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ABSTRACT

Chapter 3: Basic Electronic Structures and Charge Carrier Generation in Organic Optoelectronic Materials

Report Title

This chapter briefly introduces some fundamental concepts and principles in a mainly qualitative way (for students 
with diverse backgrounds at the college senior level) related to electronic structures, energy and charge carrier 
transfers of electronic and optoelectronic materials, with emphasis on organic and polymeric ?-conjugated materials. 
Specifically, the basic concepts and principles of quantum theory, electrons, orbitals, bands, ground and excited 
states, excitons and charge carriers, charge carrier generation mechanisms, charge and exciton/energy transfers, are 
briefly discussed. Both exciton and band models are presented to illustrate electronic transitions, carrier generations, 
and carrier transport processes.
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Abstract This chapter briefly introduces some fundamental concepts and principles in a mainly quali-

tative way (for students with diverse backgrounds at the college senior level) related to electronic struc-

tures, energy and charge carrier transfers of electronic and optoelectronic materials, with emphasis on organic 

and polymeric π-conjugated materials. Specifically, the basic concepts and principles of quantum theory, 

electrons, orbitals, bands, ground and excited states, excitons and charge carriers, charge carrier generation 

mechanisms, charge and exciton/energy transfers, are briefly discussed. Both exciton and band models are 

presented to illustrate electronic transitions, carrier generations, and carrier transport processes. 

 

 

 

 

 

 

 

 

 



Manuscript for Invited Review Only 
 

4 

 

‘ 

 

3.1 Introduction 
Traditional or classic inorganic electronic and optoelectronic materials and devices have changed the way peo-

ple live and think in the twentieth century. The development of classic and quantum mechanical theories, partic-

ularly the discovery and development of classic inorganic semiconductors and subsequent electronic/optoelec-

tronic devices such as radios, telephones, televisions, integrated circuits and computers, has given birth to the 

human society of an “information age” and a “global village,” where the information is processed and trans-

ferred at the level and speed of electrons and photons. Nonetheless, the demand and motivation for faster speed, 

larger capacity, smaller size, lighter weight, flexible shape, and lower cost devices have driven people to pay 

attention to the rapidly developing organic- and polymer-based electronic and optoelectronic materials, particu-

larly since the discovery of conducting polymers in the 1970s [1–3]. The 2000 Nobel prizes in chemistry 

(awarded to Alan G. MacDiarmid, Alan J. Heeger, and Hideki Shirakawa) manifested the progress and the po-

tential of this field. There are similarities as well as differences between inorganic and organic semiconductors, 

and certain fundamental mechanisms of organic/polymeric optoelectronic processes are still under investigation 

and discussion. This chapter intends to introduce non expert readers to a brief account of the principles and con-

cepts of both inorganic and organic semiconductors, and some basic concepts and principles on electronic struc-

tures and charge carrier generation mechanisms of mainly organic/polymeric semiconductors. 

3.2 Electron States, Orbitals, and Bands 
3.2.1 Electron States and Behaviour in Materials 
The electronic and optoelectronic properties of a material are directly correlated to the electronic structure (or 

electron configurations) of the material, and how the material is perturbed (or excited) by external forces such 

as electromagnetic radiation, heat, pressure (or mechanical force), and steady-state electric or magnetic fields. 

One fundamental question is where and how the electrons are located in the material and how they behave and 

respond to external perturbations. For instance, if many free or mobile electrons in a material are simultane-

ously moving coherently toward one direction driven by an external applied electric field, this would form an 

electric current. In this case, the average or summed velocity of all electrons (also called drift velocity of elec-

trons) would be nonzero [4]. 

Materials are typically made out of molecules—the basic building block of a material. Each molecule, in 

turn, is made up of atoms. There are over 110 different kinds of atoms also called elements discovered so far, 

and they are positioned in the periodic table according to their electronic structure [5]. An atom is composed of 

a nucleus (containing neutrons and positively charged protons) and negatively charged electrons surrounding 

the nucleus. Note that certain materials such as diamond, silicon, and metals are made up of a single type of 

atom. For a neutral atom, the number of protons in the nucleus is equal to the number of surrounding electrons, 

hence the materials appear neutral. A cation is a positively charged ion after a neutral atom loses electrons. Ani-

ons are negatively charged ions resulting after neutral atoms gain electrons. 

According to modern quantum theory, an electron can be treated as both a particle and a wave, called wave–

particle duality. And it can also be described by a space- and time-dependent wave function (x, y, z, t) or (r, 

t) (also called eigenfunction) from the Schrödinger equations (or Schrödinger postulates) [5, 6] 

 
( , )ˆ ( , )

t
H t i

t









r
r  (3.1) 
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Where Ĥ  is a Hamiltonian operator in the form of 

 
2 2

2 2

p p
ˆ ( , , , ) ( , )

2 2
H E x y z t E r t

m m
         (3.2) 

Where 

Ep is the time- and space-dependent potential energy of the electron 

m is the physical, rest, or free mass of the electron (m = 9.1  1031 kg, as compared to the effective or dy-

namic mass m* of the electron that can be either smaller or bigger than m depending on the electron in-

teraction with the materials) 

(=h/2) is the reduced Planck constant (also known as Dirac’s constant, pronounced h-bar) 

h is the Planck’s constant 

t is the time 

Particle spatial position may be in Cartesian (x, y, z) or spherical (r) = (r, , ) coordinates. 2  is the Laplacian 

operator or del-squared operator in the forms of 

 

2 2 2 2
2 2

2 2 2 2 2 2

1 1 1
sin

sin sin
r

x y z r r r

       


         

    
           

    
  (3.3) 

For most problems concerning electronic structures of the materials, the stationary or time-independent state 

wave function (r) would be sufficient ((r, t)  (r) exp(iEt/)), and the Schrödinger equation can therefore 

be simplified as 

 ˆ ( ) ( )H E r r  (3.4) 

where E is the electron total energy (also called eigenvalue of ) expressed as 

 p k( ) ( ) ( )E E E r r r  (3.5) 

where Ek(r) is the kinetic energy of the electron. The Hamiltonian operator now becomes 

 
2

2

p
ˆ ( )

2
H E

m
    r  (3.6) 

In physics, the Schrödinger equation (proposed by the Austrian physicist Erwin Schrödinger in 1926) is of cen-

tral importance in nonrelativistic quantum mechanics, playing a role for microscopic particles analogous to 

Newton’s second law in classical mechanics for macroscopic particles. Microscopic particles include elemen-

tary particles, such as electrons, as well as systems of particles, such as atomic nuclei. Macroscopic particles 

vary in mass from small dust particles to heavy planets in the solar system. Though the Schrödinger equation 

cannot be derived, it can be shown to be consistent with experiments. The most valid test of a model is whether 

it faithfully describes the real world. The wave nature of the electron has been clearly shown in experiments like 

electron diffraction experiments [5–7]. 

For a free electron in space without any boundary conditions, by solving the Schrödinger equation (Equation 

3.1), for instance, a time-dependent wave function of the electron in one dimension (x) can be in a form of 
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 ( )( , ) ei kx tx t A    (3.7) 

Where 

A is a constant 

k is called the electron wave vector that has the same direction as the electron momentum p 

The magnitude |k| (called wave number) is related to the electron de Broglie wavelength by 

 
2

| |k



  (3.8) 

Wave vector k in fact reflects traveling direction and momentum of an electron wave. 

Also from the solutions of the Schrödinger equations, the total energy E of a free electron in space would be 

the same as its kinetic energy (since the potential energy is zero) and can be expressed as 

 
2 2

2

2 2

p
E k

m m
   (3.9) 

With 

 m p v k  (3.10) 

Where v is the electron velocity. 

Equation 3.9 indicates that for a free electron in space without any boundary conditions, its energy is contin-

uous as shown in Figure 3.1a. 

Unlike in classic mechanics where the exact position and momentum of a moving object at a specific time 

can be determined simultaneously and precisely, in quantum mechanics, the exact position and momentum (or 

speed) of an electron cannot be determined simultaneously and precisely, and this is called Heisenberg uncer-

tainty principle that can be mathematically expressed as [5] 

 /2  r p  (3.11) 

Where 

r is the uncertainty of the position 

p is the uncertainty of the momentum of the electron 

Equation 3.11 implies that the product of the two uncertainties of an electron is at least /2. 

Most importantly, the probability of finding an electron (or the electron probability density ) anywhere in 

the space can be expressed by [5] 

 *(d d d )x y z   (3.12) 

Where * represents the complex conjugate of  (if  contains imaginary part). Since the electron probability 

density in the whole space is unity, the normalization condition requires 
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 *d d d 1x y z
  

  

    (3.13) 

Electron wave functions are typically obtained by solving the Schrödinger equations with certain conditions 

such as specific boundary conditions and the general normalization condition mentioned above. Additionally, 

for electrons moving around the nuclei, the much heavier nuclei are treated (or approximated) as static when 

deriving the electron wave functions. This is called Born–Oppenheimer or adiabatic approximation [5–7]. 

For an electron confined in an one-dimension potential well of size L with infinitely high potential barrier 

walls (U = ∞ as shown in Figure 3.2a and c), like a particle completely confined in a box (a “particle-in-a-box” 

case) or a bound electron in an atom as shown in Figure 3.3a, the electron wave function would become zero 

outside the potential well, i.e., (x) = 0 for x  0 or x  L. By solving the time-independent Schrödinger equa-

tion, the electron wave function in one dimension box will be in the form of 

 ( ) sinn n

n
x A x

L




 
  

 
 (3.14) 

Where n is a non-zero integer. The wave functions with n = 1, 2, and 3 are schematically shown in Figure 3.2a, 

and the corresponding electron probability densities are shown in Figure 3.2c. The total energy E of such a com-

pletely confined electron is in the general form 

 
2 2

2

22
nE n

mL


  (3.15) 

Where the energy difference between two adjacent electron orbital energy levels (also called energy gap or Eg) 

can be in the general form 

)12(
2 2

22

1   n
mL

EEE nng


   (3.16) 

 

Equation 3.15 reveals that for an electron completely confined in a box, only certain discrete energy levels 

(or orbitals) are allowed as shown in Figures 3.1b, 3.2a, and 3.3a. Since electrons in such an atom can only ab-

sorb or emit energies (or photons) among these discrete energy levels, therefore, only certain characteristic pho-

ton absorption and emission spectrum lines are allowed and shown in atomic spectra. This is the fundamental 

principle behind the atomic spectroscopy.   

Equation 3.16 indicates that the energy gap (Eg) between two adjacent energy levels (e.g., between n+1 and 

n levels) is inversely proportional to the square size of the box (or the electron delocalization square area of box 

with size L).   This has become one of the most well-known features of the “particle-in-a-box” principle, i.e., 

the larger the box size, the smaller the energy gaps of the particle in the box.  This principle can be graphically 

illustrated in Figure 3.4, where the electron orbital levels are plotted versus the number of repeat units of a con-

jugated organic or polymeric molecular system.   As Figure 3.4 illustrates, when the repeat units are small such 

as in small molecules or oligomers, energy gaps between each electron orbitals are relatively large.  As the 

number of repeat units (corresponding to conjugation length or electron delocalization) increases, the energy 

gap between each adjacent energy levels, such as the energy gap Eg between the lowest unoccupied molecular 

orbital (LUMO) and the highest occupied molecular orbital (HOMO) decreases.  Such Eg is essential for all 
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electronic and optical properties of the materials.  The extreme case of a very big box or a large electron delo-

calization can be represented by delocalized electron bands such as occupied valence band (VB) and un-occu-

pied conduction band (CB) in typical crystal semiconductors as shown in Figure 3.4.  Such Eg versus conjuga-

tion size trends have already been experimentally demonstrated in organic thiophene oligomers (as illustrated in 

Figures 10.6 and 10.7 in chapter ten of this book).   

For an electron confined in a one-dimension potential well of size L but with finite height potential barrier 

walls (U = U0, shown in Figure 3.2b and d), similar to a bound electron in a two-atom system as shown in Fig-

ure 3.3b, the solutions to the Schrödinger equation give wave functions with exponentially decaying penetration 

into the classically forbidden region outside the potential well [6, 7]. The penetration of a potential barrier by an 

electron wave is called “tunnelling.”  Tunnelling is a quantum mechanical effect and has important applications 

such as tunnel diodes and tunnel electron microscope. Confining a particle to a smaller space requires larger 

confinement energy. Since the wave function penetration effectively “enlarges the box,” the finite well energy 

levels are lower than those for the infinite well (Figure 3.2b and d). 

For an electron in a two-atom molecule as shown in Figure 3.3b, while the lower energy electron orbitals 

near the nuclei may still be separated (or confined) by an interatomic electronic potential barrier, the higher 

atomic electron orbitals, particularly those orbitals with energy levels higher than the inter-nuclei potential bar-

rier, may overlap and couple to each other depending on their spatial orientation and form new interatomic or-

bitals called molecular orbitals (MOs) (to be discussed in more detail later in this chapter), so that an electron 

from either atom can stay in the interatomic molecular orbital and move among the two atoms. This electron is 

said to be delocalized among the two atoms. 

For an electron in a periodically structured atomic or molecular lattice (such as in a closely packed atomic or 

molecular crystal) with periodic or alternating potential wells and barriers as shown in Figure 3.3c, the potential 

Ep(r) can be represented as 

 p p( ) ( )E E r r R  (3.17) 

Where R represents a spatial repeat unit. The solutions of the Schrödinger equation for the electron wave func-

tion  in such periodic potential is called a Bloch function, a Bloch wave, or a Bloch state in the form of [6, 7] 

 ( ) ( )eikrr u r k k  (3.18) 

Where 

eikr is a typical plane wave envelope function 

uk(r) is a periodic function that has the same periodicity as the potential in a form 

 ( ) ( )u u k kr r R  (3.19) 

The concept of the Bloch function was developed by Felix Bloch in 1928 to describe the conduction of electrons in 

crystalline solids. Equation 3.18 (also called Bloch equation or Bloch’s theorem) implies that for an electron in a pe-

riodic electronic potential lattice, the electron wave function is also in a periodic form.  More generally, a Bloch 

wave description applies to any wave-like phenomenon in a periodic medium. For example, a periodic dielectric in 

electromagnetism leads to photonic crystals (i.e., materials which exhibit band gaps for photons), and a periodic 

acoustic medium leads to phononic crystals (i.e., materials which exhibit band gaps for phonons—quantized modes 

of lattice vibration). 
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From mathematical solutions of the Schrödinger equation (Equation 3.4) and the Bloch equation (Equation 

3.18), a set of discrete energy states En(k) can be obtained, where n is an integer (n = 1, 2, 3, ) [6,7]. A plot of 

En(k) versus k is schematically shown in Figure 3.5. As Figure 3.5 shows, at each n value, the electron energy 

(bold curves) can vary continuously along the electron wave vector k (also called k-space) within a confined 

energy zone or band (between the two dashed lines) called “Brillouin zones” or “bands.”  The maximum verti-

cal energy dispersion within each allowed electron bands (Ew in Figure 3.5) is called bandwidth (BW), and the 

minimum forbidden energy region between the allowed bands (Eg in Figure 3.5) is called band gap, energy gap, 

or stop band. It is a region where the electron is forbidden from occupying or propagating. 

