢)). A and B represents the confor-
mations that there are 0.12 nm and 0.24 nm slide between two molecules along the
short axis direction respectively. With the deviation increasing, the conductance
values at the plateau are also reduced. There are also 31% and 71% decrement in
the coupling energy compared with that of b0. Our calculation also indicated that
the coupling energy and conductance values are very sensitive to the tilt angles ()
(see Fig. 5.2 (d)). A small tilt angle will induce drastic decrease of the coupling
energy and conductance values. When the tilt angle is larger than 5 degree, the
conductance become so small that it will be very difficult to be detected. This will
provide the proof that the formation of bimolecular junctions should be based on
the parallel configurations.
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Figure 5.2: Conductance-voltage curves of the bimolecular junction with differ-
ent vertical distances (a), horizontal distances (b) and deviations (c). The black
curve in (a), (b) and (¢) are calculated with b=2.88 nm and d=3.0 nm. (d) The
conductance values calculated at 1.0 'V bias with different tilt angles. Selected
from Paper I, adapted with the permission from Journal of Physics:
Condensed Matter, Copyright 2010, Institute of Physics.
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5.2 Inelastic electron tunneling spectra, Paper II-IV

The study of inelastic electron tunneling spectroscopy is very active in the last ten
years. Owing to its peculiar characteristics, it has become the primary technique to
study the structures in molecular junctions. Many typical systems, like conjugated
and alkane systems, have been intensively studied. However, experimental spectra
can not tell us the structural information we need without the support of theoretical
simulations and interpretation. In this thesis, we selected some typical systems: the
1.4 benzenedithoil molecule, a serial of semifluorinated hexadecanethiol molecules
and the 1,3-propanedithiol molecule, to study their inelastic transport properties.
Some pendent questions that emerged recently or confused for years in this area
have been successfully resolved.

5.2.1 Conjugated system, Paper Il

In spite of intensive studies by different groups, the reported conductance values
of 1,4 benzenedithoil (BDT) molecular junctions vary in almost 4 orders of mag-
nitude, and its uncertainty of contact configurations in the junctions is thought
to be the main impact factor. In 2009, Song et al. and Tsutsui et al. performed
IETS on BDT molecular junctions using the electromigrated nanogap method and
the mechanically controllable break junction (MCBJ) method respectively and ob-
tained four different spectral profiles. %8161 To find out what has caused such big
differences in the IETS of the same molecule, we then performed systematic in-
vestigation on the 1,4 benzenedithoil molecular junctions (Au;p-BDT-Auyy). The
experimental spectra detected by the two groups mentioned above have been suc-
cessfully reproduced (as illustrated in Fig. 5.3). The upper two red curves are

158,161 1sing the electromigrated

the experimental spectra detected by Song’ group
nanogap method, while the lower two red curves are obtained by the Tsutsui et
al. 19100 with the MCBJ method. The different molecular conformations in the
junctions prepared by different techniques are found to be the major source for the
spectral difference. Our calculations indicated that the upper two conformations
of the molecular junctions adopt the same contact style with the same electrode
distance. The only difference lies in the molecular rotation angle. The deviations
between the lower two conformations are much more significant. One adopts an
asymmetric contact manner, while another has a symmetric contact style. The
latter is much narrower than the former. Consequently, it suggests that the elec-

tromigrated nanogap method is more reproducible than the MCBJ technique.
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Figure 5.3: Comparison between calculated IET spectra (black curve) and the
experimental counterparts (red curve). The conformations of the molecular junc-
tions calculated are also presented. Selected from Paper 11, adapted with the
permission from the ACS Nano, Copyright 2011, American Chemical
Society.

5.2.2 Alkane systems, Paper IlI-1V

For the inelastic electron tunneling spectra of alkanethiol molecules, two problems
were still not resolved. Theoretical simulations failed to reproduce the dominant
character of the C-H stretching mode at about 0.36 V in the IET spectra. The
other problem is that the origin of the C-H stretching vibration mode is still in
controversy. Most theoretical studies assigned it to come from the CHjs group. %162
Beebe et al. proved that it should come from the CHy groups close to the sulfur
atom by gradually fluorinating the CHs group and CH, groups close to it.!63 In
2010, it was also stated that it might belong to both the CHj group and CH,
group involving both symmetric and antisymmetric modes.'%* By a systematic

