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ABSTRACT 

The work summarized in this dissertation comprises of three different sections: I) Vibration 

modes and electronic excitations in the π-conjugated copolymer PffBT4T and its blend with 

fullerene molecules designed for applications in organic photovoltaic (OPV) solar cells; II) The 

introduction of Multiphoton Microscopy (MPM) as a vital tool for mapping the light-matter 

interactions and function of π-conjugated copolymers and their fullerene blends vs. the film 

morphology; III) MPM mapping of the first prototype π-conjugated polymers and their blends, 

namely MEH-PPV and P3HT films and their fullerene blends. 

 A variety of optical spectroscopies were conducted to investigate the charge excitations 

and correlated infrared (IR)-active and Raman-active vibrations in PffBT4T, a π-conjugated 

donor–acceptor (DA) copolymer, which, when blended with fullerene PCBM molecules, serves 

as an active layer in high performance OPV solar cells. The applied optical spectroscopies in 

films of pristine PffBT4T and PffBT4T/PCBM blend include absorption, photoluminescence, 

electroabsorption, photoinduced absorption (PA), and resonant Raman scattering. We found that 

the PffBT4T copolymer chain contains 11 strongly coupled Raman-active vibrational modes, 

which are renormalized upon photogeneration or doping-induced charge polarons onto the 

chains. We show that the Raman scattering, doping induced, and photoinduced antiresonances 

(AR) spectra in PffBT4T are well explained by the amplitude mode model (AMM), where a 

single vibrational propagator describes the renormalized Raman modes and their related 

photoinduced AR intensities in detail. Surprisingly, we found that two of the IR active modes in 

the pristine copolymer must be included in the AMM propagator for explaining the complete 

photoinduced AR spectrum. This feature is unique to DA-copolymers and indicates that some 

intrachain C2v symmetry breaking occurs in the chain because of the different electron affinities 

of the intrachain donor and acceptor moieties. 

 Although a number of imaging microscopies have been applied to films of -conjugated 

copolymers and their fullerene blends, seldom have they been able to detect microscopic defects 

in the blend films. We have applied multiphoton microscopy (MPM) using a 65 fs laser at 1.56 

micron for spectroscopy and mapping of films of various -conjugated copolymers and their 

fullerene blends. All pristine copolymer films have shown third harmonic generation (THG) and 
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two-photon or three-photon absorption induced photoluminescence that could be used for 

mapping the films with micrometer spatial resolution. Since the fullerene molecules have much 

weaker THG efficiency than that of the copolymers, we could readily map the 

copolymer/fullerene blend films that showed interpenetrating micron-sized grains of the two 

constituents. In addition, we also found second harmonic generation (SHG) from various micron-

size defects in the films that are formed during film deposition or light illumination at ambient 

conditions, which do not possess inversion symmetry. The MPM method is therefore beneficial 

for organic films and devices of areas ~100 cm2 for investigating the properties and growth of 

copolymer/fullerene blends for OPV applications. 

 We have applied MPM for spectroscopy and mapping of films of two prototype -

conjugated polymers, namely MEH-PPV and P3HT with their blends with PCBM fullerene 

molecules. The pristine polymer films have shown THG and three-photon absorption induced 

photoluminescence (ThP-PL) emission bands that could be used for mapping the film 

topography with micrometer spatial resolution. Since the photoluminescence (PL) band of the 

photogenerated charge transfer excitons at the polymer/fullerene interfaces in films of 

polymer/fullerene blends is substantially red-shifted compared to that of the pristine polymers, 

we could readily map the polymer/fullerene grain interfaces using the ThP-PL in the near IR 

spectral range. From the MPM imaging of the polymer/fullerene films, we show that the polymer 

grains in MEH-PPV/PCBM are substantially larger than those in P3HT/PCBM, which is 

detrimental to photovoltaic applications. In addition, we also found in the MEH-PPV/PCBM 

blend SHG emission bands that originates from micron-size inclusions in the films that are 

formed during film deposition at ambient conditions, which do not possess inversion symmetry. 
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CHAPTER 1 

Introduction 

 

1.1 The Need for Alternative Energy Sources 

 

Figure 1.1: By 2040, energy usage will increase by 56% while 80% of that will be provided by 

fossil fuels. Renewable energy and nuclear power increase by 2.5% each.  

Source: U.S. Energy Information Administration (2013) 

 

The U.S. Energy Information Administration predicts energy usage will increase by 56% in the 

coming decades. As candidates for alternative energy contrast with fossil fuels, predicted to 

supply 80% of the world’s energy needs through 2040, renewable energy and nuclear power are 

the world's fastest-growing energy sources, each increasing 2.5% per year. The industrial sector 

accounts for the largest share of delivered energy consumption while carbon dioxide emissions 

are to increase by 46% within 2040, largely because of economic growth in developing nations 

fueled by continued reliance on fossil fuels1. A significant investment of time and money has 

been placed in solar energy harnessing as a hopeful candidate to meet the world’s energy 

demands, as solar energy is abundant, renewable, and non-polluting2, contrary to other 

alternatives such as nuclear power that produces byproducts of environmentally hazardous 

wastes3. Photovoltaic devices stemming from this research may be divided into a myriad of 
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categories such as organic, inorganic, and hybrid solar cells. The focus of the present research is 

on π-conjugated (co)polymers designed for Organic Photovoltaic (OPV) devices. 

 

1.2 Beginnings of Organic Solar Cells 

In 1836, a French physicist by the name of A. E. Becquerel discovered a phenomenon known 

today as the Photovoltaic Effect4; the creation of a voltage/current in a material upon being 

exposed to light. This is unlike the Photoelectric Effect, where light induces an energy jump, or 

excitation in an electron and ejects it from the material, usually in vacuum. Reports of 

photoconductivity began in the 1870’s while those of organic compounds first appeared in the 

1900’s5. In the 1950-1960’s, consideration of organic materials as potential use for 

photoreceptors began. The 1980’s marked the first organic photovoltaic solar cells, while the 

donor-acceptor heterojunction was discovered in 19866. Today, one of the highest reported 

power conversion efficiency (PCE) for a tandem organic cell is ~13% by Heliatek with typical 

single layer OPV PCEs of 10%7. Compared to other OPV devices with PCEs as high as ~20%, 

OPVs have their own advantages such as more accessible processing materials (carbon based 

molecule strings), lower-energy/lower-cost production (spin-coating, ink jet printing), and 

flexible substrates which would be useful for integrated cells for a variety of uses (solar 

windows)8. 
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1.3 Organic Solar Cell Physics 

 

Figure 1.2: (a) An overview of sp2 hybridization excited states. (b) A simple electronic orbital 

and bond diagram of sp3 hybridization for Ethene. (c) Alternation of carbon-carbon single and 

double bonds of a π-conjugated polymer known as trans-polyacetylene. 

Source: Organic Semiconductor World 

 

Unlike inorganic PV solar cells that consist of mainly crystalline materials such as Silicon or 

hybrid organic inorganic perovskites such as methyl-ammonium lead iodine (MAPbI3)9, the 

active material in OPV devices are π-conjugated (co)polymers as donor and PCBM fullerenes as 

acceptors. A conjugated system in the polymer is formed where carbon atoms covalently bond 

with alternating single and double bonds, electrons pz orbitals delocalize and form a delocalized 

bonding π orbital with a π* antibonding orbital which may be seen in Figure 1.2 (b). The 

delocalized π orbital is called the highest occupied molecular orbital (HOMO), and the π* orbital 

would be the lowest unoccupied molecular orbital (LUMO). In organic semiconductor physics, 

the HOMO is equivalent to the valence band in inorganic semiconductors, whereas LUMO is 
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equivalent to conduction band. The energy level difference between HOMO and LUMO is the 

band gap where the usual range is 1-4 eV10. π-electrons excited by light with photon energy 

equal or higher than the band gap energy of HOMO to LUMO is denoted as a π-π* transition. 

One of the main characteristics of these polymers which is contrary to inorganic semiconductors 

where the electrons are more or less delocalized in the bulk, is that the π-electrons are localized 

to specific molecular chains and tend to jump from one local site to another when excited2. As 

such, the exciton diffusion length ranges from 2-10 nm, whereas the carrier diffusion length is of 

the order of 50 nm11. These molecular chains can be considered to consist of repeat units in 1D, 

but are largely disordered in 3D. 

 

1.3.1 The Active Layer: π-Conjugated Polymers 

Organic semiconductors consist of carbon-containing atoms which hold the configuration of four 

valence electrons; one s and three p (Figure 1.2 (a)). Organic semiconductors may be generalized 

to two types; small molecules and polymers. Small molecules consist of materials with well-

defined molecular structures and weight, usually deposited by evaporation techniques.  Polymers 

contain repeating molecular units of varying-length chains, are soluble, and usually deposited by 

spin-coating (largely used by research labs) or ink-jet printing techniques (used by industry for 

mass production). 