According to Fermi-Dirac statistics (equation 3.20 and Figure 3.6), in the absence of any energetic perturba-

tions (i.e., at absolute zero temperature and without any external radiations), all electrons shall be located at the 

lowest possible energy orbitals or bands. Thus, the highest electron completely occupied molecular orbital (i.e., 

the highest orbital that is filled with two electrons with opposite spin) is called highest occupied molecular or-

bital (HOMO), and the lowest electron unoccupied molecular orbital (i.e., the lowest orbital that is empty) is 

called lowest unoccupied molecular orbital (LUMO). Additionally, a single occupied molecular orbital (i.e., the 

orbital that has only one electron) is called SOMO. Additionally, from Bloch’s theorem, HOMOs can overlap 

and couple to each other in a closely packed periodic structure to form HOMO bands, or stable valence bands 

(VB) if the bandwidths Ew are substantial (i.e., above 0.1 eV) [8,9], and LUMOs (or SOMOs) can overlap and 

couple to each other in a closely packed periodic structure to form LUMO (or SOMO) bands, or stable conduc-

tion bands (CB) if the bandwidths Ew are substantial (i.e., above 0.1 eV). Note that 1) the SOMO band is half 

filled resulting in a metallic or semi-metallic band (Figure 3.7), and 2) the effective orbital coupling and band 

formation require substantial matching and overlapping of coupling orbital energy levels, orbital spacing (or 

distances), orbital orientations and geometries, etc. For traditional crystalline insulators and semiconductors, the 

band gap generally refers to the energy difference (Eg) between the top of the valence band and the bottom of 

the conduction band (CB) as shown in Figure 3.5. 

The ionization potential (IP) of a material is the energy necessary to bring the electrons from the uppermost 

occupied states, i.e., HOMO, or the valence band maximum (VBM), to just outside the surface (or the vacuum 

energy level, EVAC) with zero kinetic energy (Figure 3.5). The electron affinity (EA) is defined as the energy 

difference between the LUMO or conduction band minimum (CBM) and the EVAC.  

 

Electrons belong to a class of fundamental particles called fermions with half-integer spins.   The probability 

f(E) of a fermion at energy state E can be described by the Fermi-Dirac statistics or distribution function 

  

  𝑓(𝐸) =
1

𝑒(𝐸−𝐸F)/𝑘𝑇+1
   (3.20) 

 

Where EF is the Fermi energy level of fermions, k is Boltzmann constant, and T is absolute temperature.  A plot 

of f(E) versus E/EF is schematically shown in Figure 3.6 for two different temperatures at 100K and 1000K.  

Clearly higher temperature would excite more electrons at higher energy states.   

Based on equation 3.20, the Fermi energy level, EF, of a material can be defined as 1) the HOMO level or 

valence band maximum (VBM) at absolute zero temperature (i.e., T=0, f(E)=0 for E>EF, and f(E)=1 for 

E<EF), or 2) a hypothetical energy level with 50% probability of finding an electron occupying a state (an aver-

age valence electron state or level) at a thermodynamic equilibrium at any non-zero temperature state (when 

T≠0, f(E)=0.5 for E=EF), or 3) the total chemical or electrochemical potential for electrons which is a thermo-

dynamic quantity (work) required to add one electron to the body.  In classic semiconductors with certain exci-

tations or doping, the EF level is typically located between the VB and CB depending on actual charge carrier 

densities and energy perturbations [4]. The work function is defined as the energy difference between the EF, 

and the EVAC.  Figure 3.7(a) exhibits a general scheme of occupied (filled) and unoccupied (non-filled) electron 
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states or bands versus the density of states (DOS) for several classic materials including insulators, p-type semi-

conductors (p-SC), intrinsic semiconductors (i-SC), n-type semiconductors (n-SC), semi-metals, and metals at 

zero absolute temperature and without any energetic radiations.  Figure 3.7(b) exhibits a general scheme of oc-

cupied (filled) and unoccupied (non-filled) electron states or bands versus the density of states (DOS) for same 

materials at non-zero absolute temperature or with certain energetic radiations.  The Fermi level EF of these ma-

terials is also indicated.  At non-zero temperature and/or with certain energetic radiations, some electrons in oc-

cupied states can be excited to unoccupied states, and that would shift the EF level up.          

In most chemical reactions, and in most electronic and optoelectronic processes, it is predominantly the va-

lence electron transfers between the HOMO, the LUMO, the SOMO, the VB, and the CB. These orbitals and 

bands are therefore also called frontier orbitals/bands, and the information such as energy levels, shapes, orien-

tations, and spatial distances of the frontier orbitals/bands is very crucial for the electronic and optoelectronic 

properties of the materials. 

Because bands are solutions of the Bloch equation, in order for the materials to form or exhibit electronic 

bands, it is crucial that the materials possess a periodic potential structure to satisfy the Bloch’s theorem require-

ments. In most typical amorphous molecular or polymeric solids where the closely packed periodic potential struc-

tures are absent or very poor, it is not surprising that the bands are difficult to form or ever exist. However, in cer-

tain polycrystalline materials where both amorphous and crystalline domains coexist, bands may exist in the crys-

talline domains. Therefore, the band size (BS) may be defined as the average size of the actual periodic domain or 

path (or an effective conjugation size corresponding to the size a particle box) where Bloch function is applicable, 

and where electron transport is of coherent or tunnelling type. In a classic single crystal semiconductor, since the 

Bloch function can be applicable to the whole crystal (except the boundary or edge regions of the crystal), the 

band size is therefore roughly the same as the single crystal size. On the contrary, in the amorphous domains 

where the bands are poor or does not exist, charge transport follows incoherent or hopping mechanisms as will 

be discussed in detail in Chapter 4 of this book. The mean free path (MFP, l), or mean free distance (MFD) is 

defined in semiconductor physics as an average non-scattering (ballistic) electron transport length between two 

consecutive scattering centres as expressed by 

 l v  (3.21) 

Where 

 is the electron velocity 

 is the average electron transport relaxation time, also called mean free time (MFT), defined as the aver-

age time an electron travels between the two scattering centers [6,7] 

 

3.2.2 Atomic Orbitals of Carbon Materials 
 By solving the Schrödinger equations for electrons surrounding a nucleus, similar to the case of an electron 

in a potential well, with either infinite or finite walls, it can be found that the electrons are located only in cer-

tain energetically and spatially discrete electron orbitals surrounding the nucleus, and the orbitals are subject to 

the confinement of the nuclear electronic potential wells (Figures 3.1 through 3.3). Each electron orbital is dif-

ferentiated by its energy level, shape, and orientation as defined by the wave functions mentioned earlier. Such 

electron orbitals in atoms are called atomic orbitals (AOs). Also from the wave function solutions, each electron 

in an atom can be represented by a set of four unique quantum numbers [5,10]. These are the principal (or 

main shell) quantum number n (n = 1, 2, 3, ) representing the main energy level or main shell of an electron; 

the orbital (also known as the azimuthal, angular, or subshell) quantum number l (l = 0 for s-type orbital, l = 1 

for p-type orbital, l = 2 for d-type orbital, …, n 1, etc.) representing the subshells or types of an electron or-

bital; the magnetic quantum number ml (ml = 0, 1, …, l) representing the orientations (or angular momentum) 
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of an orbital along a specified axis; and the spin quantum number ms (ms = 1/2 or 1/2) representing the spin 

orientation or spin angular momentum of an electron. Table 3.1 summarizes these quantum states and numbers 

of an electron in an atom. 

From particle physics and statistical mechanics, since electrons have half integer spin quantum numbers, 

they belong to a family of elementary particles called fermions. The energy/state distribution of fermions in tra-

ditional semiconductors can be described by the Fermi–Dirac statistics (see equation 3.20). Fermions are in con-

trast to another major family of elementary particles called bosons that have integer spin quantum numbers, 

such as photons. The energy/state distribution of bosons can be described by Bose–Einstein statistics. 

The spatial shapes of the s-, p-atomic and spn (n = 1, 2, 3) hybrid atomic orbitals are schematically illustrated 

in Figure 3.8. In the figure, two different colors (dark and light) of the orbital lobes reflect the positive or nega-

tive phases of the electron wave function. The electron orbital shape roughly reflects the electron probability 

density as represented in Equation 3.12. As Figure 3.8 shows, the s orbital has a spherical symmetric shape with 

the same phase in all directions, while the p (including spn) orbital has a dumbbell shape with two lobes of dif-

ferent phases and sizes. 

According to Pauli Exclusion Principle, no two identical fermions may occupy the same quantum state sim-

ultaneously. For electrons in a single atom, the principle states that no two electrons can have the same four 

quantum numbers, i.e., every electron must be unique. Therefore, each electron orbital in an atom can only ac-

commodate a maximum of two electrons with opposite spins. Also from Aufbau principle and Hund’s rule, at 

ground state, the electrons will first occupy lowest energy state, and will first fill different orbitals with same 

single spin electron each before filling the same orbital with two electrons of opposite spins. Thus, the maxi-

mum number of electrons in each main shell is 2n2. While there are unlimited number of AOs surrounding a 

nucleus, there are, however, limited number of electrons in an atom. For instance, in a neutral and stable isotope 

of carbon atom 12C, there are six protons and six electrons, and the quantum numbers (or identity) of the six 

electrons in ground state can be represented by (n, l, ml, ms) as 1,0,0,1/2; 1,0,0,1/2; 2,0,0,1/2; 2,0,0,1/2; 

2,1,0,1/2; 2,1,1 (or 1), 1/2; or can be simplified as 1s22s22p2. The silicon electron configuration can be repre-

sented as 1s22s22p63s23p2. 

As stated earlier, in typical chemical reactions, including most electron transfer processes encountered in 

electronic and optoelectronic materials and devices, it is typically the valence or outer shell electrons (e.g., the 

2s22p2 electrons in carbon), or the electrons at the frontier orbitals such as HOMOs and LUMOs, that are en-

gaged in electron transfer and chemical bonding processes. The outer shell electrons are also called valence 

shell electrons or simply valence electrons, as these electrons are involved in forming valence chemical bonds 

during most chemical reactions [10]. For instance, each of the four valence electrons of the carbon (2,0,0,1/2; 

2,0,0,1/2; 2,1,0,1/2; 2,1,1 [or 1],1/2) couple with the one 1,0,0,1/2 electron of four hydrogen atoms forming a 

methane molecule, CH4, where the four valence chemical bonds (also called  bonds, or  molecular orbitals) 

are formed connecting the carbon and four hydrogen atoms. While each  bonding orbital contains two elec-

trons, one from the carbon, and one from the hydrogen, yet the  antibonding orbital is empty. Since the four 

valence electrons (2s22p2) in carbon are different, while experimentally the four valence bonds in CH4 appear to 

be the same, in order to account for this, Linus Pauling proposed a hybridized orbital theory. In chemistry, hybrid-

isation or hybridization is the concept of mixing atomic orbitals to form new hybrid orbitals suitable for the quali-

tative description of atomic bonding properties. In this methane case, for instance, hybridization theory postulated 

that during the CH4 bonding formation process, the carbon 2s orbital hybridizes with three 2p orbitals forming a 

four equivalent (same energy and shaped) sp3 hybridized atomic orbitals (HAOs, see Figure 3.9a), where each 

HAO contains one electron, and that the four sp3 hybridized orbitals are in a tetrahedral geometry with an angle 

of about 109.5 between any two orbital lobes (Figure 3.9d). Mathematically, the four hybridized sp3 orbitals 

can be derived by different linear combinations of the one s and three p orbitals (See Chapter 33 of this book for 

more detailed studies on this). Alternatively, the one carbon 2s orbital can hybridize with two 2p orbitals to 

form three equivalent sp2 HAOs (Figure 3.9b) in a triangular plane geometry with an angle of 120 between any 
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two orbital lobes (Figure 3.9e). Finally, the carbon 2s orbital can also hybridize with one carbon 2p orbital to 

form two equivalent sp hybridized orbitals (Figure 3.9c) in a linear (180) shape (Figure3.9f). 

 

3.2.3 Molecular Orbitals of Carbon Materials 
When two atoms are spatially very close to each other, and that substantial overlap (or coupling) of two AOs 

occurs, there is a possibility of two same electrons to coexist at the same location and at the same time, and this 

is prohibited from Pauli exclusion principle. Therefore, the two overlapped atomic orbitals split and form two 

new different energy (and shaped) orbitals called molecular orbitals (MOs). From mathematics, the linear com-

binations of any two atomic orbital wave functions can generate a pair of molecular orbital wave functions of 

different shapes and energy levels, one with energy level below the original atomic orbital level called bonding 

molecular orbital, and another with energy level above the original atomic orbital energy level called antibond-

ing molecular orbital as shown in Figure 3.10 [5,10]. As shown in Figure 3.10a, when the two s atomic orbitals 

overlap in phase, a  bonding molecular orbital is formed. When the two s atomic orbitals overlap or couple out 

of phase, a higher energy antibonding type orbital is formed. The amount of energy decrease in bonding 

molecular orbital is the same as the amount of energy raise in  antibonding molecular orbital as shown in Fig-

ure 3.10b. 

Likewise, as shown in Figure 3.11a, when the two p atomic orbitals overlap and couple in phase, a bond-

ing molecular orbital is formed. When the two p atomic orbitals overlap and couple out of phase, a higher en-

ergy  antibonding type orbital is formed. The amount of energy decrease in bonding molecular orbital is the 

same as the amount of energy raise in  antibonding molecular orbital as shown in Figure 3.11b.  Since the 

atomic valence electrons typically occupy only bonding molecular orbitals, the total energy of the molecular 

state would decrease in comparison to atomic state, the molecular states are therefore typically more stable than 

their atomic states. 

Similarly, as shown in Figure 3.12a, when the lobes of two spn (n = 1, 2, 3) HAOs (or two p orbitals in hori-

zontal orientation) overlap and couple in phase along the atomic centre axis, a lower energy level bonding mo-

lecular orbital is formed. When such overlap is out of phase, a higher energy  type antibonding orbital is 

formed. The amount of energy decrease in bonding molecular orbital is the same as the amount of energy raise 

in  antibonding molecular orbital as shown in Figure 3.12b. 

Thus, the potential problem of two same electrons coexisting at the same spatial location is resolved. The 

molecular chemical structures of most carbon-based organic compounds are in fact formed from carbon sp3 

HAOs coupling to each other forming relatively stable single bonds, as the energy required to excite an elec-

tron from  to * level is much higher than typical thermal heating or UV–Vis level energies [10]. 