study on the IET spectra of a serial of semifluorinated hexadecanethiol molecules,
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we successfully reproduced the experimental IET spectra detected by Beebe and
co-workers. Based on our reliable simulations, the origin of the C-H stretching
mode has been confirmed as coming from the CH, groups close to the sulfur atom.
In addition, the calculated results showed that the contact pattern as well as the
tilt angles of the molecule relative to the electrode are two important factors that
can influence the intensity of the C-H stretching mode. When the molecule is tilted
-40 degree and both the end sulfur and carbon atoms are located at the hollow sites
of the electrodes, the C-H stretching mode can dominate the IET spectra. At this
condition, a new tunneling path bypassing the end sulfur atom can open, which
makes the C-H stretching mode more significant for electrons to transport (see
Fig. 5.4) and dominant in the IET spectra. Our calculations strongly supported
the pathway based propensity rule proposed by Troisi and Ratner. 34

Wavenumbersicm - ) Wavenumbers(cm™)
807 1613 2420 3226 2984 3025 3065 3105 3146
“ FO =|
3(CH2)v(C-C) ‘ < o
I CH t(CHy) V(CH?) . .E I
Wi H2) . . |
. g &
\ 1 HEE
VSON U !
o fl h-]
T F1 l

0.370 0.375 0.380 0.385 0.390
[~
F2 L&y

_ IL » |- %%v
T R

0.1

d2i/dv2(arb.unit)

Voltage(\/)

Figure 5.4: Calculated IET spectra of semifluorinated molecular junctions and
the detail vibration modes at about 0.38 V. The C-H stretching modes and the
new tunneling path (red arrows) is shown at the bottom of right side. Selected
from Paper III, reproduced with the permission from the Journal of
Physical Chemaistry C, Copyright 2011, American Chemical Society.

For 1,3-propanedithiol molecular junction, two significantly different IET spec-
tra were obtained experimentally. %> Our simulations have successfully reproduced
both experimental spectra. It is found that the IET spectra are sensitive to the tilt
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angles of the molecular chain relative to the gold surface. The differences between
two IET spectra detected are attributed to the different tilt angles between two
molecular junctions.

Figure 5.5: (a) (b) and (c) are the vibration profiles of v, (S-C) when tilt angle
B us 0, 10, and 25 degree respectively. The blued dashed line represents the new
tunneling path. Selected from Paper IV, adapted with the permission
from the Journal of Physical Chemistry C, Copyright 2010, American
Chemical Society.

One should pay attention to the v,(S-C). The appearance of the antisymmetric
stretching modes in the IET spectrum is not allowed according to the propensity
rule proposed by Troisi et al.'3® However, exception may exist when the molecule
is very small that many tunneling paths can coexist. When the molecule is tilted
relative to the electrode, the new tunneling path bypassing the end sulfur atom
opens and competes with the original path where both the end sulfur atoms are
involved (as shown in Fig. 5.5). When the angle is 0 and 10 degree, the carbon
atom close to the sulfur atom is far away from the electrode. However, when the
tilt angle is 25 degree, the carbon atom gets close to the electrode and can couple
with the electrode strongly, then the new tunneling pathway may open (see the
blue dashed line in (c)). Thus the quasi-antisymmetric vibration mode shows its
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significant contribution to the IET spectra. Our calculation directly confirmed the

tunneling path based propensity rule proposed by Troisi et al.'3*

5.3 Charge transport in organic semiconductor materials, Paper V

The transport mechanism in organic molecular materials is totally different from
that in molecular junctions. The electrons in organic molecular materials jump
from one molecule to another, and can stay at the molecule long enough to induce
the relaxation of the molecular geometry. This kind of transport is defined as the
hopping process.

Figure 5.6: Systems investigated and their configurations in crystal phase.