π-conjugated semiconductors have the electronic configuration of carbon compounds 

with alternating single and double bonds between neighboring atoms, shown in Figure 1.2 (c). In 

general, for organic semiconductors, if all the valence electrons are singly bonded with sp3 

hybridization as shown in Figure 1.2 (a), then this leads to sigma bonding resulting in large band 

gap energies approximately 5 eV. Such large band gaps define insulators. For π-conjugated 

semiconductors, double bonds of sp2 hybridization causes three electrons to establish strong 

planar σ-bonds with neighboring atoms, and one electron in a π-bond configuration 

perpendicular to the polymer backbone. π-electrons are delocalized over many neighboring 

atoms in the polymer backbone chain resulting in relatively high conductivity and at the same 

time ends up giving rise to the electronic and optical properties of these materials12.  The linear 

superposition of the wave functions for two π-electrons in the pz configuration of each carbon 
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atom leads to the formation of two energy states. The low energy state, where the probability of 

finding the electron between nuclei is high, is called a bonding π-orbital, and those of higher 

energy states, where the probability of finding an electron between two nuclei is low, is called an 

antibonding π*-orbital. The π-orbital forms the HOMO whereas the antibonding π*-orbital forms 

the LUMO. Valance and conduction bands represented in inorganic semiconductors usually stem 

from the electronic configuration of the material in bulk. According to Pauli's exclusion 

principle, no two particles may contain the same quantum numbers in the same system. This 

results in what's called valence and conductions band gaps of the whole material where the 

energy level of each band is around ~1E-23 J, something too fine to be detected by conventional 

means. The HOMO and LUMO may be generally compared to valence and conduction band 

gaps however, these represent the electronic states of local sites in the polymer backbone chain, 

and not the bulk material as a whole. π-electrons are delocalized over many neighboring Carbon 

atoms in the chain, and hence, the quantum mechanical wave function is confined to a single 

chain. π-conjugated organic semiconductors are treated as one-dimensional systems with half-

filled electronic bands due to one available π-electron per Carbon atom. The formation of these 

band gaps may be explained by taking into account the electron-electron and electron-phonon 

interactions of π-electrons. The special characteristic of being able to engineer the amount of 

delocalization, the gap between the bonding and antibonding orbitals, makes π-conjugated 

polymers promising for applications in optoelectronics. The HOMO-LUMO energy gap is 

usually in the range of 1.4-3.0 eV for most π-conjugated organic semiconductors. 

  

1.3.2 π-Conjugated Polymer Excitation Models 

Several models deduce the physical mechanism behind the excitations in π-conjugated polymers. 

The Su-Schrieffer-Heeger (SSH) model was primarily developed for trans-polyacetylene (t-

(CH)x), assumes the electron-electron interaction is negligible, and utilizes the tight-binding 

approximation by taking into account the electron-phonon interaction and restoring energy13.  

The model considers the π-conjugated chain described by the Hamiltonian SSH in semi-

classical Huckel approximation. The Huckel model takes into consideration the nearest neighbor 

interactions based on the tight-binding approximation12. It can explain the HOMO-LUMO 
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bandgap of the polymer, but cannot explain the resulting excitation energy levels. The SSH 

Hamiltonian treats the lattice kinetic energy classically, while that of the electron-phonon 

interaction is treated quantum mechanically, as shown in Equation (1.1): 

 𝐻𝑆𝑆𝐻 =
𝑘

2
∑ (𝑢𝑛 − 𝑢𝑛−1)

2 +
𝑀

2
∑ (

𝑑𝑢𝑛
𝑑𝑡
)
2

𝑛𝑛

−∑ (𝑡0 + 𝛼(𝑢𝑛+1 − 𝑢𝑛))(𝐶𝑛+1,𝑠
+ 𝐶𝑛,𝑠 + 𝐶𝑛,𝑠

+ 𝐶𝑛+1,𝑠)           (1.1)
𝑛,𝑠

 

in which t0 is the hopping integral between nearest neighbors for an undistorted chain, α 

represents the electron lattice coupling constant, 𝐶𝑛,𝑠
+/𝐶𝑛,𝑠 would be the creation / annihilation 

operators of an electron on site n and spin s, k is the spring constant from π-electrons, and un is 

the deviation of the nth sites from the equilibrium position in an undistorted chain with equal 

distance between sites. 

The SSH models states that the dimerization caused by strong electron-phonon 

interactions lowers the energy of the system and creates an energy gap with Fermi level Eg=2Δ, 

where Δ=4αu, and u is the dimerization amplitude in equilibrium. The gap ends up being directly 

proportional to α in which the stronger the coupling, the larger the gap becomes. As the 

dimerization lowers the system energy, lowering the occupied electronic states in equilibrium, a 

configuration that is more stable and a doubling of the lattice constant results. In this case, the 

system no longer exhibits the behavior of a one-dimensional metal, but acts accordingly to that 

of a semiconductor with direct band gaps. 

The Hubbard model takes into account the electron-electron interaction and 3D intrachain 

coupling while assuming the electron-phonon interaction is negligible, although being quite 

strong in polymer systems. The main caveat of this model is being able to explain the energy 

levels of charged and neutral excitation by including a coulomb repulsion of two electrons on the 

same site. The Hubbard Hamiltonian may be written as: 

𝐻𝐻𝑢𝑏𝑏 = 𝑈∑𝑛𝑖,↑𝑛𝑖,↓
𝑖

                                                                                             (1.2) 

The Hubbard model ignores electron-phonon interactions but explains the energy levels 

while the SSH model ignores electron-electron interactions but explains the physics of the 

HOMO-LUMO bandgap of polymers. Clearly, a model is needed to take into account both the 
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electron-electron and electron-photon interactions. The Pariser-Parr-Pople (PPP) 14 model gives a 

more realistic approach and explanation behind the energy levels of excitations in the class of π-

conjugated polymers. PPP is used to explain various aspects of excited states in polymer 

systems. 

 

1.3.3 π-Conjugated Polymer Major Excitation States 

Two types of excitations may generally be found in π-conjugated polymers; neutral excitons and 

charged polarons. When a photon with an energy that is above the HOMO-LUMO bandgap of 

the material is absorbed, charge neutral and spinless excitations called singlet excitons (SE), or 

singlets,  are generated. The SE either enters recombination, generating photoluminescence (PL), 

or transforms into long-lived neutral excitations called triplet excitons (TE), or triplets, through 

intersystem crossing. These quasiparticles may further dissociate into positive and negative 

charge excitations called polarons. Charged excitations may be injected via electrical means 

which recombine into SE or TE. 

 

1.3.3.1 Excitons 

An exciton is an electrically neutral quasiparticle that exists in insulators and semiconductors. 

The particle consists of a bound state of an electron and positively charged electron hole that are 

attracted by electrostatic Coulomb forces. Traditionally, in semiconductors, an exciton can form 

upon the absorption of a photon15. The electron is excited to the conduction band, leaving behind 

the electron hole in the valence band. The electron is then effectively repulsed from the hole by 

its surrounding electrons, albeit an attraction between the two particles still exist with a binding 

energy. 

In the case of organic semiconductors, an electron is excited from a lower energy state 

(HOMO) to a higher energy state (LUMO) from the absorption of a photon, effectively creating 

an electron-hole pair; an exciton. Excitons in this case generally have lower energy than the 

bandgap of the material where the difference is defined as its binding energy, usually 

approximately 0.3-0.5 eV in most π-conjugated polymers. 
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Three types of excitons may be categorized based on their spatial states; Frenkel, Charge 

Transfer, and Wannier-Mott excitons respectively16,17. 

Frenkel excitons are the most common in organic semiconductors as they have small 

dielectric constants resulting in a strong Coulomb attraction between the electron and hole. The 

exciton has a large binding energy of roughly 1 eV and is localized around a small radius on the 

order of the unit cell. Comparatively, Wannier-Mott excitons center on much larger radii 

approximately 4-10 nm which may delocalize across a large number of atoms or molecules. In 

traditional semiconductors, the dielectric constant is small, and the electric field effectively 

screens the Coulomb force of the electron and hole, resulting in Wanner-Mott excitons. The 

binding energy of Wannier-Mott excitons is significantly reduced compared to that of Frenkel 

excitons, on the order of 50 meV, due to the small effective mass of electrons in semiconductors.  

Excitons in 3D semiconductors can be modeled as hydrogen-like states due to the wave 

function of the bound state being hydrogenic, although the binding energy and particle size is 

comparatively much smaller than a hydrogen atom due to screening of the Coulomb force of 

other electrons and small effective masses of the excited electron and hole. The hydrogen-like 

states may be written as18: 

𝐸𝑒𝑥(𝑛𝑏 , 𝑲) = 𝐸𝑔 − 𝑅𝑦
∗
1

𝑛𝑏
2 +

ℏ𝑲2

2𝑀
                                                    (1.3) 

where nb represents the principal quantum number, 𝑅𝑦
∗  the exciton Rydberg energy, M the 

translational mass, K the wave vector, and μ the reduced exciton mass respectively. 

Further details of each constant are as follows: 

𝑛𝐵 = 1,2,3…                                                                (1.4) 

𝑅𝑦
∗ = 13.6𝑒𝑉

𝜇

𝑚0휀2
                                                        (1.5) 

𝑀 = 𝑚𝑒 +𝑚ℎ, 𝑲 = 𝒌𝒆 + 𝒌𝒉 (1.6) 

                                                        

𝜇 =
𝑚𝑒𝑚ℎ

𝑚𝑒 +𝑚ℎ
 (1.7)  
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The oscillator strength f and Bohr radius 𝑎𝐵 are given by: 

𝑓(𝑛𝐵) ∝  𝑛𝐵
−3, 𝑎𝐵   ∝  𝑎𝐵

𝐻 𝑛𝐵 (1.8)     

Quantum mechanics may explain the spin states of the excited exciton. The electron and 

hole pair of an exciton may have either parallel (↑↑), anti-parallel (↓↓), or a combination (↑↓, ↓↑) 

of spins which gives rise to fine structure. The electron and hole of an exciton forms either 

singlet or triplet states with a total spin of 0 or 1, depending on the spin statistics. The Slater 

determinant describes the wave function of, in this case, a two-particle system that satisfy anti-

symmetry requirements for spatial wave functions and may be written as follows19: 

𝜓 =
1

√2
|
𝜓1(𝒓1)𝜒1(𝒓𝟏) 𝜓2(𝒓1)𝜒2(𝒓𝟏)

𝜓1(𝒓2)𝜒1(𝒓𝟐) 𝜓2(𝒓2)𝜒2(𝒓𝟐)
| (1.9) 

with ψ(r) and χ(r) (meaning |sm> in Dirac notation) representing the spatial and the spin parts of 

the wave function.  