In some cases, certain valence electrons from atomic orbitals are not participating in molecular orbital for-

mation or remain intact during molecular formation, such AOs in molecules are called nonbonding orbitals, and 

the electrons in it are called nonbonding electrons. In Figure 3.13, for instance, during the formation of ethanal 

molecule, the centre carbon atom uses one of its three sp2 HAOs to couple with the one 1s AO of the left hydro-

gen atom forming a 1 molecular orbital (or 1 single chemical bond). The centre carbon atom uses its second 

sp2 HAO to couple with one of the four sp3 HAOs of the right side carbon forming the 2 single bond. The re-

maining three sp3 HAOs of the right side carbon each would couple with the 1s AO of three hydrogen and form 

three bonds. The centre carbon atom uses its third sp2 HAO to couple with one of the sp2 HAOs of top oxygen 

forming the 3 bond. The remaining pz orbitals in both centre carbon and top oxygen overlap and couple in di-

rection normal to the triangular plane forming a bond. Such two chemical bonds together (one  and one 

bond between the two atoms) is called a double bond and is typically represented by double lines as shown 

[10]. The two electron pairs remained in the two sp2 HAOs of the top oxygen are called nonbonding or loan pair 

electrons, and their orbitals are also called nonbonding orbitals n1 and n2. During the formation of acetylene 

molecule as shown in Figure 3.13b, the two carbon atoms are in sp hybridization, each carbon uses one of its 
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two sp HAOs couple with the 1s electron of a hydrogen atom forming 1 and 2 bonds. The remaining sp or-

bitals from each carbon then couple to each other forming the C–C 3 bond. Since each carbon now still has 

two p orbitals, and that the two p orbitals are orthogonal to each other in a plane normal to the C–C 3 bond 

(e.g., assuming that the C–C 3 bond is in X-axis or direction, the two p orbitals are called py and pz orbitals). The 

coupling and overlaps of the py and pz orbitals in the Y and Z directions formed two  bounds (1 and 2) or-

thogonal to each other. Thus, a triple (alkyne) bound is formed, and ethyne (acetylene) molecule has a linear 

shape [10]. 

 

3.2.4 Electronic Structures and States of Representative Organic Materials 
To illustrate the electronic structures of carbon-based materials, diamond and graphene are used here as exam-

ples. In the case of diamond as shown in Figure 3.14a, each carbon atom couples with four other carbon atoms 

via four sp3 HAOs and forms four  single chemical bonds in a tetrahedral three-dimensional (3-D) network. 

Due to the relatively large energy gap between the  and * orbitals of the C–C bonds (i.e., energy gap of about 

5.5 eV in diamond [7], much bigger than the typical energy perturbation at ambient condition such as room tem-

perature and daylight of 0.02–3 eV), no electrons are expected to be excited and there are practically no free 

electrons at * conduction band and no free holes at valence band. This explains why diamond is an insulator 

in pure form and at ambient conditions. This is in contrast to silicon (or Germanium) crystals where the energy 

gap between the conduction band and the valence band is much smaller on the order of 1–2 eV, i.e., within 

daylight and ambient perturbation range, some electrons are excited from the valence band into the conduction 

band, so that semiconductors are formed. In the case of graphene (single layer graphite sheet, see Figure 3.14b), 

each carbon only couples with three other carbons to form bonds using three sp2 HAOs, and thus a big carbon 

sheet or plane is formed. The remaining pz orbitals on each carbon and normal to the carbon plane can overlap 

and couple with each other forming a two dimensional (2-D) electron band (bands). If there are no any distor-

tions or defects, the electronic band size may be regarded as the size of the entire graphene sheet. Due to the 

fact that each pz orbital contains only one electron, and up to two electrons can be in one pz orbital, so the 

electron band is in fact theoretically half-filled like a metallic or semi-metallic band (as depicted in Figure 

3.6).  However, distortions, defects, and boundaries/edges of the carbon plane may break up such half-filled me-

tallic band and yield energy gaps between conduction and valence band. In graphite, the interaction between 

graphene planes is rather weak, of the van der Waals type, and the overlap of wave functions on different planes 

is essentially non-existent. This explains why graphene or graphite is mainly conducting along the 2-D direction. 

Carbon nanotubes (CNTs) and fullerenes (C60 and derivatives) can be regarded to a certain degree as graphene 

sheets bent toward the shapes of tubes and spheres. In the case of fullerenes and CNTs, however, some carbon 

pentagons are necessary to mix with carbon hexagons in order to form a smooth sphere or tube surface. Since 

CNTs and fullerenes have half-filled  electron band in both curved and relatively flat geometries, metallic, semi-

metallic (expected in relatively flat domains), and gaped semiconducting domains (expected in curved domains) 

are expected and indeed are the cases (see Chapter 8 of this book). 

In ethene (ethylene) molecule as shown in Figure 3.15a, each of the two carbons uses three sp2 HAOs to cou-

ple with two hydrogens and one other carbon forming three bonds. The two remaining pz orbitals on the two 

carbon atoms normal to the ethylene plane overlap and couple to each other forming a bond as shown in Figure 

3.15b, and the bonding orbital is schematically shown in Figure 3.15c. For conjugated polymer polyacetylene 

(PA) shown in Figure 3.15d, like in ethylene, each carbon on PA backbone uses three sp2 HAOs forming three 

bonds with one hydrogen and two other carbons in a triangular manner as shown in Figure 3.15e. If all C–H 

atoms are in the same plane without any backbone distortion or twist, all pz orbitals normal to such plane could 

then well overlap and couple to each other forming a long one-dimensional (1-D) and half-filled  electron band 

similar to graphene as depicted in Figure 3.15e and f. If so, then the PA should be metallic along the backbone 

direction. In reality, however, due to the well-known Peierls distortion mechanism in all 1-D metals [6,7], every 
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adjacent pz orbitals are paired on PA backbone forming a single-double bond alternating conjugated polymer 

backbone shown in Figure 3.15g and h, where the bonding orbitals (HOMOs) couple to each other forming a 

HOMO band (or valence band), and the  antibonding orbitals (LUMOs) overlap and couple forming a LUMO 

band (or conduction band). The difference of the single and double bond length is called the bond length alterna-

tion (BLA). The BLA is expected to become zero in a perfect or undistorted spatial conjugation situation such as 

in benzene or graphene 2-D sheet where the bandwidth is largest and band gap is smallest. The BLA would be-

come largest in distorted PA chain where the bandwidth is smallest, band gap is largest, and single and double 

bonds on the conjugated chain are well defined. The actual BLA would be between the two mentioned extreme 

cases depending on the extent of orbital overlaps and coupling, and those depending critically on factors such as 

PA backbone length (related to average polymer molecular weight, MW), backbone shape or geometry (e.g., 

trans- versus cis-, flat or straight versus twisted or bent), backbone packing pattern or morphologies, etc. For in-

stance, Figure 3.15j depicts two PA chains in a straight and geometry matched close packing pattern. If all PA 

chains are packed as in Figure 3.15j, then the BLA and band gap would be small, and band size and bandwidth 

would be large. 

In general, the more ordered and less distorted packing of PA backbones, the more well-defined solid-state 

structural periodicity and better coupling between electronic orbitals of adjacent carbon sites, the weaker lattice 

thermal vibrations or less electron–lattice (electron–phonon) vibronic coupling (i.e., at lower temperatures), the 

larger the bandwidth, and smaller the band gap (BG), the material’s electronic properties are leaning more to-

ward the “band regime”, where the photo carrier generation may be the “primary mechanism” type and the car-

rier transport is dominated by coherent or band mechanism. On the contrary, the less ordered packing of PA 

backbones, the less defined solid-state structural periodicity and therefore the poorer electronic couplings be-

tween electronic orbitals of adjacent carbon sites, the more intense lattice thermal vibrations or stronger elec-

tron–phonon vibronic couplings (i.e., at higher temperatures), the smaller the bandwidth, the larger the band 

gap, the materials electronic properties are leaning more toward the “exciton regime”, where the photo carrier 

generation would be the “secondary mechanism” type, and the carrier transport is dominated by incoherent (or 

hopping) mechanism [9]. Therefore, even for materials having the same molecular or chemical structures, dif-

ferent morphologies in solid state (i.e., well-ordered crystalline versus disordered amorphous) or even tempera-

tures may render the materials in either the band-like transport regime or exciton-like hopping transport re-

gimes. For instance, the conductivity (in unit of Ω1 cm1 or S cm1) of doped polyacetylenes (PA) can vary 

from about 0.01 1 cm1 (i.e., a semiconductor with AsF5 doping and without stretching) all the way to about 

100,000 1 cm1 (i.e., a metal or conductor with iodine doping and stretching). Figure 3.35 depicts a conductiv-

ity chart of some key materials [1–3]. The conductivity () of a material is defined as 

 qN   (3.22) 

Where 

q is the basic electronic charge unit of the mobile charge carriers 

N is the number density of mobile charge carriers (in units of number of carriers per unit volume (e.g., 

cm3) 

is the charge carrier mobility (in units of cm2 Vs1) 

Carrier transport and modelling in organics are being reviewed in Chapter 4 as well as in Ref. [9]. 

While doping and defects/impurities in materials mainly affect the densities (N) of mobile charge carriers (to 

be elaborated in Section 3.3), the couplings and overlap of frontier orbitals (HOMOs or LUMOs) would affect 

the bandwidth and band gap, and that would critically affect the carrier transport mechanisms (either coherent 

or incoherent) and carrier mobility (). The dramatic conductivity differences of stretched and un-stretched PA 

films demonstrate the effects of molecular packing versus charge mobility. As a matter of fact, the estimated 
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best charge mobility () of doped polyacetylene is in the range of 100–200 cm2 Vs1, and this is in contrast to 

the measured charge mobility of 15,000 cm2 Vs in graphite, and the measured charge mobility of 80,000–

100,000 cm2 Vs in single wall carbon nano tubes or CNTs [9]. 

While polyacetylene may be regarded as a conjugated 1-D metal subject to Peierls distortion (though or-

dered and close solid-state molecular packing may minimize the distortion), a graphite sheet or graphene can be 

regarded as a conjugated 2-D metal, though it is also subject to distortions and boundaries of the carbon plane. 

In the case of CNTs, due to a cylindrical 3-D shape, certain distortions of a plane in graphene 2-D sheet are in 

fact being restrained, and this may account for a better charge mobility of CNTs. 

It was suggested at least 0.1 eV bandwidth is necessary for a band to be stable [8], i.e., those materials with 

bandwidth less than 0.1 eV should be treated as in charge carrier hopping transport regime. While most organic 

semiconductors have bandwidths less than 0.1 eV, certain organic crystals have been observed to have band-

width up to 0.2 eV [8]. These are in contrary to classic inorganic crystalline semiconductors that typically ex-

hibit bandwidths of several electron volts [6,7]. While band regime could exist in certain carefully grown and 

processed organic crystals at low temperatures, the hopping regime is believed to be predominant in most or-

ganic or polymeric conjugated semiconductors, particularly solution processed polymers. It is also reasonable to 

expect both band domains and hopping domains coexist in a particular organic or polymeric semiconductor thin 

film due to coexistence of both crystalline and amorphous domains. 

In addition to electronic orbitals and bands, the electron spin configurations or states are further represented by 

spin terms as listed in Table 3.2. Specifically, if there is a single unpaired electron, the spin quantum number (ms) is 

one half, the sum (S) of spin quantum numbers is one half, the multiplicity (2S + 1) is 2, and the spin term is called a 

Doublet. If all electrons are paired, the spin quantum numbers are positive and negative one halves in equal quanti-

ties, so the sum (S) of spin quantum numbers is zero, the multiplicity (2S + 1) is 1, and the spin term is called a Sin-

glet. If two unpaired electrons have the same spins (located in two different orbitals), the spin quantum numbers are 

two one-halves, so the sum (S) of spin quantum numbers is one, the multiplicity (2S + 1) is 3, and the spin term is 

called a Triplet. 

Certain molecular self-assembly or aggregates also form special electronic states. H and J-aggregates are 

such examples. Specifically, J-aggregates (Figure 3.16a) are formed with the monomeric molecules arranged in 

one dimension such that the transition moment of the monomers is parallel and the angle between the transition 

moment and the line joining the molecular centres is zero (ideal case). The strong coupling of several self-as-

sembled monomers results in a coherent excitation at lower energy or redshifted wavelengths relative to the 

monomer. In addition, the spectrum gets narrower and the vibrational coupling to the molecular modes will be 

largely absent. H-aggregates (Figure 3.16b) are again a 1-D arrangement of strongly coupled monomers, but the 

transition moments of the monomers are perpendicular (ideal case) to the line of centres. In contrast to the side-

by-side arrangement of molecules in J-aggregates, the arrangement in H-aggregates is face-to-face. The dipolar 

coupling between monomers in H-aggregates leads to a higher energy gap or blue shift of the absorption band. 

Experimentally, the absorptions (and emissions) for the H-aggregates would be blue shifted compared to 

non-aggregates, and the absorptions (and emissions) of the J-aggregates would be redshifted compared to non-

aggregates. Typically, solid state or higher concentrations in solution at lower temperatures would favour aggre-

gates formation, while dilute solutions in higher temperatures would favour non-aggregates (single molecular) 

state. Therefore, the typical aggregates component peaks should vary with these conditions.   

In some cases the oblique orientation in molecular aggregates can also be observed.  In this case the dipole-

allowed transitions occur to both low and high energy states resulting in splitting of the radiation and absorption  

bands (see Figure 33.4 of this book). This situation was observed in Rhodamine 6G  molecular aggregates and 

studied both theoretically and experimentally (see chapter 33 for more details). 

Finally, excimers and exciplexes are examples of excited state aggregates [14]. An excimer (originally short for 

excited dimer) is a short-lived dimer composed of two identical molecules, at least one of which is in an electronic 

excited state. Excimers are often diatomic and are formed between two atoms or molecules that would not bond if 

both were in the ground state. The lifetime of an excimer is very short, on the order of nanoseconds. An exciplex is 
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similar except it is composed of two different molecules. Excimers or exciplexes are only formed when one of the 

dimer components is in the excited state. When the excimer/exciplex returns to the ground state, its components dis-

sociate and often repel each other. The wavelength of an excimer/exciplex’s emission is longer (smaller energy) than 

that of the excited monomer’s emission. An excimer can thus be measured by fluorescent emissions. 