In organic molecular materials, the hole transport properties of p-type mate-
rials have been intensively studied. However, the n-type materials were much less
investigated due to their low charge mobilities and poor solubility. Nevertheless,
it is necessary to pay more attention to the n-type materials for the completeness
of the circuit. Recently, many n-type organic materials have been found to have
large mobilities comparable with the amorphous silicon material. One of the them
is the N,N’-bis(n-alkyl)-(1,7 and 1,6)-dicyanoperylene-3,4:9,10-bis(dicarboximide)
(PTCDI) with CH,C3F; group as the end substitution (PDIF-CN2),104.166-168 T,
investigate how the substitution groups on the bay positions influence the transport
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properties in organic materials, four kinds of n-type organic single crystal materi-
als were investigated by employing the quantum rate equation combined with the
random walk approach (see Fig. 5.6). The substitutions at the bay positions of the
PDI molecule not only induce the change of geometric structures and the electronic
structures, more importantly, the reorganization energy and the stacking patterns
in the organic crystal materials are drastically influenced. Calculations indicated
that the cyano group is a preferable substitution group which can both reduce the
reorganization of the molecule and increase the transfer integral. Substitutions
with long perfluoroalkane chains are found to be not good, since they can increase
the reorganization energy and induce larger barriers for the charge to transport
due to the long distance segregation of the molecules in the crystals.

In conclusion, three kinds of transport processes including elastic, inelastic
and hopping processes in molecular systems have been investigated and some spe-
cific phenomena have been explained successfully. As mentioned at the beginning
of this thesis, the charge transport process in molecular systems is much more
complex. Many phenomena such as Coulomb blockade and Kondo resonance are
beyond the scope of our current methods. Progress along these directions has
been made recently. The noise of the current, the heating and even the spec-
troscopy under the illumination are the central issues for molecular junctions. For
the charge transport in organic semiconductors, the determination of the transport
mechanism is still in controversy even though the Hall mobility measurement can
provide us relatively reliable way. In any case, more sophisticated theoretical and
computational methods need to be developed to meet all the challenges.
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Appendix

According to the vibration characteristics of the benzene molecule, its 30 vibration
modes can be classified into nine groups. The first three groups include only one
vibration mode for each kind (see Fig. 5.7). Three vibration modes are involved
for the “Ring Torsion Mode”, the “C-C-C Bending Mode” and the “C-C Stretching
Mode” respectively (see Fig. 5.8). There are five vibration modes for the “C-H
Stretching Mode” (see Fig. 5.9), six vibration modes for the “C-H out-of-plane
Wagging Mode” (see Fig. 5.10) and seven vibration modes for the “C-H Bending
Mode” (see Fig. 5.11). The frequencies are calculated in Gaussian 03 program
with B3LYP functional and 6-31G* basis set.

Vibration
Modes
Label | 2 3
Frequency
. 1022.17 3226.90 1420.70
(cm™)
Name Breathing Mode Beat Mode Twist Mode

Figure 5.7: Vibration pictures, labels and frequencies for three kinds of vibration
modes of benzene molecule.
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Ring
Torsion

Modes

Label
Frequency

(cm™)

4 16a 16b

737.74 44210 442.10

C-C-C
Bending
Modes

Label
Frequency

(em™)

12 6a 6b

1049.10 639.85 639.85

C-C
Stretching
Modes

Label
Frequency

(cm™)

15 8a 8b

366.83 1541.80 1541.80

Figure 5.8:

Vibration pictures, labels and frequencies for the “Ring Torsion

Mode”, the “C-C-C Bending Mode” and the “C-C' Stretching Mode” of benzene

molecule.
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C-H ,

Stretching ﬁ
W

Modes I

Label 13 7a 7b
Frequency

3184.47 3194.42 3194.42

(em™)

Stretching c
-/u ¥

Modes I

Label 20a 20b
Frequency

. 3212.62 3212.62
(em™)

Figure 5.9: Vibration pictures, labels and frequencies for the “C-H Stretching
Mode” of benzene molecule.
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C-H Out of ,l ‘

——
il
" ————
-

Plane Wag

Modes

Label 11 10a 10b

Frequency
705.85 584.44 884.44
(em™)

C-H Out of
Plane Wag

Modes

Label 17a 17b 5
Frequency

1000.85 1000.85 1045.10
(em™)

Figure 5.10: Vibration pictures, labels and frequencies for the “C-H out-of-plane
Wagging Mode” of benzene molecule.
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SR K0 B

Label 14 18a 18b
Frequency
) 1218.31 1077.90 1077.90
(cm™)
Bending
Modes — —t -
Label 19a 19b 9a
Frequency
1541.80 1541.80 1232.30
(em™)
C-H
Bending
Modes
Label 9b
Frequency
1232.30
(em™)

Figure 5.11: Vibration pictures, labels and frequencies for the “C-H Bending
Mode” of benzene molecule.
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