The spin wave functions |sm> may be solved using Clebsch–Gordan coefficients defined as20: 

|𝑠𝑚⟩  = ∑ 𝐶𝑚1𝑚2𝑚
𝑠1𝑠2𝑠

𝑚1+𝑚2

|𝑠1𝑚1⟩|𝑠2𝑚2⟩ (1.10) 

and substituting the four possible pair combinations as (in |s, m> notation): 
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(1.11) 

returns the values for the total spin of: 

|1,1⟩                    = ↑↑

|1,0⟩ =
1

√2
(↑↓ +↓↑)

|1, −1⟩                = ↓↓}
 

 

 𝑠 = 1 (𝑡𝑟𝑖𝑝𝑙𝑒𝑡) (1.12) 

where |1,0> is a symmetric combination, and: 

|0,0⟩ =  
1

√2
(↑↓  − ↓↑))}  𝑠 = 0 (𝑠𝑖𝑛𝑔𝑙𝑒𝑡) (1.13) 
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is an antisymmetric combination. 

 

 

Using equations (1.9) in combination with (1.12) and 1.13), we construct the wavefunctions as: 

𝛹𝑠=1 =
1

2
[𝜓1(1)𝜓2(2) − 𝜓2(1)𝜓1(2)][↑ (1) ↑ (2)] (1.14) 

𝛹𝑠=1 =
1

2
[𝜓1(1)𝜓2(2) − 𝜓2(1)𝜓1(2)][↓ (1) ↓ (2)] (1.15) 

𝛹𝑠=1 =
1

2
[𝜓1(1)𝜓2(2) − 𝜓2(1)𝜓1(2)][↑ (1) ↓ (2) + ↓ (1) ↑ (2)] (1.16) 

𝛹𝑠=0 =
1

2
[𝜓1(1)𝜓2(2) + 𝜓2(1)𝜓1(2)][↑ (1) ↓ (2)− ↓ (1) ↑ (2)] (1.17) 

where ↑ and ↓ represent the spin projection of χ (m from |sm>). The antisymmetric properties 

may be verified using the Pauli exclusion principle via Ψ(1, 2) = -Ψ(2, 1). 

In the non-interacting case, singlet and triplet energy levels are degenerate though in the 

presence of spin-spin exchange interactions, they are nondegenerate and the triplet state occupies 

the lower energy level. 
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Figure 1.3: The photo-excitations of π-conjugated polymers; exciton bands on the left while 

that of polarons on the right represented with P1 and P2 transitions. Triplets have lower energy 

than singlets. 

 

The energy band diagrams of excitons are presented on the left panel of Figure 1.3. In 

these diagrams, 1Ag is the ground state while 1Bu, mAg, and kAg represents the excited singlet 

states. The subscript of g signifies gerade (even parity) and that of u is for ungerade (odd parity). 

Radiative recombination resulting in PL from singlet states to ground states occur immediately 

after photoexcitation on the order of 100 ps (practically a virtual state if detecting by 

conventional means). There is still a probability that in which a singlet state transforms into long-

lived triplets within approximately 10 ns or less via intersystem-cross. This is due to various 

physical mechanics such as hyperfine interaction, spin flips of one of the quasiparticle pairs due 

to spit-orbit coupling, and the injection of radical impurities in the polymer chains. Although 

decay from a triplet to the ground state is spin forbidden, there is still a chance of a radiative 

decaying process known as phosphorescence (PH) to occur. This is due to the existence of spin 

flopping where the transition usually has longer lifetimes on the order of milliseconds21. Since 

PH is not a usual case in organic semiconductors, a technique known as photo-induced 

absorption (PIA) must be utilized to observe the density of triplets in these materials. PIA is the 
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transition from Bu to elevated Ag states that is presented as vertical arrows in the left panel of 

Figure 1.3. Singlets are short-lived to the extent of being regarded as virtual states under 

conventional means, however, may be observed via ultrafast pump-probe methods. Triplets are 

long-lived and thus may be observed through conventional continuous wave (CW) pump-probe 

techniques. 

 

1.3.3.2 Polarons 

Organic semiconductors are much more fragile than their inorganic counterparts such as Silicon. 

This is due to the type of chemical bonding difference between the materials where π-conjugated 

polymers are mainly double covalent bonds (one σ-bond and one π-bond) and that of its 

inorganic counterparts which consist of mainly covalent and ionic bonds (the strongest of 

chemical bonds, though much less rigid, no flexibility which is a prime characteristic of OPVs). 

This originally stems from Van der Waals forces between neighboring molecules of organic 

materials in solid state. In consequence, a moving charge carrier through an organic material may 

cause local distortions and form a quasiparticle with nonzero spin called a polaron. Polarons are 

either positively (P+) or negatively (P-) charged with ½ spin and contain two symmetrically 

localized states within the band where two allowed optical transitions, P1 and P2, exist as shown 

on the right panel of Figure 1.3. Polarons tend to jump from one local site to another on the 

backbone of the polymer chains while at the same time represent the major charge/current 

carriers in organic devices such as OPVs. They are created through many means such as 

chemically doping, photo-doping, or electrical carrier injection through electrodes (used on solar 

cells). The transitions of polarons can be monitored by CW pump-probe techniques. These 

quasiparticles can be identified by means such as Doping Induced Absorption (DIA). The 

polaron band diagram is seen on the right of Figure 1.3. 
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1.3.4 The Bulk Heterojunction 

 

Figure 1.4: The bulk heterojunction (BHJ) design of a solar cell (top) which gives the highest 

PCE. The basic exciton lifecycle from photon absorption to charge separation (bottom). 

Adapted from https://www-ssrl.slac.stanford.edu (top)  

and https://www.sigmaaldrich.com (bottom) 

 

A common design for an OPV solar cell, called a bulk heterojunction (BHJ), consists of an active 

layer of phase-separated blend of (co)polymer donors and fullerene acceptors22. The 

donor/acceptor blend is usually deposited onto a transparent conductive oxide film that acts as 

the anode. A buffer layer, used to either block electrons or holes, is placed between the active 

layer and cathode (schematic in Figure 1.4 top). An exciton is generated when a photon with 
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energy that is equal or above the HOMO-LUMO bandgap of the donor strikes the active layer. 

With the proper chemical potential, the exciton diffuses to the interfaces between the donor and 

acceptor grains in the blend film. A potential is applied to the junction and the electron-hole pair 

is separated; the hole traveling towards the anode and electron traveling towards the cathode 

(cycle seen in Figure 1.4 bottom). The advantage of BHJ is when the donor-acceptor interface is 

appropriately phase-separated, the probability that the exciton comes into contact with the 

correct interface within the exciton diffusion length is high11 thus allowing for successful charge 

separation upon applying a potential. 
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1.3.5 Morphology: The Key Performance Factor of OPV Devices 

 

Figure 1.5: A chaotic blend (top) of donor-acceptor results in recombination or trap states. An 

ordered blend (bottom) promotes charge separation and avoids trap states which end up 

increasing PCE. 

 

The OPV research community has established a direct correlation to the critical performance of 

OPV devices to that of the topography and chemical morphology of (co)polymers and/or their 

fullerene blends23,24. Many mapping methods have been utilized in order to analyze the 

nanoscale structure of these films and try to obtain a more fundamental physical understanding 
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behind the increase in PCE for said topography and morphology. Seen in Figure 1.5 is the 

morphology of a relatively chaotic and disordered film where charge separation largely ends in 

trap states resulting in recombination, and a controlled morphology where charge separation 

appropriately ends in extraction. The goal is to engineer and control the morphology in such a 

way as to avoid trap states and increase carrier mobility. 

The basic mapping methods (and their variants) utilized for these analysis is Scanning 

Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and Atomic Force 

Microscopy (AFM), where length scales, and the phase relation between film blends is observed, 

such as “polymer rich” and “fullerene rich” domains, and thus correlated to device 

performance25–37. In order to take into account the extremely limited lateral, chemical, and order 

information of the material with the above methods, other spectroscopic and mapping methods 

must be utilized and combined in order to probe the finer physical interactions of the material. 

Some of these methods include dynamic time-of-flight secondary ion mass spectrometry (TOF-

SIMS)25,38,39, and Kelvin Probe Force Microscopy (KPFM)26 for lateral composition analysis. 

For a more deeper understanding of the chemical composition and crystallinity, scanning 

transmission X-ray microscopy (STXM) is used40–43. Time-Resolved Electrostatic Force 

Microscopy (EFM) is an uncommon mapping method to present a direct link between local 

morphology and local optoelectronic properties of device performance44. Local photocurrents 

within an active device may be mapped with photoconductive AFM (pcAFM)23. AFM has been 

combined with Raman spectral mapping and fluorescence imaging to study the topographical 

and lateral information of patterned geometries45. Resonance Raman spectroscopic imaging was 

combined with AFM in order to introduce a physical probe in identifying morphology-dependent 

variations of intra- and interchain interactions and order in P3HT and PCBM46. The 3D film 

morphology of photovoltaic blends was studied during spin-casting using scanning light pulse 

technique (SLPT)47, and in combination with AFM and electron tomography, in order to 

understand the lateral phase separation gradients48–50. The correlations between the morphology 

and the local photophysical properties of blend films with respect to adding ODT at both the 

micrometer and nanometer scales are revealed by Confocal and Near-Field Spectroscopic 

Mapping techniques51,52. Cross-sectional scanning tunneling microscopy (XSTM) is employed to 
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study the lateral interface of a BHJ polymer solar cell53. Grazing incidence X-ray scattering 

(GIXS) represents a visualization and understanding of the crystal structure, order, and 

orientation in the crystalline regions of the films32,34,54–59. 

Most of these techniques are limited to at least 10 nm from the surface of the film, and 

are mostly surface analysis techniques. Furthermore, they ignore the light-matter interaction of 

the molecular structure and thus must usually be combined with spectroscopy. 