3.3 Electronic Transitions and Carrier Generations 
3.3.1 Electron Transfers and Electronic Transitions 

3.3.1.1 Electron Transfers 
In any electronic transitions involving an electron transfer process, e.g., an electron is transferred from an initial 

orbital to a final orbital (corresponding to a whole system electronic transition from an initial state to a final 

state) as occurres in many chemical and optoelectronic processes, the transition can be represented by an initial 

state function i and a final state function f. Assuming the transition is driven by a perturbation V, according to 

perturbation theory, the transition probability Pif can be expressed by [8] 
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Where 

t is the transition time 

fi is an angular frequency related to the transition energy fi between the states i and f 

i|V|f  = Vif is called the electronic coupling matrix element of the electronic transition 

If the final state has a continuum or distribution of states (e.g., different vibrational levels) represented by a den-

sity of state (Ef), the transition probability per unit time, or the transition rate constant (often shortened as tran-

sition rate or electron transfer rate) kif can then be expressed by the Fermi’s Golden Rule as 
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The expression for the rate obtained within the Frank–Condon approximation factorizes into an electronic and a 

nuclear vibrational contribution as [8] 
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Where FCWD is the Frank–Condon-weighted density of states. When all vibrational modes are classical or at high 

temperatures regime (i.e., i << kT), the FCWD can be in the Arrhenius form of 
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Where 

 is the total lattice/nuclei and surrounding media reorganization energy cost of the transition 

G# = (G0 + )2/4is the transition activation energy 
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G0 is the standard Gibbs free energy change from the initial to final states 

This leads to the semi classical Marcus electron transfer equation 
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When certain lattice vibrational modes of the final state (countering the electron transfer) are much stronger 

compared to electron thermal energy (i.e., i >> kT), the transition rate constant can then be better represented 

by Bixon and Jortner modified Marcus equation as 
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Where the reorganization energy is divided into classic (or solvent) contribution (s) and a strong lattice vibra-

tional mode contribution (i = ni). The Huang–Rhys factor Si = i/iis a measure of the electron–phonon 

interactions. 

In fact, any additional driving or counter-driving forces affecting the electron transfer can also be taken into 

account. These forces may include electromagnetic radiation, thermal or mechanical forces driving the electron 

transfer (e.g., “hot” initial state vibrational modes), electrical forces, magnetic forces, etc. Assuming F to rep-

resent the sum of all those additional forces (driving force with negative signs and counter-driving forces with 

positive signs), the electron transfer rate constant in semi classic form could then be represented by 
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By definition, in any electron transfer reaction or process, the electron donor (D) is the entity that donates (con-

tributes) the electron during such process, and likewise, the electron acceptor (A) is the entity that accepts (cap-

tures) the electron during such process. The profiles of a donor/acceptor (D/A) pair (such as the relative fron-

tier orbital levels) could be different in different electron transfer processes (e.g., excited state or ground state 

electron transfers), and a donor may become an acceptor in different electron transfer processes. In analogy, in 

an energy (or exciton) transfer process, the energy donor (D) is the entity that donates (contributes) the exciton, 

and likewise, the energy acceptor (A) is the entity that accepts (captures) the exciton. The profiles of an energy 

transfer D/A pair (including the relative frontier orbital levels) may be different in different energy transfer pro-

cesses, and a donor may be an acceptor in different energy transfer processes. 

Figure 3.17a exhibits a typical or classic scheme of Gibbs free energy potential profile and evolution versus 

the nuclear or lattice coordinates where an electron is transferred from an electron donor (D) to an electron ac-

ceptor (A) as represented by a reaction D/A  D+/A, and the reaction is accompanied by a system (including 

both donor and acceptor) standard Gibbs free energy reduction of G0 (driving force with a negative sign) and a 

reorganization energy cost of  (counter-driving force with positive value) [11]. Qr represents the nuclear/lattice 

geometry or coordinate of the initial or reactant state, Q# represents the nuclear/lattice geometry or coordinate of 

transfer activation state, and Qp represents the nuclear/lattice geometry or coordinate of the final or product 

state. G# is the activation energy. Figure 3.17b shows a correlation between the electron transfer rate constant 

k versus the reaction standard Gibbs free energy change based on equation 3.26 of Marcus theory. As the figure 

shows, when G0 =  (or G0 +  = 0), k reaches its maximum and G# = 0. On the left side of the maximum 
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k value where k increases with G0, this is called normal region, where the electron transfer becomes faster 

with increasing driving force G0. However, on the right side of the maximum k value where electron transfer 

becomes slower with increasing driving force G0, this is called Marcus “inverted region”, and this was some-

what unexpected in the early days [11]. In essence, Marcus theory predicts that electronic transition or electron 

transfer becomes fastest when all the driving and counter-driving forces are balanced. 

In spatial domain, as shown in Figure 3.18, the electron transfer rate constant k correlates to the transfer dis-

tance r between the donor (D) and the acceptor (A) depending on the actual paths or mechanisms of the transfer 

process. For instance, in a coherent (super-exchange, tunnelling, or band-like) type electron transfer, where the 

electronic coupling between the donor and acceptor is strong and the electron scattering is weak, the transfer 

rate constant is correlated to the transfer distance by 

 0e
rk k   (3.30) 

Where the coefficient  varies in a range of 0.2–1.4 depending on the systems under consideration [12]. In an 

incoherent (or hopping) style electron transfer, where the electronic coupling between the donor and acceptor is 

relatively weak and the electron scattering is strong, the transfer rate is correlated to the transfer distance by 

 0k
k

r
  (3.31) 

In the hopping case, the electron transfer rate may be approximated by Marcus electron transfer model [8,9], or 

approximated by Abbrium–Miller model (see Chapter 4). 

The correlation of materials conductivity versus temperature are critically related to the two major types 

of charge transport mechanisms as schematically shown in Figure 3.19, where in the coherent or band-like 

charge transport case at relatively low temperature, increasing temperature would result in lower conductivity 

due to increasing thermal or lattice vibration would interrupt the electronic orbital coupling or band structure for 

the coherent electron transport.  In the case of incoherent or hopping charge transport case, increasing tempera-

ture would result in higher conductivity due to thermal or lattice vibration would facilitates the charge hopping.   

Electron transfer rate is essential to many chemical, physical, and biological processes, particularly elec-

tronic and optoelectronic properties of many molecular materials systems. 

 

3.3.1.2 Electronic Transitions 
Using a simple diatomic molecular system as an example, the potential energy surfaces of ground (S0) and first 

excited (S1) states versus the diatomic nuclear distance can be schematically represented as top-distorted parab-

ola (also called the Morse potential) curves as shown in Figure 3.20 [5]. The horizontal lines (labelled as n, 

n ,n , where n 0, 1, 2, ...) within each potential wells represent different vibrational energy levels. From quan-

tum mechanics and by treating the diatomic molecular system as a harmonic oscillator (particularly near the 

bottom of the potential well), the vibrational energy levels Ev can be represented by 

 
1

2
v oE v hv

 
  
 

 (3.32) 

where 

v is the vibrational quantum numbers (v = 0, 1, 2, …) 

vo is the fundamental frequency of the vibration between the two nuclei 
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Figure 3.20 illustrates that the potential energy minimum of ground (S0) and first excited (S1) states can be at 

different nuclear coordinates (e.g., different inter-nuclear distance in a simple diatomic system). Both the typical 

intra-molecular vibrational modes (represented by vn and vn), and an inter-molecular vibrational mode (repre-

sented by v0, due to excited state molecular aggregates) are shown. According to the Frank–Condon principle 

[5], an electronic transition typically proceed in a vertical transition manner (i.e., transitions v0  v1 or v0  v1 as 

shown in Figure 3.20), so that the nuclear coordinates essentially remain static during the initial ultra-fast elec-

tronic transition or electron transfer. If we apply Equation 3.29 to the case of a photo driven electron transfer (or 

transition), for instance, the photon driving force would be F = −hv. Assuming all nuclear vibrational modes 

are classical (i << kT), the rate (or intensity) of the transition would therefore be proportional to the energy 

factor exp [–(G0 +  − hv)2/4kT], which would yield a Gaussian bell-shaped photo absorption peak, where 

the peak maximum corresponds to hv = G0 + , and the low energy edge of the absorption peak could be used 

to estimate the potential energy gap E of the system under certain approximations. 

Once the molecule is at v1 level in S1 state, it typically relaxes to the lower and more stable v0 level and ge-

ometry in S1 state, called exciton vibronic relaxation, also called Kasha’s rule. Relaxation/decay from excited S1 

state to ground S0 state is also vertical, i.e., it may proceed between different vibrational levels if ground and 

excited states have different potential minimum (e.g., from v0 level in S1 state to v1 level in S0 state shown in 

Figure 3.20). Excited state relaxation can be either radiative, i.e., via emitting photons, or non-radiative decay, 

i.e., via lattice thermal relaxation. 

The excitation or absorption processes can be characterized by various absorption spectroscopic techniques 

(such as UV–Vis) in different electromagnetic energy ranges corresponding to the absorption energy, and the 

decay processes can also be studied by various emission spectroscopic techniques (such as fluorescence if the 

decay is radiative in UV–Vis region).   

Figure 3.21 schematically depicts idealized absorption and emission mirror peak bands with component peaks 

representing either vibrational or aggregates modes. To determine if a component peak comes from vibrations or 

aggregations, spectroscopic concentration or temperature-dependent experiments can be performed, as aggregate 

peaks are more intense in the solid state or higher concentrations in solution and at lower temperatures. 

Stokes shift refers to the energy difference (or the redshift) of the emission spectrum peak versus the absorption 

spectrum peak (see Figure 3.21) [5]. In addition to vibrational relaxations that contribute to the Stokes shift, in solid 

states, several other factors can also contribute to the Stokes shift, for example, any lattice structural reorganizations 

(or electronic polarization changes) after electronic transitions, aggregates (J- or H-type), or any excimers/exciplexes 

formations. Note if the potential energy surfaces of the ground and first excited states are the same or similar in 

shape, then the Stokes shift (which is in fact the sum of reorganization energies of both absorption and emission be-

tween S0 and S1 states) becomes about twice the magnitude of the reorganization energies in either v0  v1 or v0 v1 

transitions (Figure 3.20). 

In addition to the basic two-level electronic transitions described above, other major types of transitions are also 

encountered often. Those include transitions at higher excited state levels (also called super-excitations), intersystem 

crossing transitions, collisional quenchings, internal conversions, etc. All those transitions can be summarized in a 

Jablonski’s diagram as shown in Figure 3.22 [5]. In this figure, S0 represents the system ground state, S1 represents 

the first excited state, S2 represents the second excited state, and T1 represents the first triplet state. 1a and 2a repre-

sent absorptions to S1 and S2 states; 1b and 2b represent vibrational and structural relaxations within S1 and S2 states; 

1c and 2c represent singlet excited state emissions or fluorescence of S1 and S2 states; 1d represents an intersystem 

crossing from S1 to T1 state, i.e., a singlet exciton becomes a triplet exciton via an electron spin flip; 2d and 3d repre-

sent transitions from S2 to S1 states via either collision (2d) or internal conversion/structural relaxation (3d); and 1e 

represents radiative relaxation from the triplet exciton state T1 to the singlet ground state S0. Since this T1–S0 transi-

tion requires a spin flip coupled with an exciton relaxation, the process is somewhat hindered as compared to a sin-

glet decay, therefore, such radiative decay (also called phosphorescence emission) is a much slower process com-

pared to the singlet fluorescence emission in 1c and 2c. Alternatively, the S1 exciton can relax to ground S0 state via 
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non-radiative mechanisms, such as thermal or structural relaxations. In these processes, heat instead of light would 

be released. 

  

Light absorption or intensity attenuation on propagating through a material or an optical media can be de-

scribed by Beer-Lambert law (or Beer’s law).  In a solution media, Beer’s law can be expressed as 

 

𝑇 =
𝐼

𝐼𝑜
= 10−𝐴   (3.33) 

And      A = αl = ɛcl      (3.34) 

 

Where T is the light transmittance through a solution media with materials concentration c and a light propaga-

tion length of l, Io is the light intensity when entering the media, I is the light intensity when exiting the media, 

A is the light absorbance, α is the light absorption coefficient (α=ɛc), and ɛ is the light absorption extinction co-

efficient (or molar absorptivity).   Both transmittance T and absorbance A are unit less and can be measured di-

rectly from a UV-Vis spectrophotometer.  If the solution concentration c is in unit of M (Molarity = Moles/Lit-

ter), length l is in unit of centimetre (cm), the absorption coefficient α would then have a unit of cm-1, and the 

absorption extinction coefficient ɛ unit would be M-1cm-1.   

 

In general, the electronic transitions of valence electrons in molecules such as organic compounds can be 

measured by UV/Vis spectroscopy provided that the excitation energy gap Eg is in the UV or visible range of 

the electromagnetic radiation range for these compound.  For instance, electrons residing in the HOMO of a 

sigma bond can be excited to the LUMO of that bond. This process is denoted as   * transition.  Likewise, 

promotion of an electron from a  bonding orbital to an antibonding * orbital is denoted as   * transition. 

Auxochromes (a group of atoms such as OH, NH2, and aldehyde groups attached to an organic chromophore 

that modifies the ability of that chromophore to absorb light) with loan pair electrons denoted as n have their 

own transitions, as do aromatic bond transitions. The following molecular electronic transitions are quite 

common: 

   * 

   * 

 n  * 

 n  * 

In addition to these assignments, electronic transitions also have the so-called bands associated with them. The 

following bands have been reported in literature: the R-band from the German radikalartig or radical-like, the 

K-band from the German Konjugierte or conjugated, the B-band from benzoic, and the E-band from ethylenic 

(system devised by A. Burawoy in 1930). For example the absorption spectrum for ethane shows   * tran-

sition at 135 nm and that of water shows n  * transition at 167 nm with an absorption extinction coefficient 

of 7000. Benzene has three aromatic   * transitions; two E-bands at 180 and 200 nm and one B-band at 255 

nm with absorption extinction coefficients of 60,000, 8,000, and 215, respectively. These absorptions are not 

narrow bands but are generally broad because the electronic transitions are superimposed on the other molecular 

energy states.  Additionally, many colored dye molecules or chromophores (such as porphyrin dyes with their 

core chemical/electronic structures similar to that of Chlorophylls which are the green colored pigment in natu-

ral plants) typically exhibit two major electronic absorption bands, one lower energy absorption band between 
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500-800 nm called Q-band, and one higher energy band between 200-500 nm called B-band, S-band, or Soret 

band.  For instance, in the UV-Vis absorption spectra of Chlorophyll-a and Chlorophyll-b as shown in Figure 

3.23a, the Q band peaks appear between 600-700 nm and the B, S, or Soret band peaks appear between 400-500 

nm.   The optical excitation energy gap Eg for Chlorophylls are estimated from its Q band lower energy onset of 

about 700 nm (1.8 eV).  Solar irradiation spectrum is shown in Figure 3.23b, where the top curve exhibit air 

mass zero (AM0) solar spectrum at top of the atmosphere, and the lower curve exhibits air mass 1.5g (AM 1.5g) 

solar spectrum at sea level.  As Figure 3.23 illustrates, Chlorophylls exhibit intense green color due to their ab-

sorption of other colors in visible spectrum except the green sunlight photons.      

The electronic transitions of molecules in solution can also depend strongly on the type of solvent with additional 

bathochromic shifts (a change of spectral band position in the absorption, reflectance, transmittance, or emission 

spectrum of a molecule to a longer wavelength or lower frequency, also called red shift or hypochromic shifts (a 

change of spectral band position in the absorption, reflectance, transmittance, or emission spectrum of a molecule to 

a shorter wavelength or higher frequency, also called blue shift). As briefly mentioned earlier, molecular aggregates 

in both solution and solid states would also cause bathochromic or hypochromic shifts depending on the nature and 

type of the aggregates. 