 

1.3.6 Amplitude Modes in π-Conjugated Polymers 

Soon after the SSH Hamiltonian was introduced to t-(CH)x, it was recognized that the Raman 

active modes in this polymer are strongly coupled to the electronic excitations60. The reason for 

the strong electron-phonon coupling is the origin of the HOMO-LUMO gap in this polymer (as 

well as in other π-conjugated polymers). As clearly seen from the SSH model, the energy gap of 

the polymer is directly related to the intrachain isomerization value, Δr (= r(C-C)-r(C=C)), which 

modulates the transfer integral, t (or γ). Therefore, all intrachain vibrational modes that modulate 

t also modulate the energy gap, and consequently, are strongly coupled to the electronic 

excitations. The first paper that introduced these modes to the field named these unusual 

vibrational modes as Amplitude Modes (AM), and the model that describes these modes is 

known as the amplitude mode model, AMM. 

Doping or photogeneration induces intrachain charges onto the polymer chains. Because 

of the chain flexibility, the charges create lattice relaxation known as ‘polaronic effect’, and, in 

turn, the carriers do not move in a rigid lattice but in a relaxed lattice and thus form ‘polarons’. 

This effect elongates the polaron wave function, which consequently increases the polaron 

optical cross section. In parallel, the AM that were Raman active in the neutral chain become 

infrared active (now known as ‘phase modes’, PM), and because of the polaronic effect get huge 

oscillation strength, comparable to that of the optical absorption of the polarons. This leads to a 

surprising absorption spectrum for doping and photogenerated carriers in the polymer chain, 

where the PM absorption bands are as strong as the electronic absorption bands (see Chapter 3). 

Later on, other polymers have been synthesized in which the polymer chain is maintained 

flat on a plane, and this increases the chain rigidity. In this case, the polaron absorption band 
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decreases in energy and even overlaps with the PM absorption lines. This leads to Fano type 

interactions between the continuous polaron absorption band and the discrete PM, which results 

in dips in lieu of peaks in the absorption spectrum, which were named anti-resonances. 

The Amplitude Mode Model (AMM) was adopted to describe both the Raman active 

modes and the PM in the original paper60. The main success of the AMM is that with few 

parameters, this model is able to describe well all the intrachain vibration frequencies (both AM 

and PM) and their optical activity strength in the related spectrum (either Raman scattering or IR 

absorption). In addition, from knowing the AMM parameters in detail, it was shown that the 

polaronic effective mass can be well estimated61. This is a formidable tool in predicting the 

carrier mobility in a given polymer, since the polaronic effective mass figures directly in the 

charge transport properties. In the present work, the AMM has been adopted to describe the 

Raman scattering, doping induced and photoinduced spectra of donor acceptor copolymers, as 

described in Chapter 3. Furthermore, comparing the IR and Raman active modes, it was deduced 

that breaking of inverse symmetry occurs in the organic semiconductors under study (Chapter 3). 

 

1.3.7 Rule of Mutual Exclusion 

Infrared spectroscopy (IR spectroscopy aka Vibrational spectroscopy) is the EM spectrum taken 

of the interaction of infrared radiation with matter. It is largely an absorption spectroscopy based 

technique although the spectrum may be presented in either absorption or transmission spectra 

depending on the experimental setup. This technique is largely based on the fact that atoms or 

molecules absorb frequencies that represent the specific characteristics of their structure, such as 

bonding. They occur at what are called resonant frequencies; when the frequency of the radiation 

matches that of the vibrational frequency. The molecular potential energy surfaces, masses of the 

atoms, and associated vibronic coupling all affect the energies. The requirement of vibrational 

modes to be IR active must be correlated with the changes in the dipole moment62. The many 

ways an atom or molecule may vibrate are called vibrational modes. Linear molecules with N 

number of atoms have 3N – 5 degrees of vibrational modes while that of nonlinear molecules 

have 3N – 6 degrees of vibrational modes. These modes are used to identify the molecular 

properties of materials. 
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Raman spectroscopy is used to observe the vibrational, rotational, and other low 

frequency modes in the material63. It relies on Raman scattering by monorchomatic light, usually 

a laser, in the visible, NIR, and near ultraviolet range. The laser interacts with the various 

vibrations, phonons, and other excitations in the system resulting in the energy of the photon 

increasing or decreasing. This change gives information about the vibrational modes of the 

system. This technique yields complementary information along with that of IR spectroscopy. 

The polarizability of the electrons in the molecule is correlated with the magnitude of the Raman 

effect. A photon excites the sample and causes inelastic scattering, placing the molecule into a 

virtual state for a short period of time before the photon is emitted. The emitted photon may 

contain energy lower or higher than the excitation photon which causes the sample to enter a 

different rotational or vibrational excited state. The change in the frequency of the emitted 

photon is called a Stokes shift in case of energy loss, or anti-Stokes shift in case of energy gain. 

For the Raman effect to be realizable, there must be a change to occur with an electric dipole-

electric dipole polarizability in relation to the vibrational coordinates corresponding to the 

rovibronic states. As the intensity of the Raman scattering is proportional to this change, it is a 

function of the frequency changes depending on the rovibronic states of the molecule. 

In the rule of mutual exclusion, normal modes can not both be IR and Raman active in a 

molecule that is centrosymmetric. This is an important application of group theory to vibrational 

spectroscopy, and allows the detection of the presence of symmetric elements of the material by 

comparison of the IR and Raman spectra64. The rule arises from centrosymmetric point group, 

where IR active modes stems from one of the components of the dipole moment vector which 

must transform according to the same irreducible representation.  The symmetry is ungerade, 

where the character under inversion is -1, but that of Raman active modes must be of gerade 

symmetry as their character under inversion is +1 within transformation according to the 

symmetry of the polarizability tensor. In the character table, there is no irreducible representation 

that covers both IR and Raman active modes, therefore there is no overlap between the two 

spectra65 unless breaking of inverse symmetry occurs. 

Using the rule of mutual exclusion in combination with AMM, it is deduced that the π-

conjugated (co)polymers under study contain inverse breaking symmetric properties (Chapter 3) 
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which are in fact directly observed via Multiphoton Microscopy (MPM) (Chapters 4-5) by direct 

observation of second harmonic generation (SHG). 

 

1.4 Multiphoton Microscopy 

Multiphoton Microscopy (MPM) employs the generation of florescence due to two-photon 

absorption (TPA) or three-photon absorption (ThPA) and the emission of Second Harmonic 

Generation (SHG), and Third Harmonic Generation (THG) through inducing Nonlinear Optical 

effects in the local volume. The former is simply due to multiple mirror photons (copy photons 

of same energy) being absorbed in material to cause an excited jump not normally possible with 

one photon. The latter is due to a change in the polarization of the material as a very high 

amplitude of the electric field E causes the behavior of light to become nonlinear in media, or in 

which the dielectric polarization P (aka Polarization volume) in the media responds nonlinearly 

to the electric field E of the light. The next two sections briefly describe these two similar, but 

not exactly the same, phenomena. 
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1.4.1 Excited Florescence due to Multiphoton Absorption 

 

Figure 1.6: A comparison of confocal microscopy and two-photon excitation microscopy. (a) 

Single-photon excitation where the majority of the image is blocked by background photons. 

(b) Two-photon excitation where the probability of absorption remains highest at the focal 

plane. Adapted from literature66 

 

During the early stages of quantum mechanics, a PhD candidate by the name of Maria Goeppert-

Mayer (1906-1972) proposed the possibility of TPA in her doctoral dissertation around 193167. 

This involves a nonparametric process in which two photons of the same energy are absorbed in 

a material in which an excited state is attained from the ground level. A photon with at least 

twice the energy of the excitation photon is emitted after the excited to ground state transition. 

The probability of this to occur is extremely low, and coupled with the condition that the time 

difference between the two photons for successful absorption is on the order of femtoseconds (fs) 

and a very large flux of mirror photons are required in a relatively small area, this idea was never 

truly realized until the 1960’s when the laser first appeared. Wolfgang Kaiser was the first to 
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witness this phenomenon in 1961 for a CaF2:Eu2+ crystal by using laser excitation68. It was later 

verified that TPA is also possible for a single atom69. 

This process is now used in florescence imaging techniques such as two-photon 

excitation microscopy70. This technique typically uses photons in the near infrared (NIR) range 

as scattering at this wavelength range inside biological samples is minimized. Two NIR photons 

are absorbed in one quantum event where the emitted photon is typically in the visible range 

depending on the material. The background signal is also strongly suppressed allowing for 

imaging inside biological samples and at the same time reducing photobleaching. The excitation 

is effectively restricted to a tiny focal volume typically on the order of femtoliters by using high-

powered microscope objectives. Combined with mode-locked lasers (MLL), the probability of 

absorption is highest at the focal plane as seen in Figure 1.6 (b). 

 

1.4.2 Nonlinear Optics 

Nonlinear Optics (NLO) was first observed by Peter Franken in the form of SHG around 1961 

after the construction of the laser. The basic theory of many NLO processes were first derived 

and explained by Bloembergen71. These processes are typically only observed at very high 

intensities of E around the order of 108 V/m. Unlike TPA or ThPA excited florescence, the 

processes stemming from NLO are largely parametric, meaning they leave the system in the 

same quantum mechanical state after absorption and emission. This means that the material is 

excited to a virtual state (the transition is “instantaneous”) and no observations may be made. 

Emissions typically occur at energies of 2-3 times to that of the absorbed photons. Similar to 

multiphoton florescence, the probability of NLO is extremely low unless multiple photons are 

absorbed within femtoseconds combined with a high influx of photons, in which case a MLL is 

used combined with high-powered objectives. 

These parametric processes may be described by a Taylor series expansion of the 

Polarization volume P: 

𝑷(𝑡) =  𝜖0 (𝜒
(1)𝑬(𝑡) + 𝜒(2)𝑬2(𝑡) + 𝜒(3)𝑬3(𝑡) + ⋯ ∑𝜒(𝑛)𝑬𝑛(𝑡)

𝑛

) 1.18 



39 

 

The nth-order of the electric susceptibility χ(n) describes the NLO processes such as SHG and 

THG. The Polarization volume Electric Field were represented as scalars in equation 1.13 for 

simplicity however, in general they are vectors with (x, y, z) components. The electric 

susceptibility is an n+1 rank tensor which represents both the polarization-dependent nature and 

the centrosymmetric properties of the nonlinear media. 