 

3.3.2 Carrier Generation Mechanisms 
 

3.3.2.1 Excitons Versus Charge Carriers 
 

When an energy matched photon hits a semiconductor, an exciton is usually first formed as shown in Figure 

3.24. An exciton is a bound state of an electron and an imaginary particle called hole (a vacant site of an elec-

tron with one positive charge), and thus is also called a correlated electron–hole pair. Correlated means free 

electron spins are not detectable via the electron spin resonance (ESR) or electron paramagnetic resonance 

(EPR) even if the excited single electron is at the LUMO orbital, and one remaining single electron is at HOMO 

orbital after the excitation. Exciton is a quasi-particle. A quasiparticle refers to a particle-like entity arising in 

certain systems of interacting particles. It can be thought of as a single particle moving through the system, sur-

rounded by a cloud of other particles that are being pushed out of the way or dragged along by its motion, so 

that the entire entity moves along somewhat like a free particle. Excitons are integer spin particles thus obeying 

Bose statistics in the low-density limit. An exciton can diffuse in the material from one site to another called 

exciton diffusion or more frequently called energy transfer process (to be described in detail later).  Excitons 

can be treated in two limiting cases that depend on the properties of the material in question. 

 

In a classic or traditional inorganic semiconductor as shown in Figure 3.24a, the dielectric constant is generally 

large, and as a result, charge screening effectively reduces the Coulomb interaction between electrons and holes of 

the photo generated excitons. The end result is a relatively large Wannier–Mott (or Wannier) type exciton (with 

typical size over 10 nm) much larger than the typical lattice nuclear spacing. As a result, the effect of the lattice 

potential can be incorporated into the effective mass of the electron and hole, and because of the lower effective 

masses and the screened Coulomb interaction, the exciton binding energy (EB), i.e., the minimum energy required 

to dissociate an exciton into a free (or uncorrelated) electron and a free hole is relatively small (typically much less 

than 0.01 eV in Wannier type exciton), therefore, thermal energy of an electron (ET = kT = 0.025 eV at room tem-

perature, or thermal phonon energy ) would be sufficient to dissociate the Wannier type excitons (Figure 3.25).   

 

The Bohr radius (r) or average size of an exciton in a semiconductor can be expressed by [6,15]. 
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where 

r0 is the Bohr radius of hydrogen or atomic unit of length (about 0.053 nm) 

 is the dielectric constant of the materials 

m and m* are the rest (or free) and dynamic (or effective) mass of the electron, respectively 

The concept of effective mass m* is used because an electron would appear either heavier or lighter in a solid-

state material depending on the interactions between the electron and the phonon, and it can be expressed by 

[6,7] 
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 (3.36) 

Where 

F is the net driving force 

v is the velocity 

E is the energy 

k is the wave number of the electron 

Equation 3.36 shows that the effective mass is inversely proportional to the curvature of the electron energy 

bands (E–k curve). 

In general, the effective mass of the electron would become bigger with smaller charge delocalization or 

larger energy gap of the materials. For instance, the charge delocalization is typically smaller in organic semi-

conductors as compared to inorganic semiconductors, therefore, the electron effective mass is much bigger in 

organic semiconductors than in inorganic semiconductors. Additionally as mentioned above, the dielectric con-

stants () of organic semiconductors are generally smaller than inorganic semiconductors, and this results in 

poorer charge screening in organics. Both factors contribute to the average smaller exciton size of organic semi-

conductors as reflected in Equation 3.35. Finally, the Columbic potential Ec is inversely proportional to both the 

exciton size and the dielectric constant of the material as represented by 
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A plot of Ec versus the exciton radius or size r is shown schematically in Figure 3.25, where the typical 

inorganic Wannier type exciton are larger than 10 nm and their Columbic potential or exciton binding en-

ergy (EB) are generally less than the room temperature thermal energy (kT = 0.025 eV).  On the other 

hand, the typical organic Frenkel type excitons generally have a size of less than 2 nm and their Columbic 

potential or exciton binding energy (EB) are typically over the room temperature thermal energy (kT = 

0.025 eV).   

 

Thus, in typical inorganic semiconductors and at room temperature, the photo generated free electrons would 

be delocalized and traveling in the conduction band (CB), and the photo generated free holes would be delocalized 

and traveling in the valence band (VB). Both free electrons and holes (also called mobile charged carriers, or 

simply carriers) can be regarded as generated directly from photo excitations in inorganic semiconductors. Free, 

uncorrelated, or mobile electrons and holes imply the electrons and holes can each move independently as individ-
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ual particles and each can be detected by ESR. This is why free charge carrier photo generation in classic inor-

ganic semiconductors is called primary photo carrier generation mechanism, and is also termed VB–CB transi-

tions or simply band-to-band transitions [6,7]. 

In most organic and polymeric semiconductors as shown in Figure 3.24b, the dielectric constant is generally 

much smaller than in inorganics, as a result, the Coulomb interaction between electron and hole of an exciton 

becomes very strong, therefore, a much smaller sized (mostly 2 nm) Frenkel-type exciton (also called exciton–

polaron due to significant polarization and lattice distortion) is formed upon photo excitation [13–15]. The exci-

ton orbital levels are within the LUMO/HOMO gap as shown in Figure 3.24b [13]. The exciton–polaron bind-

ing energy is relatively large (EB is in the range of 0.1–1.5 eV [2,3,13–15]), i.e., thermal energy of electron at 

room temperature kT, or lattice thermal vibration/phonon energies () would not be sufficient to dissociate a 

Frenkel-type exciton, therefore, additional or secondary forces are needed in order to dissociate a Frenkel-type 

exciton into free electrons and holes [15]. This is why photo carriers in organics are generated mostly via a sec-

ondary photo carrier generation mechanism, also called photo doping mechanism referring a photo-induced 

charge separation [15]. 

In organics, free electron charge carriers are also termed electron–polarons or negative polarons; and free 

holes are also termed hole–polarons or positive polarons. Polarons are defined due to an electron or a hole in 

organics typically induces a relatively large local polarization (also called induced or transient dipoles) and lat-

tice distortion. The carrier together with the induced polarization is considered as one entity, which is called a 

polaron. Polaron is originally defined as a quasiparticle composed of a charge plus its accompanying polariza-

tion field. The resulting lattice polarization acts as a potential well that hinders the movements of the charge, 

thus decreasing its mobility. For instance, a slow moving electron in a dielectric crystal interacting with lattice 

ions through long-range forces will permanently be surrounded by a region of lattice polarization and defor-

mation caused by the moving electron. Moving through the crystal, the electron carries the lattice distortion 

with it, thus one may speak of a cloud of phonons accompanying the electron. The polaron LUMO/HOMO lev-

els are located between the pristine molecular LUMO/HOMO levels (see Figure 3.35) [13,14]. 

Finally, orbitals higher than LUMOs can also participate in the exciton formation (also called super-excita-

tion), and this would lead to the formation of different types of excitons in the same material as demonstrated in 

some ultrafast two-photon absorption experiments. 

 

Figure 3.26 schematically exhibits ground state S0, photo excited exciton state S1, and exciton dissociated (or 

charge separated) state S1 of a general molecular system in (a) frontier orbital representation and (b) free energy 

representation (Note the free energy can be represented by a single lattice coordinate, while the potential energy 

has multi-coordinates for a polyatomic molecular system. Also, the free energy change could approximate the poten-

tial energy change when the entropy change is small or negligible). Here, the main difference between S1 and S1 

states is that, in S1 or exciton state, the electron at LUMO is strongly correlated with the hole at HOMO, such that 

this exciton diffuses as one single quasiparticle. The S1 state may also be an excimer or an exciplex as described ear-

lier. While in S1 or charge separated state, the electron at LUMO is regarded as uncorrelated to the hole at HOMO, 

so that electrons and holes can each diffuse separately as two independent or free charge carriers. Please note that in 

Figure 3.26a, the two schematic HOMO/LUMO pairs may not necessarily be immediately adjacent to each 

other, i.e., a certain spatial distance or several atomic/lattice sites may exist between the two charges. 

Figure 3.26b schematically exhibits system free energy surfaces for the three states. In the figure, the energy 

gap, Eg (also called optical excitation energy gap) between S0 and S1 states can be experimentally estimated 

from the absorption band edge of typical UV–Vis spectrum. 1 is the reorganization energy of the S0  S1 tran-

sition and 2 is the reorganization energy during the S1  S1 transition. Since the S1  S1 transition is mainly 

exciton dissociation, the free energy gap between S1 and S1 states is mainly the exciton columbic binding energy 

Ec. Therefore, the electronic energy gap between S0 and S1 states is 



Manuscript for Invited Review Only 
 

24 

 

 
'

g g cE E E   (3.38) 

Based on semi-classical Marcus model, the magnitude of optimal driving force for the S1  S1 transition ap-

pears to be  

 

      EB 2 + Ec    (3.39)  

Where EB approximates the total exciton binding energy. As mentioned earlier, for most organic or polymeric 

noncrystalline semiconductors, room temperature thermal energy would not be sufficient to overcome EB, addi-

tional force (or energy) is therefore needed in order to dissociate a Frenkel-type exciton into free charge carri-

ers, the so-called secondary photo carrier generation mechanism [15]. The extra force or energy can be from 

externally applied electric fields, high temperature thermal energy, and in most cases from the frontier orbital 

level offsets between an electron donor and an electron acceptor (such as LUMO offset E) as shown in Figure 

3.27a [15]. As Figure 3.27a shows, the frontier orbital energy offset (E—the energy difference between D-

LUMO and A-LUMO) is in fact a key driving force to overcome EB in order to incur the excited state electron 

transfer from the donor to the acceptor, as the D-LUMO  A-LUMO transition (exciton dissociation) is typi-

cally much faster than the D-LUMO  D-HOMO transition (exciton decay) [16]. This is somewhat analogous 

to a p/n junction as shown in Figure 3.27b where the electric field at the p/n junction facilitates the electron 

and hole separation, where electrons are pushed from the p-type semiconductor into the n-type semiconductor, 

and holes are pushed from n-type semiconductor into the p-type semiconductor [6,7]. However, while free 

charge carriers (electrons and holes) are generated in either p- or n-type traditional semiconductors, mainly 

neutral exciton or electron-hole polaron pair are generated in organic donor or acceptor phases. Therefore, a 

donor/acceptor interface appears essential for photo charge carrier generation in typical organic optoelectronic 

such as photovoltaic devices [15, 16]. 

 

3.3.2.2 Photo Doping (Photo-electric Processes) 
The photo-induced charge separation due to the presence of a donor (D)/acceptor (A1) pair (a weak D/A pair 

with weak coupling WC) is also called photo doping (or photo-electric) process as schematically illustrated in 

Figures 3.27a, 3.28a, 3.29, and 3.33a. Specifically, in the photo doping process, the A1-LUMO is close and 

slightly lower than the D-LUMO, the free energy difference (E1) for the D-LUMO  A1-LUMO electron transfer 

could be optimum (e.g., E1 = 1 as exhibited in Figures 3.28a and 3.29), so that such transition can be much faster 

than the donor exciton decay (i.e., electron transfer from D-LUMO to D-HOMO) [16]. Note if the D-HOMO/A-

LUMO coupling is stronger than D-HOMO/D-LUMO (such as in the thermal or chemical doping cases shown in 

Figures 3.28b-c, 3.30, 3.31, 3.32, and 3.33c), then photo (or thermal) driven electron transfer from D-HOMO to 

A-LUMO may proceed directly to form an inter-molecular uncorrelated or weakly correlated charge pair. This is a 

strong donor/acceptor pair with weak coupling (WC) case as exhibited in Figure 3.33c and is the predominant 

charge carrier generation mechanism in chemical or thermal doping processes.   

 

3.3.2.3 Chemical/Thermal Doping (Chemo-electric/Thermo-electric Processes) 
 

In the donor (D)/acceptor (A2) incurred chemical doping (chemo-electric) or ground state charge transfer 

process (strong D/A pair with weak electronic coupling) as schematically shown in Figures 3.28b and 3.30, the 

LUMO of the acceptor (A2) is a little lower and weakly coupled to the HOMO of the donor (D), so the electron 

can transfer directly from the D-HOMO to the A2-LUMO even without any external energetic perturbation or 

driving forces [16,17].  For instance, in case the LUMO of A2 is lower than the HOMO of D, the free energy 

driving force E2 due to D-HOMO/A2-LUMO orbital offset could become optimum (e.g., E2 = 2 as shown in 
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Figure 3.30) to drive a ground state electron transfer at even absolute zero temperature [16]. At non-zero tem-

perature, even if the LUMO of acceptor is the same or slightly higher than the HOMO of D, electron transfer 

would still proceed due to thermal doping (thermos-electric) process as schematically shown in Figures 3.28c, 

3.31, and 3.32 [6,16,17]. Though the transfer rate due to thermal doping may be very low due to weak driving 

forces, however, once such transfer occurs, and if the donor is a minority dopant dispersed in the majority ac-

ceptor phase as shown in Figures 3.32 and 3.34b, the left over hole is trapped at the donor dopant site, and the 

free or mobile electron (negative polaron) can diffuse away in the acceptor LUMO band forming a n-type semi-

conductor (or a conductor, depending on the carrier density and mobility). The donor dopant, or any donor type 

impurity or defect site, can also be called the hole trap.  Figure 3.32 further illustrate that, once the electron 

transferred from the D-HOMO to the A-LUMO as a result of heat or ΔT, it can move away from the donor do-

pant site in the acceptor LUMO band due to both mobile electron density or chemical potential gradient or a 

temperature gradient ΔT.  Such electron transport or migration in the material would result a spatial voltage ΔV 

as shown in Figure 3.32c.  The thermoelectric Seebeck coefficient (S), the thermal power factor (TPF), and a 

figure of merit (ZT) of thermal electric materials are defined as  

 

S= ΔV/ ΔT     (3.40) 

TPF = S2σ     (3.41) 

ZT = S2σ T/κ     (3.42) 

 

Where σ is the electrical conductivity, and κ is the thermal conductivity (see Chapter 32 of this book 2nd edition 

for more details).  Clearly, in order to increase the Seebeck coefficient and other thermoelectric properties, it is 

crucial to 1) increase thermal doping generated charge carrier density which contribute to both ΔV and σ, and 2) 

improve electron transport or the acceptor LUMO bandwidth Ew that also contribute to both ΔV and σ.    Ther-

mal doping generated electron density is proportional to the thermal incurred electron transfer rate which in turn 

are related to the driving forces such as ΔT and the counter driving forces such as ΔE3 and λ3 (Figure 3.31).   