Strict phase-matching rules also apply to generate these NLO processes and the media 

may need to have certain centrosymmetric properties. For example, SHG may only be seen 

within media that break inverse symmetry while that of THG may be seen in media regardless of 

the centrosymmetric properties. An extensive and detailed explanation of NLO processes such as 

SHG and THG may be found in the literature72,73. 

 

1.4.3 Excited Florescence and Nonlinear Optical Microscopy 

 

Figure 1.7: A Jablonski diagram representing all the parametric and nonparametric processes 

recorded from conducting MPM on π-conjugated (co)polymers. SHG and THG give 

information of the geometry and centrosymmetric properties while that of TP-PL and ThP-PL 

give information of the function of π-conjugated (co)polymers and their blends. 
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In general, MPM refers to either a technique that utilizes only two or three-photon excited 

florescence, or that of SHG or THG type processes to image the sample. It is traditionally used to 

map biological samples due to the ability of non-intrusive imaging of deep tissue66,74. In this 

work, MPM refers to all the processes induced by using a powerful MLL with a microscope 

objective containing a high NA. These parametric, and nonparametric processes contain 

multiphoton florescence in combination with NLO processes, as the Jablonski diagram in Figure 

1.7 shows. For the characterization of π-conjugated (co)polymers and their blends, THG is 

utilized to image the geometrical or topographical surface. SHG is utilized to pinpoint local areas 

of where inverse symmetry is broken, an important feature for detecting defects in these 

materials generated by either photoexcitation or other procedures such as spin-coating or even 

annealing. The materials under study for OPV applications all emit two-photon 

photoluminescence (TP-PL) or three-photon photoluminescence (ThP-PL) which mainly comes 

from the recombination of excitons generated by multiphoton absorption. In short, the function 

of the films are mapped vs the geometry, a feature not found in other traditional mapping 

techniques for these materials. 

 

1.5 Outline of Dissertation 

The dissertation covers six chapters. Chapter 1 conveys the importance of the research behind 

solar cells, explains the physics and design of basic organic solar cells, gives a few excitation 

models for excitons, and covers the basic theory behind MPM. It summarizes the usual and 

unique imaging conducted on material for OPV applications while pointing out the 

shortcomings. 

Chapter 2 covers the microscope setup for MPM. A brief overview of the recreated 

program that controls the various electronics and instrumentation of the MPM microscope is also 

reviewed. The experimental setup for PIA, DIA, IRS, RRS, and EA is summarized in Chapter 3. 

Chapter 3 dives into the study of vibration modes from a π-conjugated copolymer called 

PffBT4T. The PIA, DIA, Raman, and Infrared spectra are measured to analyze the vibration 

modes. The AMM was applied to explain the vibration modes while at the same time showing a 

prelude to breaking of inverse symmetrical properties. 
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Chapter 4 uses MPM to measure the function of various π-conjugated copolymers and 

their fullerene blends vs the geometry. The materials under study consisted of PTB7, PffBT4T, 

FTAZ, and their PCBM fullerene blends. It was found that the interpenetrating matrix between 

the copolymer and PCBM fullerenes was observable. By taking the power dependence 

measurements, The nonlinear (NL) PL of FTAZ stemmed from ThPA while that of PTB7 was 

TPA. Surprisingly, PffBT4T show both TPA and ThPA states depending on the intensity of the 

MLL. Lastly, regions of SHG were detected showing defects which contain the properties of 

breaking inverse symmetry. 

Chapter 5 shows the optical study of MEH-PPV and P3HT via MPM, the first prototype 

π-conjugated polymers and their blends. The interface between the polymer and their blends was 

directly observable via NL Pl, something not yet witnessed. 

Chapter 6 gives the summary and the mention of future work on OPV devices using 

MPM. 
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CHAPTER 2 

Multiphoton Microscope 

 

Multiphoton florescence usually involves focusing a monochromatic light from a laser, or more 

specifically, a MLL (typically broad spectrum), onto a small focal spot or plane using a high-

powered microscope objective. As mentioned in Chapter 1, the probability of absorbing multiple 

photons in one quantum event is extremely low and one does not usually see this phenomenon. 

Using fs pulses from a MLL and focusing the power into a diffraction-limited spot substantially 

increases the probability of multiphoton absorption and induces multiphoton florescence in 

addition to changing the Polarization volume of the media in the spot and causing nonlinear 

optical effects. 

A galvanometer rastering system is usually utilized in order to scan a diffraction-limited 

point spot across a sample in which case the signal from detectors, usually PMTs, is then 

recorded on a digital acquisition device (DAQ). Each pixel of the image may then approximate 

the focal spot (depending on resolution, where two pixels may approximate). Two, and even 

three-photon fluorescence is used for deep tissue imaging of biological samples, however, the 

florescence usually depends on the material and may change, making vital features not visible. 

Second Harmonic Imaging is also used in this fashion by mainly inducing SHG in the local focal 

point, however, the material will need to show breaking of inverse symmetry properties, and not 

all material contain this characteristic. 

The Multiphoton Microscope induces both the nonparametric process of PL (for π-

conjugated systems, otherwise, generally florescence for molecules) to map the function of the 

material, and parametric nonlinear optical effects to map the geometry via THG (no strict 

selection rules such as breaking of inverse symmetry) and regions which break inverse symmetry 

by observation of SHG emission. 

The following two sections give the experimental setup of the microscope, and a detailed 

overview of the programming which controls the movement of the galvanometers, the translation 

stage, and triggering the recording of the data in sequence with the system for distortion-free (not 

aberration free) imaging. 
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2.1 The Peripheral Setup 

 

Figure 2.1: The experimental setup for the Multiphoton Microscope used to analyze the π-

conjugated (co)polymers and their blends. The nonlinear optical processes of SHG and THG 

were induced, while that of PL (not florescence) were induced in the focal spot and rastered 

using the 2D galvanometer system to produce an image. An in-house made program called 

MPM Control controls all the peripherals. (courtesy of Benjamin Cromey) 

 

 The multiphoton images (MPI) of the π-conjugated (co)polymers for this study were taken 

using a customized multiphoton microscope75–77 presented in Figure 2.1. An erbium doped 

femtosecond mode-locked laser (MLL) using a carbon-nanotube saturable absorber78 at 1560 nm, 

FWHM ~65 fs pulses, linearly polarized, and operated at ~8.5 MHz repetition rate (measured via 

lock-in) was used as the excitation source. The average power was measured at 80 mW by a power 
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meter (THORLABS PM100USB) with an estimated peak power of 145 kW and 9.4 nJ 

energy/pulse78. 

In this setup, the excitation light beam from the MLL is coupled to a polarizing-maintaining 

(PM) fiber that’s terminated to an FC/APC connector. The connector is attached to an FC/APC 

adapter collimator (THORLABS F280FC-1550), where the light is launched onto a 2D 

galvanometer system (THORLABS GVSM002) in which the laser spot is rasterized across the 

sample. A half-wave plate (HWP) and linear polarizer (LP) is placed in front of a beam-splitter 

(BS) for power attenuation, which was needed for the power input IL dependency measurements. 

The Keplerian telescopic setup after the galvanometers expands the laser beam by about four times 

so the back aperture of the objective is overfilled such that the full NA may be used and the beam 

properly focused to a focal spot with an optimized size to diffraction limit. Achromatic lenses of 

40 mm and 150 mm (AC254-40-B and AC254-150-B) was chosen as the scan and tube lens 

respectively. A rotatable 870 nm dichroic mirror lets the excitation reflection from the sample pass 

and diverts the resulting THG, SHG, and/or nonlinear PL due to two- or three-photon absorption 

towards the PMT branch. A 560 nm dichroic mirror is used to further split the THG to one PMT 

(H10721-110) and the SHG/PL to the other PMT (H10721-20). Bandpass (BP) filters at 517/20 

nm for THG and 780/12 nm for SHG or PL is placed in front of the PMTs to further focus on the 

wavelength band of interest. The resulting signal may be coupled into the spectrometer (Ocean 

Optics QE65000) by rotating the 870 nm dichroic and feeding the light into the attached pigtailed 

collecting lens.  

The largest deviation of this setup from the previous iteration is the replacement of the pre-

amplifiers (Stanford Research System SR570) with a lock-in amplifier (Zurich UHFLI). A BS was 

placed as the first optical component in the beam path while the ~5% reflection was fed into a 

reference detector so that the lock-in may operate in external mode at the repetition rate of ~8.5 

MHz. This allows for detection of small signals resulting from low IL such as 0.5 mW. 

The power dependence measurements were conducted by rotating the HWP from 0° to 45° 

and attenuating the laser from 1 mW to 55 mW. A power meter was utilized in order to translate 

the rotation in degrees to power input of the laser (i.e. 18° -> 35 mW). The time-constant (TC) of 

the lock-in was set at 200 ms order 3 for input powers below 5 mW and 1 μs order 1 after 5 mW 
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for ~5 μs response rate. The BP filter on the SHG branch was removed for power dependence 

measurements and PL mapping. 

The beam spot was rastered such that an idle time of 10 μs per pixel was attained at an area, 

or field of view (FOV), of 250 x 250 μm2 (1000 x 1000 pixels) using a 20X 0.75 NA Nikon 

objective for a total scan time of 10 s at 10 ms per line. The TC was set at 1 μs order 1 for fast scan 

speeds. 

The spectrum of the SHG spots found in figures of defects was obtained by first scanning 

the area and using the user interface of the in-house built multiphoton microscope LabVIEW 

program to convert the pixel coordinates of the point of interest to the proper galvanometer 

voltages such that the laser spot is directed to the physical spot. The 870 nm dichroic is then rotated 

and the spectrum taken. The BP filters were placed in front of the PMTs to observe spots or regions 

of SHG in the films. 

All scanned images and spectra were taken at a power input of 11 mW unless otherwise 

stated. 