If the acceptor is the minority dopant dispersed in the majority donor phase, then the free and mobile hole 

(positive polaron) thus diffuses in the donor HOMO band, and the electron at acceptor LUMO is trapped form-

ing an p-type semiconductor as shown in Figure 3.34c (or a conductor depending on the density and mobility of 

the carriers). The acceptor dopant, or any acceptor type impurity or structure defect, can therefore be called an 

electron trap. Certainly, the separated electrons and holes can still recombine as well. If the pair of recombining 

electron and hole is from the same original orbital or pair, it is called geminate pair and the recombination is 

called geminate recombination. If the pair of recombining electron and hole is not from the original pair, it is 

called non-geminate pair and the recombination is called non-geminate recombination [13]. 

Chemical doping can also be described in a classic way in certain systems [6, 7]. For instance, when each 

atom (or nuclear site) has four valence electrons in its HOMOs in the majority phase, and the minority dopant 

has five valence electrons (donor type) in its HOMOs, four valence electrons from the dopant would couple 

with four valence electrons from the nearby four majority nuclei filling four new HOMO bonding orbitals. The 

fifth or the left over valence electron from the dopant can then be easily excited (via thermal or photo means) 

into the LUMO band of the majority phase forming an n-type semiconductor leaving a hole trapped at the do-

pant site. Alternatively, when each atom (or nuclear site) has four valence electrons in its HOMOs in the major-

ity phase, and the minority dopant has three valence electrons (acceptor type) in its HOMOs, three valence elec-

trons from the dopant would couple with four valence electrons from the nearby four majority nuclei filling four 

new HOMO bonding orbitals. The one new HOMO orbital that has only one electron (containing one vacant 

site for an electron) can be easily filled by an electron from the HOMO band of the majority phase forming a p-

type semiconductor and leaving an electron trapped at the dopant site. 

 

However, as Figure 3.33b illustrates, if a weak donor/acceptor pair is strongly coupled like in a conjugated 
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system, the original D-HOMO and A-HOMO shall overlap and generate a lower energy bonding and a higher 

energy anti-bonding molecular orbitals, while the original D-LUMO and A-LUMO would overlap and generate 

a lower energy bonding and a higher energy anti-bonding molecular orbital.  The optical excitation energy gap 

changes from Eg’ to the new Eg.   Likewise, as illustrated in Figure 3.33d, if a strong donor/acceptor pair is 

strongly coupled via conjugated bonds, the D-HOMO and A-LUMO can overlap and generate a new bonding 

and anti-bonding molecular orbitals, with both electrons from the D-HOMO transferring to and staying at the 

newly generated bonding orbital forming a new frontier orbitals of the D-A pair or complex, sometimes called 

exciplex.  Figure 3.33e exhibits potential energy profiles of a weakly coupled D/A pair, where Ui represents the 

potential energy of D/A at initial state or before electron transfer, Uf represents the potential energy of D+/A- at 

final state or after the electron transfer, 2Vif represents the electronic coupling matrix element of such electron 

transfer, and Ea’ represents the activation energy of such electron transfer.  Likewise, Figure 3.33f exhibits po-

tential energy profiles of a strongly coupled D-A pair, where Ui
’ represents the potential energy of D-A at initial 

or ground state, Uf
’ represents the potential energy of D-A* at the final state.  In weak coupling (WC) (Figures 

3.33a, c and e) where the electronic coupling matrix element (2Vif) is relatively small and there is a non-zero 

energy barrier exists between the electron transfer initial and final states, electron can be localized at D (before 

electron transfer) or A (after the electron transfer).  Though a non-zero activation energy has to be overcome for 

electron transfer in weak coupling, however, the energy barrier or charge localization between the initial and 

final states also stabilizes the charge separated states and hinders the charge recombination.  On the other hand, 

in strong coupling (SC) situation (Figures 3.33b, d and f) where the 2Vif  can be very large and the energy bar-

rier can become zero, so the electron can move or delocalize between D and A in D-A complex, there is also no 

energy barrier to stabilize the charge separated states, or there is essentially no charge separation or charge car-

rier generation upon D-A formation.  However, D-A strong coupling has been extensively used as a chemical 

approach to engineering tailored frontier orbitals of organic conjugated materials.    

In general, as shown in Figure 3.34, n-type doping refers to a minority donor type dopant trapping a hole (or 

positive polaron) from the majority phase via donating an electron (or create a negative polaron) into the 

LUMO band of the majority phase, and p-type doping generally refers to a minority acceptor type dopant trap-

ping an electron from the majority phase leaving a mobile hole (or positive polaron) at the HOMO band of the 

majority phase.   

 

3.3.2.4 Electrode Doping (Electro-electric Processes) 
Finally, p-type electrode doping (electro-electric) process refers to the case where the mobile holes are in-

jected from an electrode into the HOMO band of the material, and n-type electrode doping refers to the case 

where the mobile electrons are injected from an electrode into the LUMO band of the material as schematically 

shown in Figure 3.28d.  In order to incur electrode doping, the electrode work function or Fermi level (EF) 

needs to match the electrical potential to match the frontier orbital of the material to be doped.  The Fermi level 

of an electrode can be tuned by adjusting the electrical potential of the electrode from a reference electrode.   

 

3.3.2.5 Summary of Charge Carrier Generations 
In summary, compared to classic or traditional inorganic semiconductors, the frontier orbital schemes of in-

trinsic organic or polymeric semiconductor can be shown in Figure 3.34a, i.e., instead of uncorrelated free elec-

trons and holes upon photo excitation, an exciton (also called an exciton–polaron, or a correlated electron–hole 

pair) is typically generated in most organic or polymeric semiconductors. Though the exciton can diffuse via 
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energy transfer in the material before decay (either radiative or nonradiative), exciton itself does not contribute 

to the charge carrier density or conductivity of the materials.  However, like in traditional extrinsic semiconduc-

tors, an n-type organic semiconductor (or conductor) could be generated upon a donor type of chemical (or ther-

mal) doping as depicted in Figures 3.28b-c, 3.30-32, 3.33c, and 3.34b. Likewise, a p-type organic semiconduc-

tor (or conductor) may be formed upon an acceptor type of chemical (or thermal) doping as depicted in Figures 

3.28b-c, 3.30-32, and 3.34c. Finally, a donor and an acceptor can form a two-phase (binary phase, or bipolar 

type) material as shown in Figure 3.34d. In this case, the charge carriers generated at the D/A interface (via ei-

ther photo doping or chemical/thermal doping mechanisms) can diffuse away from the interface in two separate 

phases due to chemical potential gradient [15]. This is somewhat similar to a traditional p/n junction semicon-

ductor device. The main difference here is that the charge carriers are only generated at the D/A interface but 

not in D or A phase. This is a key mechanism of organic photovoltaics, i.e., photo doping in a donor/acceptor 

binary heterojunction system [15,16]. 

In addition to the free holes (positive polarons, the orbital levels are schematically shown in Figure 3.35a) 

and free electrons (negative polarons, Figure 3.35b), a number of other key charge (or energy) carriers in conju-

gated organic and polymeric materials include mobile positive bipolarons (Figure 3.35c), mobile negative bipolar-

ons (Figure 3.35d), neutral solitons (Figure 3.35e), positive solitons (Figure 3.35f), negative solitons (Figure 3.35g), 

and energy carrier exciton–polarons (Figure 3.35h) [13,14]. Except the exciton–polaron (Figure 3.35h) that is an 

energy carrier but not a charge carrier, all other charged or neutral entities (Figure 3.35a through g) can be 

driven by an applied electric field and therefore called electric charge carriers, or simply carriers. 

Specifically, while two polarons of opposite charge can couple and spin–correlate to each other forming an exci-

ton–polaron (Figure 3.35h, and may subsequently decay to ground state by emitting a photon, a key mechanism in 

organic light emitting materials/devices), two polarons of the same charge can also couple and spin–correlate to each 

other forming a relatively stable bipolaron entity (a quasiparticle) that can diffuse as a charge carrier containing ei-

ther two positive (Figure 3.35c) or two negative (Figure 3.35d) unit charges. When two polarons are close to-

gether, they can lower their energy by sharing the same distortions, which leads to an effective attraction between the 

two polarons. The correlated two unit charges typically share one orbital in a bipolaron, or remain in two separate 

orbitals forming a meta-stable polaron-pair. In either case, they are strongly coupled and correlated in a lower 

energy state. While a bipolaron is not responsive in the typical ESR single electron detection regime, a polaron-

pair would exhibit a singlet-triplet splitting. Both bipolarons and polaron-pairs have integer spins and thus share 

some of the properties of bosons. Similar to a polaron, the frontier orbital levels of a bipolaron (and a polaron-pair) 

are also within the HOMO/LUMO gap of pristine material, but closer to the centre than that of a polaron. Precise 

definition of a soliton is not straight forward and it involves substantial mathematics, however, a neutral soliton (Fig-

ure 3.35e) formation in polyacetylenes may be simplified as due to, for instance, a degenerate ground state structural 

distortion, or conjugation paring symmetry rearrangement in the polyacetylene backbone, so that one pz electron of a 

backbone carbon atom somehow does not participate in the backbone conjugated  bands formation, thus generating 

one mobile soliton carrier (Figure 3.35e-g). The positive soliton (Figure 3.35f) can be regarded as a neutral soliton 

(Figure 3.35e) that losses its electron, and the negative soliton (Figure 3.35g) can be regarded as a neutral soliton 

(Figure 3.35e) that gained an electron with opposite spin. 

Overall electrical conductivities (σ) of conjugated organic and polymeric materials are due to both density 

(N) and mobility (, Equation 3.22) of the mobile charge carriers as a result of the impurities, defects, and dop-

ing of the material. 

Figure 3.36 shows electrical conductivity () of some representative materials at room temperature (except 

poly-sulfur-nitride, which is a superconductor at 0.3 K). The resistivity (in unit of Ω cm) is the inverse of the 

conductivity ( = 1/). Depending on the magnitudes of carrier density (N) and carrier mobility (, from Fig-

ure 3.36, it can be seen that either insulator (< 107 Ω1 cm1), semiconductor (107 Ω1 cm1    102 Ω1 

cm1), or conductor ( > 102 Ω1 cm1) may be obtained from organic or polymeric conjugated materials. 
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 The degradation of organic and polymeric electronic materials in air can be attributed partly to the elec-

tron transfers between the organic materials and oxygen and subsequent chemical reactions.   For instance, it 

could be photo doping process of electrons transferring from HOMO/LUMO of the materials to LUMO of oxy-

gen where light is involved, or chemical/thermal doping processes from HOMO of the materials to LUMO of 

the oxygen where light is not involved.  In case of photo doping degradation mechanism, keep materials in dark 

or isolate materials from oxygen or both can help stabilizing the materials.  In case of chemical/thermal doping 

degradation mechanism, keep materials isolated (encapsulated) from air or oxygen is essential.  Materials can 

also be made more stable by engineering its frontier orbitals in reference to oxygen LUMO to prevent or mini-

mize the photo or thermal/chemical doping probabilities.    

 

3.3.2.6 Charge Transfer Versus Energy Transfer 
 

In addition to the electron or charge transfers (CT), energy transfer (or exciton transfer ET) is also very com-

mon and critical in organic optoelectronic materials and devices.  Energy transfer is essentially exciton transport 

or diffusion from one site to another. Figure 3.37 illustrates the general relative frontier orbital levels in the 

cases of (a) electron or charge transfer (CT) and (b) energy transfer (ET). As the figure exhibits, when two sets 

of frontier orbitals are positioned in profile (a), electrons can be transferred from D-HOMO to A-LUMO in 

photo doping or chemical doping situations. Alternatively, if photo excitation occurs at acceptor site (i.e., A-

HOMO  A-LUMO excitation), then the electron transfer from D-HOMO to the hole site at A-HOMO can 

also proceed (corresponding to the hole transfer from A-HOMO to D-HOMO) [16]. 

Among a number of energy (or exciton) transfer mechanisms, Förster and Dexter energy transfers are two 

well-known types of transfer mechanisms [16]. Förster energy transfer, also called Förster resonance energy 

transfer, describes an energy transfer mechanism between two fluorescent molecules as shown in Figure 

3.38a. A fluorescent donor molecule is excited at its specific fluorescence excitation wavelength. By a long-

range dipole–dipole coupling mechanism, this excited state is then non-radiative transferred to a second mole-

cule, the acceptor. The donor returns to the electronic ground state. When both molecules are fluorescent, the 

term fluorescence resonance energy transfer (FRET) is also used, although the energy is not actually trans-

ferred by fluorescence. 

The FRET efficiency is determined by three parameters: 

1. Distance between the donor and the acceptor 

2. Spectral overlap of the donor emission spectrum and the acceptor absorption spectrum 

3. Relative orientation of the donor emission dipole moment and the acceptor absorption dipole moment 

Due to the fact that the donor exciton relaxation energy is typically smaller than the absorbed photon energy 

(e.g., due to Stokes shift), the Förster energy transfer would result in gradual energy reduction or spectra red-

shift along the exciton diffusion or propagation direction. The most efficient Förster energy transfer occurs 

when the acceptor energy gap matches the donor emitted photon energy well, i.e., transfer coupling may be 

poor if the acceptor gap is too far away compared to the donor exciton energy. Also, the Förster energy transfer 

can occur between two remote sites of above 10 nm and is sensitive to molecular dipole orientation, i.e., those 

molecular dipoles aligned in parallel would have most effective energy transfer. 

In contrast, in a Dexter energy transfer process as shown in Figure 3.38b, the electron near D-LUMO 

first transfers to the A-LUMO, and the hole near the D-HOMO at the same time transfers to A-HOMO, the elec-

tron at A-LUMO then relaxes with the hole at A-HOMO to form a new exciton, so it may be regarded as two 

separate charge transfer processes occurring simultaneously. Because of this, Dexter energy transfer can only 
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proceed at close or adjacent sites (typically 1 nm), and it can proceed with both singlet and triplet exciton 

transfer, while Förster energy transfer can only proceed with singlet exciton transfer. Also, in the Dexter energy 

transfer, the A-HOMO and A-LUMO both are desirably located within the energy gap of the D-HOMO and D-

LUMO (Figure 3.38b), while the relative positions of HOMO and LUMO are not critical in Förster energy trans-

fer, as long as the energy gap of the acceptor matches the donor exciton emission. Even if the gap of the accep-

tor does not match the donor exciton emission well, Dexter energy transfer may occur as long as the energy off-

sets between the donor and acceptor are optimal for charge transfer. 

When a donor and an acceptor entity are close to each other, predicting whether electron or energy transfer 

may occur will depend on the system free energy schemes as shown in Figure 3.39. For instance, if the free en-

ergy minimum of (D+/A) is lower than both (D*/A) and (D/A*) as shown in Figure 3.39a, electron transfer 

from D* to A would occur and (D+/A) would be the energetically stable or measurable product. If the free en-

ergy minimum of (D+/A) is lower than (D*/A) but higher than the (D/A*) as shown in Figure 3.39b, then en-

ergy transfer of (D*/A) to (D/A*) would dominate, or (D/A*) would be the energetically stable or measurable 

product [8]. When there exist narrow energy gapped defect states (or a site) whose frontier orbital states are in 

the middle of the majority phase energy gap similar to an exciton–polaron, then an exciton can be trapped via 

energy transfer to this defect site. The defect site can therefore be called an exciton trap.   