The Zurich UHFLI digitizes the signal captured from the PMTs and samples the R 

parameter. The lock-in was setup such that the R parameter was sampled and transferred to the 

auxiliary outputs (2 MHz sampling rate) of the instrument. BNC cables then connects the 

auxiliary outputs to the NI BNC-2110, a BNC box to interface with the NI PCI-6110 DAQ card. 

In short, the NI DAQ captures the data which is filtered by the lock-in, while the lock-in acquires 

the signal generated from the PMTs. The NI PCI-6110’s output signal generator is used to 

control the galvanometers and properly synchronize the data input with galvanometer movement 

by internal triggering. The NI DAQ may record data at a sampling rate of 5 MHz (or 5 Mega 

Samples / sec) with an output of 2 MHz. 

The motorized translation stage (ASI LXI4000) was controlled through RS232 (COM 

port) where the interface was managed by a LabVIEW program built as part of a subroutine for 

the main program. 
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2.2 MPM Control 

 

Figure 2.2: The front panel of MPM Control allowing the user to control the speed of the 

galvanometers, the sampling rate of data acquisition, and saving the resulting image whether it 

be single scans or multiple scan to be stitched later by ImageJ. The image of this scan is 

generated by simulating an NI DAQ, such as PCI-6110 in this case. 

 

The new LabVIEW program is logically arranged with comprehensive titling of subVIs to give 

the user an idea of its function. The data is maintained from double precision Voltage RMS 

points read from the PMTs detectors. This also has the advantage of saving the absolute voltages 

recorded from the PMTs so one may look at the Volts RMS value at each pixel point. The data is 

saved in RAW binary format and can be imported into NIH ImageJ for image processing. A 

triangle waveform is used to run the galvanometers and a production/consumer programming 

scheme is utilized in order to increase the efficiency of data recording and processing. Though 

the galvanometers are limited to 8 ms according to specifications, this layout is adaptable for 

faster galvanometers given the PC is fast enough to process data at higher sampling rates, such as 

video feeds rates. The images are dynamically saved with notation options in RAW format that 

preserves the original data taken at each pixel point (Volts RMS) compared to saving in other 

image formats such as TIFF which would normalize the values. The displays have modes such as 
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grayscale (16-bit), gradient (32-bit), and rainbow (64-bit) for better analysis of scans and are 

accessed by right clicking the displays. These displays may have the option of being exported to 

external monitors. Error handling is managed such that the end-user will be able to look up error 

numbers to investigate the problem while each error section is related to vital parts of the MPM 

(the galvanometers, the scan, the display, the data handling, and the translation stage). This gives 

the program the means of processing handles otherwise a crash would occur with the error 

message, halting operations (such as scanning or saving). This gives the user the chance to save 

data before closing the program if need be. The MPM VI is also self-packaged and ready to be 

compiled into an executable that would remove the need to run LabVIEW IDE on the targeted 

PC, given that LabVIEW RTP is installed. Finally, the program is compatible with others 

systems containing the same translation stage and may use other NI DAQ devices with minimal 

modification. A picture of the interface is in Figure 2.2 during its scan of samples that are 

simulating a sinusoidal wave from a signal generator. 
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2.2.1 The Graphic User Interface 

 

Figure 2.4: The block Diagram for the GUI showing the Consumer/Producer design 

encompassed by the Event Driven State Machine 

 

The graphical user interface (GUI) of MPM Control is in Figure 2.2. The program is designed to 

function by guiding the user via enabling buttons that prepare the system for operation and 

disabling buttons that signify the instruments are not yet connected or the system is not ready for 

that specific function.  

The user should first start with connecting the motorized stage under “Connect to 

Motorized Stage” section by choosing the correct COM port under VISA resource. Upon 

successful connection, the buttons to control the stage will be enabled. Upon disconnecting, the 
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buttons with functions related to the stage will be disabled and gray out. The user may set the 

stage movement speeds under “Adjust Scan Speeds”. The meaning behind here is the speed the 

motorized stage moves when taking multiple scans (multiscan) to be stitched later by NIH 

ImageJ. Stitching is the process of combining multiple scans to form a larger map of the sample 

or region. When the stage is connected, the current speed values are displayed. If a different 

speed is desired, the user may input the speed (limited by the program to obey the stage speed 

limitations) and click “Set Speed Z” for axial speed or “Set Speed XY” for transverse speed 

change. The “Current Speed” tab shows the current set speed of the stage while it is connected. 

These displays are disabled and greyed out when disconnected. All stage speed numbers are in 

mm/s. Under “ASI control Error “, the user may be able to search what the malfunction is by 

right clicking the error and clicking “Explain Error”. Typically, the connect is lost when the PC 

is too busy or slow. The exit button next to connect is only enabled while disconnected, and 

insures everything is disconnected with a proper flushing of the VISA buffer before disabling all 

features related to the stage. This EXIT button is part of the process to prepare the program for 

shutdown. 

Simply starting (or opening if compiled) the program will place all the vital DAQ 

systems in standby mode. Clicking the “SCAN” button will start the scanning process for one 

scan. One may be able to scan indefinitely by enabling the “Scan Continuously” button below 

SCAN. The operation does not use dynamic mode and prepares the correct amount or size of 

RAM or virtual memory to be buffered for fast scan rates. This involves continuous buffering 

and flushing of the static allocated memory. This parameter can be changed under “Scan 

Parameters” tab, more specifically, the Sample Rate in Samples per sec (S/s, or Hz) properly 

allocates the correct size of system memory to allow buffering and flushing for smooth scans but 

increases processing power. If the PC is insufficient in any of these parameters (such as CPU or 

RAM), the program will shutdown with the appropriate error message concerning system 

memory. The output sampling rate of the SRS570 is 1 MHz, therefore it would suffice to set the 

sampling rate of the DAQ at 1 MHz. The output sampling rate of the Zurich UHFLI is 2 MHz so 

setting the input sampling rate of the DAQ to the same is enough. 5 MHz is the maximum rate of 

the DAQ however sampling at 5 MHZ when the output sampling rate of the device to be 
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recorded is lower is a waste of processing power and system memory. For example, sampling at 

5 MHz for a device with 1 MHz output rate would sample the same parameter 5 times before any 

change. No new information is gained. 

Current coordinates shows the position of the stage in real time (20 Hz) when it is 

connected. The display is disabled and greyed out when the stage is disconnected. Clicking 

“Zero XY” or “Zero Z” will reset the Current Coordinates to zero for the current position of the 

stage respectively. Clicking “Go To XY” or “Go To Z” will move the stage to the input (under X 

[um] etc) position relative to its current position. The Pause button will stop the movement of the 

stage.  

The stage may be moved by clicking the ±X, ±Y, or ±Z buttons under the “Relative 

movement” tab. The input under “XY [um]” and “Z [um]” specifies how much the stage will 

move relative to its current position in μm. When disconnected, these buttons are disabled and 

greyed out. 

When the “Multiple Image Scan” button is enabled, the system automatically disconnects 

the stage and takes over its functionality in the backend. While the button is enabled, even if the 

user manually reconnects to the motorized stage, the program will automatically disconnect. This 

prepares the program for multiple scans in the x, y, and z direction. When SCAN is clicked, the 

program will move the stage accordingly while scanning approximately 1 second after 

movement of the stage has stopped. This is set to give time for the vibrations to subdue before 

beginning scan (or slight blur/distortions may occur). The user may set the number of images to 

be scanned in x-y-z pattern under the “Number of images per axis” tab (pattern seen in Figure 

2.5). The #X, #Y, and #Z represents the number of scans to be taken in the respective axis. The 

“Distance moved between images in units of microns” contains input for how far the stage will 

move between each scan in the x, y, and z direction which can be found under dX, dY, and dZ. 

The “Current Image Location” tab shows which image number the multiscan is currently at. All 

images are saved in the RAW binary format of “THG -z-y-x-.raw” for THG scans and “SHG -z-

y-x-.raw” for SHG or florescence (or PL) scans under the user directory (see section 2.2.5). The 

images may later be stitched together by NIH ImageJ to form a larger map of the region in X-Y 

format or even 3D imaging in the case of X-Y-Z multiscans. 
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The appropriate connectionsettings to the Galvanometers and data input from either the 

SRS570 or Zurich UHFLI is defined in the “Scan Parameters” tab under “Galvo Mirrors 

Channel” and “PMT Detection Channel”. This configures the appropriate BNC inputs for the 

BNC-2110 box. 

One of the most important parameters is defined as “Number of Pixels in X/Y”. This 

defines how large the image will be and how high its resolution. It controls the fine points of the 

waveform to be uploaded to the signal generator and ultimately defines how many total samples 

will be saved. The total amount of samples will double when increasing from 500 to 1000 

(500x500 to 1000x1000 pixels) and double the scan time. 

The FOV of the system is defined under “Angular Field of View” where “5” corresponds 

to a maximum image size of 250x250 μm2. This locks the amplitude of the waveform which 

controls the maximum angle of the galvanometers. The higher the amplitude, the larger the 

rotational angle. 

The length of the waveform, and how fast or slow the scan takes is defined under 

“ms/line”. The higher the number, the longer the waveform will become and more system buffer 

must be allocated to accommodate more data points per pixel. In short, a higher ms/line increases 

the number of data points averaged per pixel. Setting the number too high will shutdown the 

program with “out of memory” errors. How slow the can take depends on host PC CPU and 

RAM specifications. 

The total number of samples per line is defined as follow: 

𝑺 =  𝐹𝑠 ∙ 𝑡𝑙𝑖𝑛𝑒 2.1 

where Fs is the sampling rate and tline is the time per line, ms/line. The vector S consists of only 

samples which is reordered to a matrix depending on the number of specified X/Y pixels using 

the VI “Reshape Array”. The data points are then averaged in each row of the matrix to arrive to 

a single vector representing one line of the image. This is then uploaded to a Display under the 

IMAQ protocol. Clearly, the higher the sampling rate, the longer the ms/line, the more samples 

are recorded and the longer the scan time. The processing requirements are also increased. All 

pixels have units of V RMS. 
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The inputs for “Offset X (V)” and “Offset X (V)” shifts the amplitude of the waveform to 

aid in aligning the beam towards the central portion of the back aperture of the objective. This 

effectively shifts the whole waveform up or down. 