Charge transfer (CT) and/or energy transfer (ET) in a D/A pair can be experimentally determined via photo-

luminescence (PL) measurements if donor and acceptor exhibit PL emissions.  For instance, as schematically 

illustrated in Figure 3.40, assuming a hypothetic pristine donor (exciton/energy or charge donor) exhibits a nor-

malized PL emission peak at 500 nm (2.48 eV), and a hypothetic pristine acceptor (exciton/energy or charge 

acceptor) exhibits a normalized PL emission peak at 600 nm (2.07 eV), and both have the same quantity.  In the 

case where photo induced charge transfer (CT) occurs between the pair, the PL emissions of both should be 

quenched by a same quanta corresponding to the number of transferred charges (designated as ΔPLCT that can 

be measured/estimated directly from the PL emission peak changes), for instance, by a hypothetical ΔPLCT = 

50% PL peak decrease of D+A (CT) curve in Figure 3.40.  In the case where photo induced energy or exciton 

transfer proceeds from the donor to the acceptor, then the donor PL should be decreased by the same quanta 

(designated as ΔPLET) while the acceptor PL should be increased by the same amount, for instance, by a hypo-

thetical ΔPLET = 30% in D+A (ET) as shown in Figure 3.40.    

Suppose both CT and ET may occur simultaneously in a D+A blend, i.e., in a hypothetic case of D+A 

(CT+ET).  Using ΔPLD as the total PL emission peak change of D, ΔPLA as the total PL emission peak change 

of A, ΔPLDD represents the donor PL emission peak change due to the D concentration change, ΔPLDA repre-

sents the donor PL emission peak change due to the A concentration change, ΔPLAD represents the acceptor PL 

emission peak change due to the D concentration change, ΔPLAA represents the acceptor PL emission peak 

change due to the A concentration change, and assuming other factors such as aggregation induced PL quench-

ing can be neglected in very dilute solution, the following relationships or approximations may apply 

 

ΔPLD = ΔPLCT + ΔPLET + ΔPLDD+ ΔPLDA   (3.43) 

 

ΔPLA = ΔPLCT - ΔPLET + ΔPLAA+ ΔPLAD   (3.44) 

 

Combining equations 3.43 and 3.44, one obtains 

 

ΔPLCT = (ΔPLD  +  ΔPLA  - ΔPLDD – ΔPLDA- ΔPLAA – ΔPLAD)/2   (3.45) 

 

For all measured ΔPL values, positive values correspond to PL emission quench or drop, and negative values 

indicate PL emission increase or rise.  ΔPLET  value is assumed positive (PL emission drop) in equation 3.43, so 
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a negative sign is added in front of ΔPLET  in equation 3.44 to designate acceptor PL emission peak increase due 

to the energy transfer.  Equation 3.45 provides an estimate of charge transfer (CT) contribution if both CT and 

ET occurs in a D/A pair and both exhibit PL.   Note in many D/A pair PL quenching studies where the D con-

centration is fixed, ΔPLDD  and ΔPLAD should become zero or neglected.  If acceptor emission does not contrib-

ute to donor peak emission (other than CT and ET), than ΔPLDA can be neglected. If donor emission does not 

contribute to acceptor peak emission (other than CT and ET), than ΔPLAD can also be neglected.    

  

Due to the lifetime of the exciton, i.e., where one excited electron at LUMO decays back to its HOMO 

within the typical exciton lifetime of nano to pico second timescales, there exists an average distance of the ex-

citon diffusion, called the average exciton diffusion length (AEDL). The AEDL is highly sensitive to the molec-

ular chemical structures, molecular packing pattern, or morphology of the materials in solid states as briefly re-

flected in both Förster and Dexter type of energy transfers discussed above. For instance, the AEDL can be in 

the range from 5 nm in amorphous polyphenylenevinylenes (PPV) thin film to above 100 nm in some organic 

molecular single crystals [2,3,13–15]. AEDL is very critical for organic D/A type light harvesting such as or-

ganic solar cell applications [15]. 

3.4 Analytical Techniques 
3.4.1 Determination of Frontier Orbital Levels 
The frontier orbital levels (HOMOs and LUMOs) can be determined or estimated using a number of spectroscopic 

techniques, including x-ray photoemission spectroscopy (XPS), ultraviolet photoemission spectroscopy (UPS), 

and inverse photoemission spectroscopy (IPES) (see Chapter 20). The UPS and IPES measurements probe di-

rectly the occupied and unoccupied electronic structure in the molecular interface region. Alternatively, the molec-

ular frontier orbital levels can also be estimated from electrochemical analysis such as cyclic voltammetry (CV, 

probing HOMO and/or LUMO electrons directly) in combination with UV–Vis optical absorption spectra (esti-

mating the Eg), and this appears to be a convenient and cost effective way of estimating frontier orbital levels in a 

typical research lab.  As illustrated in Figure 3.41, the Fermi level of a standard or reference electrode (mostly sil-

ver or standard calomel electrode SCE) is located between the LUMO and HOMO levels of most organic conju-

gated materials. In order for a working electrode (typically a platinum wire whose Fermi level can be adjusted in 

reference to the reference electrode via an electric potential) to take an electron from the HOMO of the molecule, 

a positive or oxidation potential (in reference to the standard or reference electrode) needs to be applied to the 

working electrode to gradually lower the potential or the Fermi level of the working electrode (e.g., potential scan 

from 02 volt as shown in Figure 3.42) until it passes the HOMO level of the sample to be measured where an 

electron transfers from the HOMO of the sample onto the electrode, generating an upward oxidation-oxidative 

current peak Poo where the onset position can be designated as Eoo.  As a result of the Poo  peak, a cation of the 

sample is formed nearby the working electrode (e.g., S – e- S+).  If such cation formation (also called p-type 

electrode doping) does not degrade or decompose the sample, as the working electrode potential or Fermi level 

goes back from positive oxidation position to the original zero potential position (corresponding to the Fermi level 

of the standard or reference electrode as shown in Figure 3.41), the earlier gained electron on working electrode 

can return back to the sample HOMO as the working electrode potential or Fermi level passes the materials 

HOMO level, generating a downward or oxidation-reductive current peak Por where the onset position can be des-

ignated as Eor (see Figure 3.42), so the sample  become neutral again (e.g., S+ + e- S).  This sample CV at posi-

tive oxidation potential scan range or p-type electrode doping is thus called reversible.  Ferrocene is an excellent 

reference materials used in CV because it is inexpensive, chemically very stable, and electrochemically reversible 

in the p-type electrode doping or CV positive oxidation potential scan up to 2 volts, though the Ferrocene LUMO 

cannot be measured in the range of 0 to -2 volts.  Figure 3.42 exhibits a measured CV data curve of 0.003M Ferro-

cene dissolved in 0.1M Tetrabutylammonium hexafluorophosphate (TBA-HFP) in solvent dichloromethane 



Manuscript for Invited Review Only 
 

31 

 

(DM) using an Ag/AgCl reference electrode at ambient or room temperature. The potential scan sequence is 

0-220 volt. As a matter of fact, the oxidation scans of many materials are irreversible, so the oxidation-

reductive peaks (Por) may not be available in many materials.  When the working electrode is applied a negative or 

reductive potential (in reference to the standard or reference electrode) and its Fermi level gradually increases until 

it passes the LUMO level of the sample, an electron can transfer from the working electrode onto the LUMO or-

bital of the sample forming an anion (e.g., S + e- S-). This corresponds to a reduction-reductive current peak Prr 

(see CV curve of F4-TCNQ in Figure 3.43), where the onset position can be designated as Err.  If such anion for-

mation (also called n-type electrode doping) does not degrade or decompose the sample, as the working electrode 

potential goes back from the negative reduction position to the original zero potential position (corresponding to 

the Fermi level of the standard or reference electrode as shown in Figure 3.41), the earlier gained electron on the 

sample LUMO can transfer back to the working electrode as the working electrode potential or Fermi level passes 

the sample LUMO level, generating an upward or reduction-oxidative current peak Pro, where the onset position 

can be designated as Ero (see Figure 3.43), so the sample  become neutral again (e.g., S- - e- S).  In this case, the 

CV scans of the sample at negative reduction potential or n-type electrode doping is thus called reversible.  Figure 

3.43 exhibits a measured CV data curve of 0.001M 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-

TCNQ) dissolved in 0.1M Tetrabutylammonium hexafluorophosphate (TBA-HFP) in solvent dichloromethane 

(DM) using an Ag/AgCl reference electrode at ambient temperature. The potential scan sequence is 0-

220 volt.  Figure 3.43 reveals that the CV scans of F4-TCNQ is reversible in both oxidation and reduction 

range between -2 to +2 volts.    

 

 As Figure 3.41 illustrates, the frontier electron orbital (such as LUMO or HOMO) levels of the samples can be 

estimated if the Fermi level of the standard or the reference electrode is known and nearby the sample frontier or-

bitals.  However, since the electrode Fermi level would change due to different environmental and measurement 

conditions including solvent, electrolyte, concentration, temperature, etc., a reference standard compound (such as 

Ferrocene whose HOMO level is set at -4.8 eV and assumed to be stable) is typically used to calibrate the refer-

ence electrode. Once the oxidative or reductive peaks of both the sample and the Ferrocene are measured, the sam-

ple LUMO and HOMO levels can then be calculated using equation 

 

Electron Orbital Level (eV) = X - Exy (Sample) – 4.8   (3.46) 

Where 

X is one of the CV measured Ferrocene HOMO parameters (e.g., Eoo or Eor in Figure 3.42).  

Exy (Sample) is one of the measured sample electron orbital parameters corresponding to the same parame-

ter of the Ferrocene HOMO.  For example, if the sample upward oxidation peaks (Eoo or Ero) are used, 

then Ferrocene upward oxidation peak (Eoo value) must be used in the calculation.  If the sample down-

ward reduction peaks (Err or Eor) are used, then Ferrocene downward peak (or Eor) must be used.   Note Eoo 

or Eor are positive values, while Err or Ero are negative values.   

In many cyclic voltammetry (CV) measurements that involve non-reversible oxidation or reduction scans, 

only one onset of an oxidation (or a reduction) peak of the sample may be measured, i.e., only one frontier or-

bital (either the HOMO or the LUMO) but not both are measured.  The other frontier orbital can then be esti-

mated from the UV–Vis absorption low energy edge Eg that approximates the HOMO–LUMO gap.   
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3.4.2 Other Techniques 
There are a variety of experimental techniques that have been used to study or analyse the electronic and optical 

properties of organic and polymeric materials, including, but not limited to, basic techniques such as voltage–

current measurements with or without lights, absorption, and emission spectroscopy in both ground and excited 

states and in either CW or pulsed modes, ESR spectroscopy with or without lights and at different temperatures, 

x-ray and small angle neutron scattering techniques, thin film characterization tools, various electron microsco-

pies, etc. The readers are referred to relevant chapters of this and other textbooks for more details. 

3.5 Summary 
 The electronic, optoelectronic, and photonic properties of a material are correlated directly and critically to 

the electronic structures and electron behaviours in the material, and electronic structures are also affected by the 

packing or morphologies of the materials in solid states. In general, all materials are composed of molecules and 

atoms, and there are over 110 different kinds of atoms called elements that have been discovered so far (as listed 

in the chemical Periodic Table). Each atom is composed of a nucleus (containing neutrons and positively charged 

protons) and negatively charged electrons (a class of particles called fermions with half integer spins) located in 

electron orbitals surrounding the nuclei. Electron orbitals have different shapes, orientations, and discrete energy 

levels, and electrons can transfer from one orbital to another under certain conditions. The number of electrons is 

the same as the number of protons in a neutral atom, and the number of protons determines the kind of element. 

When atoms combine to form molecules, certain atomic orbitals are overlapping or coupling to form molecular 

orbitals or chemical bonds. Two atomic orbitals strongly couple (both spatially and energetically) to form two 

new electronic orbitals such as two molecular orbitals, one with lower energy called bonding molecular orbital 

and one with higher energy called antibonding molecular orbital, thus new frontier orbitals (HOMOs and LU-

MOs) are formed. Like many elementary particles, the electron exhibits a character of both particle and wave 

called particle–wave duality. In typical atomic or molecular materials containing both electrons and nuclei, the 

behaviour of each electron can be described and represented by a wave function with four unique quantum num-

bers obtained from solutions of the Schrödinger equation. When solving the electron wave functions, Born–Op-

penheimer or adiabatic approximation assumes the relatively heavy nuclei remain static during the ultra-fast elec-

tron movements. While the electron wave function represents the electron orbital, the square of the wave func-

tion at any spatial point represents the probability density of the electron at that point. Unlike classic large objects 

where the exact position and momentum of the objects can be determined simultaneously and precisely from 

principles of classic mechanics, the exact position and momentum of an electron cannot be determined simulta-

neously and precisely (Heisenberg uncertainty principle). Since each electron in an atom or a spatial point must 

be unique (Pauli Exclusion Principle), each electron orbital can therefore accommodate a maximum of two elec-

trons with opposite spins. A correlated electron pair typically refers to a pair of two electrons in two separate or-

bitals but strongly interacting or correlating to each other and acting like one quasiparticle, these mainly include 

exciton–polarons, polaron-pairs or bi-polarons, exciplexes, etc. Electron can transfer from one orbital to another 

either intra-atomic or interatomic, provided such transfer is spatially and energetically allowable and favourable. 

The Franck–Condon principle dictates that during the initial ultra-fast electronic transition, the nuclei coordi-

nates essentially remain static. The rate constant of the electronic transition or electron transfer can be described 

by Fermi’s Golden Rule or by the Marcus theory. One key feature of Marcus equation is that, in addition to a 

spatial electronic orbital coupling matrix element, the rate of the electron transfer is also dependent on a Gauss-

ian exponential energy matching term, and the rate would become fastest when all driving and counter-driving 

forces are balanced to zero. Electrons can transfer from higher to lower energy orbitals without the need of an 

external driving force, or transfer to same or higher lying orbitals with external or additional driving forces. 

These additional or external forces may include, but may not limited to, thermal forces, electrical forces, mag-

netic forces, energetic radiations, etc. Electron transport in a material (i.e., from one site to a distant remote site) 
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via incoherent interorbital electron transfers is called hopping transport. In a material with periodic and closely 

packed atomic structure or electronic potential, the Bloch theorem dictates that HOMOs would couple to each 

other forming a valence band (VB), and LUMOs would couple to each other forming a conduction band. Elec-

tron transport in a band is coherent and much more smooth and faster than hopping. The bandwidth, band gap, 

and band size all depend on the interatomic and intermolecular electron orbital overlaps and couplings and 

therefore, the atomic/molecular packing assembly or morphology of the materials. Most electronic, optoelec-

tronic, and photonic processes in materials are mainly due to the valence electron transfers between the frontier 

orbitals, i.e., HOMOs, LUMOs, and SOMOs, or frontier bands such as CB and VB. The electronic conductivity 

of a material is dependent on both the charge carrier density and mobility. Primary carrier generations (i.e., via 

VB–CB transitions like in classic inorganic semiconductors) in organic semiconductors are rare, and this is 

mainly due to the exciton binding energies of most organic amorphous type semiconductors are much larger 

than room temperature thermal energy, so that charge carriers in most organic and polymeric materials (includ-

ing positive or negative polarons; positive or negative bipolarons; and positive, negative, or neutral solitons) are 

typically generated by a secondary carrier generation process, i.e., via either chemical, thermal, electrode, or 

photo doping processes where an electron donor/acceptor pair or the materials frontier orbitals and electrode 

fermi levels are weakly coupled. The principle of carrier generation via doping is that an orbital energy offset 

(E of either D-LUMO/A-LUMO or D-HOMO/A-HOMO) between a weakly coupled donor/acceptor binary 

pair constitutes a key driving (or counter-driving) force for the interatomic electron transfer, and that charge sep-

aration and transport are further facilitated by chemical potential gradient, thermal or lattice vibration gradient, 

materials energetic disorders, etc.  

Exercise Questions 
 1.Why and an electron be treated as both a particle and a wave? What is the evidence to support this duality? 

 2.What are the main differences of an electron orbital versus the orbitals of the planets surrounding the Sun? 

 3.What is k-space? Why is electron energy plotted in k-space instead of the regular 3-D space? 

 4.What key assumptions or materials criteria are used to derive the electronic band model? 

 5.What are frontier orbitals and their relationships with electron bands? 

 6.What are the key differences of a graphene sheet versus a linear conjugated polymer in terms of electronic 

structures and properties? 

 7.Why is charge transport or mobility sensitive to the molecular packing or materials morphology? 

 8.How does thermal energy affect electron transfer processes? 

 9.How does Fermi’s Golden Rule and the Marcus electron transfer model relate to each other? Are the two 

models applicable for intra-atomic interorbital electron transfers? 

10.Why do many excitons favorably incur charge dissociation instead of the exciton decay at a donor/acceptor 

interface? 

11.What are the common driving and counter-driving forces for electron transfers? 

12.What are the relationships of Stokes shift versus the reorganization energies? In what conditions can Stokes 

shift be used to estimate the reorganization energies? 

13.Why do triplet excitons have longer lifetimes compared to singlet excitons? 

14.What are the key differences of excitons in typical organic semiconductors compared to excitons in typical 

inorganic semiconductors? 

15.Why do most inorganic semiconductors fit a primary photo carrier generation model, while most organic 

semiconductors fit a secondary photo carrier generation model? 

16. Using the CV data in Figures 3.42 and 3.43, calculate the two electron orbital levels of F4-TCNQ based on 

Eoo and Ero values.   Assuming the two measured F4-TCNQ electron orbitals are LUMO-2 and LUMO-1 

(from left to right), calculate the HOMO level of F4-TCNQ if its Eg is 3 eV.     
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List of abbreviations 
A acceptor 

AEDL average exciton diffusion length 

AO atomic orbital 

BG band gap 

BLA bond length alternation 

BS band size 

BW bandwidth 

CB conduction band 

CBM conduction band minimum 

CT charge transfer 

CV cyclic voltammetry 

D donor 

EA electron affinity 

EB exciton binding energy 

EF Fermi energy 

Eg energy gap 

EPR electron paramagnetic resonance 

ESR electron spin resonance 

ET energy transfer 

FCWD Frank–Condon-weighted density of states 

FRET Förster resonance energy transfer 

HAO hybrid atomic orbitals 

HOMO highest occupied molecular orbital 

IP ionization potential 

IPES inverse photoemission spectroscopy 

LUMO lowest unoccupied molecular orbital 

MFD mean free distance 

MFP mean free path 

MFT mean free time 

MO molecular orbital 

MW molecular weight 

PA polyacetylene 

PPV polyphenylenevinylene 

SC strong coupling 

SOMO singly occupied molecular orbital 

UPS ultraviolet photoemission spectroscopy 

VB valence band 

VBM valence band maximum 

WC weak coupling 

XPS x-ray photoemission spectroscopy 
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Figures and Captions 
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E

 

FIGURE 3.1 Schematic representation of electron energy levels/states for (a) electron in free space; (b) electron in a confined box; (c) electron in a 

periodic (such as crystalline) lattice. 
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FIGURE 3.2 Scheme of electron wave functions confined in a one-dimensional (1-D) size L potential well with (a) infinite height potential walls; (b) 

finite height potential walls. Scheme of electron probability densities confined in a 1-D size L potential well with (c) infinite height potential walls; 

(d) finite height potential walls. 
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FIGURE 3.3 Schematic representation of atomic electronic potential surfaces and electron orbital levels in (a) one atom; (b) two atoms; (c) many 

atoms (such as crystalline) periodic structure. 
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FIGURE 3.4 Schematic representation of the evolution of excitation energy gap (Eg) versus the number of repeat units in a conjugated organic sys-

tem illustrating the “Particle-In-A-Box” principle.  The scheme also exhibits an evolution from molecular electron orbitals to bands.  
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FIGURE 3.5 Schematic representations of electron energy En(k) versus electron wave vector k in a periodic crystalline lattice where Bloch function 

is applicable. CB, conduction band; VB, valence band; EA, electron affinity; IP, ionization potential; Eg, band gap; Ew, bandwidth. 
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FIGURE 3.6 Fermi-Dirac statistics or distribution function curves for fermion particles such as electrons.   f(E) represents the probability of an elec-

tron at energy state E.   EF is the Fermi energy.  Solid curve represents the distribution at 100 Kelvin degree, while the dashed curve represents the 

distribution at 1000 Kelvin degree.   
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FIGURE 3.7 Schematic representations of electron bands and Density of States (DOS) of several classic materials including metals, semi-metals, 
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semiconductors (p-type, n-type and intrinsic type) and insulators in (a) ground state or at absolute zero temperature; and (b) excited or non-zero tem-

perature states.  EF  presents fermi energy level.   

p sp, sp2, sp3

or

s

 

FIGURE 3.8 Shapes of some representative atomic electron orbitals. The dark dot in the middle represents the nucleus. The two colors of the orbital 

lobes represent the positive and negative phases of the electron wave functions. The orbital shapes roughly represent the electron probability density 

in space. 
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FIGURE 3.9 Scheme of AO hybridizations in (a) sp3 hybridization; (b) sp2 hybridization; (c) sp hybridization; (d) shape of sp2 hybridized orbitals; 

(e) shape of sp3 hybridized orbitals, and (f) shape of sp hybridized orbital. 
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FIGURE 3.10 Scheme of a pair of -type MOs formed from the overlap of two s atomic orbitals in (a) orbital shape representation; (b) orbital en-

ergy level representation. 
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FIGURE 3.11 Scheme of a pair of π-type molecular orbitals formed from the overlap of two vertically aligned parallel p atomic orbitals in (a) orbital 

shape representation; (b) orbital energy level representation. 
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FIGURE 3.12 Scheme of a pair of -type molecular orbitals formed from the overlap of two horizontally aligned spn HAOs in (a) orbital shape rep-

resentation; (b) orbital energy level representation. 
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FIGURE 3.13 Schematic chemical structures of (a) ethanal (ethyl aldehyde); (b) ethyne (acetylene). 
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FIGURE 3.14 Schematic representation of atomic and molecular orbitals in (a) diamond; (b) graphene/graphite. 
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FIGURE 3.15 Schematic representation of C–C double  bonds, represented in (a) chemical structure of ethene (ethylene); (b) scheme of double bond 

formation by overlapping/coupling of two vertically aligned pz orbitals at two adjacent carbon sites; (c) schematic shape of a  bonding orbital; (d) 

atomic pz orbital representation of PA backbone; (e) chemical structure representation of PA assuming no 1-D Peierls distortion; (f) scheme of fron-

tier orbitals and valence electron of PA assuming no Peierls distortion; (g) scheme of PA conjugated backbone showing  bonding orbitals; (h) chem-

ical structure representation of PA assuming 1-D Peierls distortion applicable; (i) scheme of frontier orbitals and valence electron of PA assuming 

Peierls distortion; (j) atomic pz orbital representation of two self-assembled and closely packed PA conjugated backbones. 
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FIGURE 3.16 Molecular aggregates in (a) J-type aggregates; (b) H-type aggregates. 
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FIGURE 3.17 Electron transfer from a donor to an acceptor represented by (a) free energy surface versus lattice coordinate; (b) electron transfer rate 

constant versus standard free energy change. 
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FIGURE 3.18 (a) Coherent electron transfer (super-exchange); (b) incoherent electron transfer (hopping). 
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FIGURE 3.19 General scheme of materials electrical conductivity versus temperature for coherent electron transport (mainly band-like electron 

transport mechanism in most crystal semiconductors) and incoherent electron transport (mainly hopping electron transport mechanism in most amor-

phous materials). 
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FIGURE 3.20 Scheme of an idealized two-level model showing electronic excitation (Ex), recombination (or relaxation, Re), intra-molecular vibra-

tional modes (vn and vn) and an inter-molecular or aggregate vibrational mode (v0). 
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FIGURE 3.21 Scheme of idealized optical absorption and fluorescence emission bands of a two level model, where the sharp component peaks due 

to intra- or inter-molecular vibrational modes are also indicated. For instance, v0 v1 denotes an excitation transition from v0 level to v1 level shown 

in Figure 3.19. 
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FIGURE 3.22 Jablonski’s diagram depicting major transitions of a material in energy regime. 
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FIGURE 3.23 (a) UV-Vis absorption spectra of Chlorophyll-a and Chlorophyll-b.  (b) Solar radiation spectrum at top of atmosphere (top curve) 

and sea level (bottom curve).   
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FIGURE 3.24 Schematic representation of (a) Wannier–Mott type excitons; (b) Frenkel-type excitons.  
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FIGURE 3.25 Scheme of Coulombic potential energy (or exciton binding energy EB, in approximate values) for typical excitons.  . 

0.001

0.01

0.1

1

0 5 10 15

C
o

u
lo

m
b
ic

 P
o

te
n
ti
a

l 
 E

n
e

rg
y
 (

e
V

)

Exciton Radius r (nm)

kT @ r.t.

Wannier ExcitonFrenkel Exciton



Manuscript for Invited Review Only 
 

55 

 

S1
'

S1

S0

E
n
er

g
y

Eg

1 Ec

2

Ex

Lattice Coordinate

Eg'

S0 S1 S1
'

h

HOMO

LUMO

(a)

(b)

EB

Re

 

FIGURE 3.26 Scheme of photoelectric carrier generation processes in (a) frontier orbital representation; (b) free energy surface representation. 
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FIGURE 3.27 Scheme of electron (charge) transfers at (a) a D/A interface; (b) a p/n junction. Ex: excitation; Re: recombination (or relaxation). 
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FIGURE 3.28 Scheme of frontier orbitals and electron transfers of (a) photo doping; (b) chemical doping; (c) thermal doping; and (d) electrode dop-

ing. 
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FIGURE 3.29 Scheme of free energy surfaces and electronic transitions of photo doping. 
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FIGURE 3.30 Scheme of free energy surfaces and electronic transitions of chemical doping. 
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FIGURE 3.31 Scheme of free energy surfaces and electronic transitions of thermal doping. 
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FIGURE 3.32 Scheme of thermoelectric (Seebeck) process based on thermal n-type doping: (a) before heating; (b) after heating and electron transfer 

or charge separation; (c) after electron transport or migration in a acceptor majority phase. 
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FIGURE 3.33 Scheme of frontier orbital coupling types between a donor (D) and an acceptor (A) in (a) a weak donor/acceptor pair with weak 

coupling; (b) a weak donor/acceptor pair with strong coupling; (c) a strong donor/acceptor pair with weak coupling; (d) a strong donor/acceptor pair 

with strong coupling; (e) Potential profiles of D/A weak coupling; (f) Potential profiles of D-A strong coupling.   
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FIGURE 3.34 Frontier orbital and electron transfer schemes of organic/polymeric semiconductors and conductors in (a) pure (intrinsic) form; (b) 

donor (n-type) doped form; (c) acceptor (p-type) doped form; (d) donor/acceptor (p/n) binary phase separated junction form. 
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FIGURE 3.35 Orbital levels schemes of carriers: (a) positive (hole) polaron; (b) negative (electron) polaron; (c) positive (hole) bipolaron; (d) 

negative (electron) bipolaron; (e) neutral soliton; (f) positive (hole) soliton; (g) negative (electron) soliton; (h) neutral exciton–polaron. 
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FIGURE 3.36 Room temperature conductivity values () of various materials. 
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FIGURE 3.37 Frontier orbital energy level representations for a typical (a) electron or charge transfer (CT); (b) energy transfer (ET) between two 

different materials. D, donor; A, acceptor. 
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FIGURE 3.38 Scheme of (a) Förster energy transfer; (b) Dexter energy transfer. 



Manuscript for Invited Review Only 
 

63 

 

D/A

F
r
ee

 E
n

e
r
g
y

D*/A

D+/A-

Lattice Coordinate

D/A*

D/A D+/A-

D/A* D*/A

(a)

D/A

D*/A

D+/A-

D/A*

D/A D+/A-

D/A* D*/A

(b)

 

FIGURE 3.39 Free energy surface schemes of a D/A pair in (a) charge transfer (CT); (b) energy transfer (ET) scenarios. 

 

FIGURE 3.40 Schematic photoluminescence (PL) emission spectra of a pristine donor (D), a pristine acceptor (A), blend of the donor and the 

acceptor (D+A) in case of charge transfer (CT), and blend of the donor and the acceptor (D+A) in case of energy transfer (ET). 
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FIGURE 3.41 General energy level scheme of Cyclic Voltammetry (CV), assuming sample HOMO is below EF of reference electrode, and sample 

LUMO is above the EF of reference electrode. 

 

FIGURE 3.42   CV curve of reference material Ferrocene.   

 

FIGURE 3.43   CV curve of F4-TCNQ. 
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Quantum States and Numbers of an Electron in an Atom 

Name Symbol Orbital Meaning Range of Values Value Examples 

Principal quantum 

number 

n Main shell 1  n n = 1, 2, 3, … 

Orbital quantum number 

(azimuthal quantum 

number) 

l Subshell 0  l  n  1 For n = 3: l = 0 (s 

orbital), 1 (p orbital), 

2 (d orbital) 

Magnetic quantum 

number 

ml 

 

Energy shift 

 

l  ml  l For l = 2: ml = 2, 1, 0 

 

Spin quantum number 

 

ms 

 

Spin 

 

1/2 or 1/2 

 

Always: 1/2 or 1/2 

 

 

 

TABLE 3.2 

Key Multiplicity States and Terms 

 Electron Pattern Spin Quantum 

Numbers (ms) 

 S = ms  Multiplicity 2S + 1  Term 

 1/2 1/2 2 Doublet 

 1/2, 1/2 0 1 Singlet 

 1/2, 1/2 1 3 Triplet 

 

 

 