The “Mode” button allows the user to set the bits of the display to either Integer, a 

traditional setting where the image is limited to 8-bit depths (0 to 255), or “Double”, where the 

display is now 32-bit (~6 digit precision) and includes real-time dynamic range adaptations. Both 

modes may be used depending on the situation, but typically Integer is set if there are bright 

pixels on the screen or a need for consistent brightness is needed and Double is set for highest 

sensitivity settings. For best viewing close to the noise floor. 

The buttons EXIT safely disconnects all peripherals, flushes buffer, and prepares the 

program to be shutdown (close the program after all EXIT buttons are greyed out). This is the 

proper way to close all connections where the Abort button in LabVIEW should only be used in 

emergency situations. The Abort button in LabVIEW is not seen when the program is being used 

from a compiled version. EXIT is only clickable once the stage is disconnected and SCAN has 

stopped. 

The Button “STOP SCAN” simply halts the scanning of the system whether in single, 

continuous, and multiscan mode. Multiscan must be restarted from start point once halted. 

A block diagram of the main interface is seen in Figure 2.4. The Consumer/Producer 

design is utilized in order to greatly enhance the performance of the program. In short, the 

recording of the data is transferred to a while loop while the processing of the data is transferred 

to a separate while loop. This allows the system to continue recording data regardless of where 

the processing is. This is done using a Queue system with first in first out configuration. If the 

processing is conducted in the same loop as recording, the system would have to wait for the 

processing to be finished before acquiring new data. This leads to buffer overflow errors as the 

DAQ onboard memory is overfilled with data points and the PC is not fast enough to download 

and process them. Consequently, the system may seem to still be scanning after pressing STOP 

SCAN for high sampling rates, pixels, or times, however, this simply means that all the data is 

still being processed while the scan has stopped. The whole backend of the interface is centered 

around an event driven state machine, meaning the program will continue to run various 
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operations while waiting for user input. For good programing practices, the GUI should be 

placed in a completely separate loop from the Consumer/Producer state machine to further 

increase the speed and stability of the program. In other words, the event driven state machine 

should be placed in a separate loop from the Consumer/Producer loop. The sub-program that 

controls the ASI stage is also placed in an isolated loop. 

 

Figure 2.5: Pattern of the motorized stage movement for multiscans. The pattern reverses 

depending on which Z layer the stage is currently on. 

 

The movement of the motorized stage during multiscans may be seen in Figure 2.5. The 

stage generally moves left and right depending on which row it is currently scanning. This 

pattern is then reversed when the stage changes in the z-axis. This is to minimize momentum 

movement of the sample in case it is in liquid, and minimizes stage drifting during the multiscan. 
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2.2.2 Waveform of the Signal Generator 

 

Figure 2.6: The triangle waveform to be uploaded to the signal generator that drives the 

galvanometers. White is for the X while red is for the Y galvanometer. 

 

A part of the waveform, which drives the galvanometers, can be seen in Figure 2.6. Each line of 

the triangle corresponds to the beam spot moving either to the right (up slope), or to the left 

(down slope). The distance between each point is defined by the inverse of Fs where the higher 

the sampling, the higher the number of points in each line (increases the fineness), while at the 

same time increases system load. The red slope (ramp function) corresponds to the Y 

galvanometer which moves a step up at each flat edge of the triangle function 
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2.2.3 Shift Delay 

 

Figure 2.7: A plot of the waveform uploaded to the signal generator to drive the X 

galvanometer. The yellow line represents the lag in time for when the galvanometers respond 

to the signal generator. 

 

The parameter seen on the GUI as “Shift (us)” is known as shift delay. When the program 

accepts all input from the user, and begins scanning, it synchronizes the input and output of the 

DAQ so that no deformations in the image appear. Without synchronization, the data will be 

placed in incorrect locations of the resulting image and cause severe distortions. In reality, the 

galvanometers take time to respond from the input of the signal generators. This means that even 

though the input/output of the DAQ itself is synchronized, the data input is desynchronized with 

the galvanometers. Seen in Figure 2.7 is the triangle waveform for the X galvanometer. The 

recording is triggered when the waveform begins, meaning it follows along the white line in 

Figure 2.7. The galvanometers lag behind causing desynchronization of the data as seen with the 
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yellow line representing the X galvanometer movement relative to the waveform input for one 

line. 

 

  

Figure 2.8: An MPI of THG from Silicon wafer showing shifting. (a) When the shift delay is 

set correctly, in this case 176 μs, the DAQ recording is properly synchronized with 

galvanometer movement. (b) Distortions appear in the scan when the shift delays is set 

improperly, in this case 350 μs. 

 

The user must manually input a shift delay that correctly syncs the trigger of the data 

input of the DAQ with the galvanometers. This is called a delayed trigger, where recording 

begins after the specified (user input) time relative to when the signal generators begin. Seen in 

Figure 2.8 (a) is a THG MPI of the edge from a sample of Silicon wafer. The data input is 

properly synced with the movement of the galvanometers with the correct shift delay, in which 

case the program correctly places the appropriate data points in the pixel positions. Without shift 

delay, the data points will begin leaking into neighboring rows of the sampling vector S and 

cause distortions as seen in Figure 2.8 (b). Shift delay differs from system to system, even with 

the exact same components and peripherals, due to the way the galvanometers and other 

components are made. Once the shift delay has been found, generally, it does not need to be 

altered unless a large change in the system has occurred. 
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2.2.4 Brightness, Contrast, and Gamma 

 

Figure 2.9: Controls to adjust 

the brightness, contrast, and 

gamma of the MPI in Integer 

mode. 

 

There are situations in imaging of all forms where it’s convenient to adjust the brightness, 

contrast, and gamma (BCG) of the scan (or picture). This may make certain features of the image 

easier to discern while at the same time allows the user to work at lower sensitivity settings with 

the SRS570. In integer mode, the voltage values read from the detector must be normalized from 

double to integer. This may easily cause clipping far above the noise floor. By adjusting the 

BCG, one may be able to bring the lower end above the clipped region without changing the 

settings of the SRS570. This functionality is disabled when in Double mode as the BCG is 

automatically adjusted relative to the noise floor. The BCG controls are displayed in Figure 2.9. 

The equation for changing the values of each pixel in the MPI is as follows: 
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𝑉𝑜𝑢𝑡 = (𝐶 ∙ 𝑉𝑖𝑛 + 𝛽)
𝛾 2.2 

where Vin is the original pixel integer value (unsigned 8-bit integer), C is the Contrast, β is the 

Brightness, and γ is Gamma. The constants all carry units of integers in unsigned 8-bit format. 

 

2.2.5 Saving in RAW Binary Format 

 

Figure 2.10: The display panel for 

saving individual scanned images. 

 

The MPI taken with this program are all saved in RAW Binary Format to conserve the data 

voltages recorded from the PMTs. Whether in Integer or Double mode, the data matrix is saved 

in its originally recorded values of Volts RMS. The user may then import the file into NIH 

ImageJ and convert it into other image formats such as TIFF. Converting the data into unsigned 



59 

 

16-bit integers would force the normalization of the voltage values to integer format and this 

would encounter clipping of end-point data values. In other words, the maximum dynamic range 

of the recorded voltage values would need to be normalized depending on the maximum input 

voltage settings of the DAQ to integer values of 0 to 65535. 

The MPI is saved with a configuration file of the details from the experimental setup 

which may be input by the user as seen in Figure 2.10. A folder is created in the C root drive 

under “MPM Users/Username” with the input below “Username”. The general directory is 

“MPM Users/Username/Sample Name/THG” (or SHG). 

 

2.2.6 Set Point 

 

Figure 2.11: The block diagram for the Set Point VI. This function has been extensively used 

in analyzing the spectrum of certain points of the MPI, especially spots of SHG on π-

conjugated (co)polymers. 

 

The spectrum taken of π-conjugated (co)polymers and their blends are just as, if not more 

important, than the MPI themselves. Without the spectrum, one would have no idea on how to 

analyze the light-matter physical interactions occurring in the material. Simply looking at the 

signal from the THG and SHG PMTs does not give a full picture of what is occurring. 

The “Set Point” VI has been used to angle the galvanometers to certain spots of the 

region in the sample so that the spectrum may be analyzed locally. After the MPI is taken, the 
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image is divided into a set of pixel coordinate system. The user may then click on one of these 

points using the GUI and click the button “Set Point”. The pixel coordinates are transferred 

through the VI (block diagram seen in Figure 2.11) and undergoes a reverse waveform function 

transformation using the Scan Parameters so that the galvanometers may guide the laser spot to 

the specified point of interest. The user may then take the spectrum of that spot by turning the 

870 nm dichroic mirror. This is how the spectrum was taken for spots on the materials which 

emit SHG. 
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CHAPTER 3 

Electronic and Vibrational Spectroscopy Studies of PffBT4T π-Conjugated 

Donor–Acceptor Copolymer 

 

This chapter is a reprint of a paper published in Journal of Luminescence, SPIE Journal of 

Photonics for Energy, Volume 8, Issue 3, in the year 2018 and authored by Shai R. Vardeny, 

Sangita Baniya, Evan Lafalce, Nasser Peygambarian, and Zeev Valy Vardeny 

 

We used a variety of optical spectroscopies to investigate the charge excitations and correlated 

infrared (IR)-active and Raman-active vibrations in poly[(difluoro-benzothiadiazoldiyl)- alt-

(di(2-octyldodecyl) quaterthiophen-diyl)], PffBT4T, a π-conjugated donor–acceptor (DA) 

copolymer, which, when blended with fullerene PCBM molecules, serves as an active layer in 

high-performance photovoltaic solar cells. The applied optical spectroscopies in films of pristine 

PffBT4T and PffBT4T/PCBM blend include absorption, photoluminescence, electroabsorption, 

photoinduced absorption (PA), and resonant Raman scattering. We found that the PffBT4T 

copolymer chain contains 11 strongly coupled Raman-active vibrational modes, which are 

renormalized upon photogeneration of charge polarons onto the chain. As the lower energy 

polaron absorption band overlaps with the renormalized vibrational modes, they appear in the PA 

spectrum as antiresonance (AR) lines superposed onto the induced polaron absorption band. We 

show that the Raman scattering, doping induced, and photoinduced AR spectra in PffBT4T are 

well explained by the amplitude mode model (AMM), where a single vibrational propagator 

describes the renormalized Raman modes and their related photoinduced AR intensities in detail. 

Surprisingly, we found that two of the IR-active modes in the pristine copolymer must be 

included in the AMM propagator for explaining the complete photoinduced AR spectrum. This 

feature is unique to DA copolymers and indicates that some intrachain C2v symmetry breaking 

occurs because of the different electron affinities of the donor and acceptor moieties. 
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3.1 Introduction 

The potential for low-cost solar energy harnessing drives the development of organic 

photovoltaic (OPV) solar cell technology79–81, in particular, PV solar cell based on π-conjugated 

polymers because the devices may be fabricated using extremely high-throughput roll-to-roll 

printing methods. The active layer in polymer PV solar cells has been a blend of two 

components, namely the polymer chains as electron donors and fullerene molecules as electron 

acceptors82–85. About 6 years ago the donor polymers consisted of homopolymers such as 

polythiophene that absorb in the visible range of the solar spectrum86. Recently, however, the π-

conjugated polymers have been replaced by π-conjugated block copolymers of which repeat 

units consist of alternating donor (D) and acceptor (A) moieties that are called donor–acceptor 

(DA) copolymers (Fig. 1 inset)80,87–93. This chain architecture substantially reduces the optical 

gap, so the DA-copolymers absorb more sunlight in the near-infrared (IR), where the largest 

fraction of the photons emitted by the Sun lie. The power conversion efficiencies of organic solar 

cells based on DA-copolymers as donor materials and fullerene molecules as acceptors have 

exceeded 10%92. In particular, OPV cell based on fullerene blend with the DA-copolymer 

PffBT4T, namely poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt (3,3000-di(2-

octyldodecyl)- 2,20;50,200;500,2000-quaterthiophen-5,5000-diyl)] (Fig. 1 inset), has reached a 

power conversion efficiency of up to 10.8%93. In addition to the lower energy bandgap, the main 

reason given for this high-yield solar cell is the improved film morphology, which has been 

measured to be highly crystalline. We focus our present optical studies on films of pristine 

PffBT4T and PffBT4T/PCBM blends93. 

Despite the increasing interest in device applications, there is only limited understanding 

about the nature and properties of the charge excitations (polarons) in these materials94–100. This 

requires deeper understanding of the vibrational modes associated with the polaron excitation in 

the DA-copolymer chains as the strongly coupled vibrations may enhance the polaron mass, 

thereby inhibiting its mobility. The polaron excitation in π-conjugated polymers distorts the 

chain dimerization pattern, and this renormalizes the strongly coupled vibration frequencies and 

IR-activity101,102. Specifically, Raman active modes having even parity character (i.e., Ag 

symmetry modes) become IR active with very large oscillation strengths103. These modes, 
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dubbed infrared active vibrations (IRAVs), appear upon doping or charge photogeneration and 

are thus a signature of charges added onto the polymer chain60,104,105. An efficient method to 

describe the IRAVs in π-conjugated polymers has been the amplitude mode model (AMM) that 

was successfully advanced by Horovitz and collaborators for polyacetylene, (CH)x102,103. The 

AMM has had enormous success in describing the strong dispersion of the Raman modes with 

the laser excitation frequency in t-(CH)x as measured by resonant Raman scattering (RRS) 

spectroscopy60,102. Recently, the AMM has also been shown to describe the vibrational modes of 

PTB7, a prototype DA-copolymer61. If the absorption bands of the charge polaron in π-

conjugated polymers do not overlap with the vibrational modes, then the IRAVs appear in the 

absorption spectrum as intense absorption lines102. However, when the charge polaron lower 

absorption band overlaps with the vibrational modes, then quantum interference between the two 

features may occur in the form of multiple Fano effect, where the IRAVs manifest themselves in 

the form of antiresonances (ARs) superimposed on the polaron lower absorption band101,105. As 

the lower polaron absorption band in DA-copolymers may be in resonance with the IRAVs, it is 

thus expected that ARs would dominate the absorption spectrum when charges are added to the 

DA-copolymer chains. Indeed, ARs have been observed in the photoinduced absorption (PA) 

spectrum of PTB7/PCBM blend61. However, important information that could have been 

obtained from the photoinduced ARs spectrum about the loss of the C2v symmetry in the 

copolymer chain100 has been ignored so far. 

Due to the combined effects of strong electron correlations and loss of C2v symmetry 

(“symmetry breaking”) caused by a different electron affinity, Δaf , between the donor and 

acceptor moieties, theory predicts100 that there is considerable mixing between a charge-transfer 

exciton that defines the optical gap and an energetically proximate triplet–triplet (TT) state with 

overall spin singlet. The TT state, optically forbidden in homopolymers, is allowed in DA-

copolymers due to the anticipated symmetry breaking. For intermediate Δaf values, the TT state 

can have even stronger oscillator strength than the charge-transfer exciton100. So far, however, 

this prediction has been elusive when linear optical spectroscopies have been studied in a number 

of DA-copolymers. It would be interesting to apply optical nonlinear spectroscopies such as 
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electroabsorption (EA), PA, and vibrational spectroscopies such as RRS and IR-absorption to 

study the C2v “symmetry breaking” in DA-copolymers. 

In this work, we first present that the absorption, photoluminescence (PL), and EA 

spectra in PffBT4T do not show the anticipated “double-band” predicted by the theory100. This is 

most likely because of a possible resonance between the energies of the TT state and charge-

transfer exciton in this copolymer106. To characterize the strongly coupled vibrational modes of 

the copolymer that influence the polaronic excitations, we measured the RRS and PA spectra in 

films of pristine PffBT4T and PffBT4T/PCBM blends, respectively. We show that the main 

charge excitation in the PffBT4T chains is the polaron having two characteristic absorption 

bands below the gap99. As the low-energy polaron absorption band entirely overlaps with the 

strongly coupled vibrational modes, these modes mostly appear in the PA spectrum as ARs 

superimposed on the polaron lowest energy absorption band. We also show that the AMM 

provides an excellent basis for understanding the various vibrational spectra as it describes the 

RRS and ARs spectra in detail. In addition to the well-resolved Raman-active modes that 

contribute to the AMM phonon propagator in PffBT4T, we conclude that, to describe the 

complete set of the ARs in the PA spectrum of the copolymer/fullerene blend, two IR-active 

modes must be included for the pristine copolymer. These modes contribute a pair of ARs that 

cannot be explained by renormalized RRS modes. This is unique to the class of the DA-

copolymers and shows the influence of the C2v symmetry breaking in the chains, which is 

induced by the different donor and acceptor moieties. 

 

3.2 Experimental Section 

The PffBT4T copolymer powder was purchased from Solarmer and used without further 

purification. Thin films of PffBT4T were spin cast or drop cast from PffBT4T solution in 1,2-

dichlorobenzene (ODCB) and chlorobenzene (CB) [ODCB:CB (1:1)] at a concentration of 10 

mg∕ml onto sapphire or KBr substrates, depending on the spectral range of interest. For the 

PffBT4T/PCBM blend, we used a solution of PffBT4T and PC70BM (1:1.4 in weight) with the 

same concentration in ODCB:CB solvent, which was stirred in nitrogen atmosphere overnight. 
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The sample films were placed in a cryostat equipped with transparent windows in the visible to 

mid-IR, where the temperature could be regulated between 40 and 300 K. 

 The PL and absorption spectra of the pristine PffBT4T films were measured using a 

steadystate photomodulation pump–probe setup107, where the pump was a CW laser diode at 486 

nm and intensity of ∼100 mW∕cm2. For the PA measurements, the probe beam was derived from 

an incandescent tungsten lamp (visible spectral range) or glow-bar (mid-IR range) and passed 

through a one-fourth met monochromator having a number of interchangeable gratings that are 

optimized for various wavelengths throughout the visible, near-IR, and mid-IR spectral ranges. A 

variety of semiconductor detectors such as Si, Ge, and InSb were used to monitor the 

transmission, T, through the sample film, and the changes, ΔT, induced by the pump beam. The 

PA spectrum was subsequently calculated as −ΔT∕T. To cover the spectral range of 500 to 4000 

cm−1, we used an FTIR spectrometer. To obtain the PA spectrum, we used a shutter to modulate 

the laser illumination on the film, and we signal-averaged the IR absorption spectrum for 6000 

scans. The Raman scattering spectrum was measured using a micro-Raman spectrometer 

equipped with a CW laser at 486 nm, where the inelastic scattered light was detected with a filter 

and a photomultiplier tube. 
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Figure 3.1: The PL and absorption spectra of pristine PffBT4T film at ambient conditions. 

Various bands and phonon replicas are assigned. The inset shows the backbone structure of 

PffBT4T DA-copolymer that contains two different moieties. 

 

 To identify the lowest singlet exciton (SE) and/or TT energies in the absorption spectrum, 

we used EA spectroscopy as this type of modulation spectroscopy is able to more accurately 

determine transition energies. The PffBT4T film in this case was deposited on interpenetrating 

gold electrodes, 30 μm apart, subjected to a 300-V voltage that was modulated at frequency f = 

500 Hz95, whereas the EA was measured at 2f using a phase-sensitive technique. 

 

3.3 Results and Discussion 

Figure 3.1 shows the PL and absorption spectra of pristine PffBT4T film. The inset shows the 

copolymer backbone repeat unit, which is composed of donor and acceptor moieties93. It is seen 

that the absorption onset of the copolymer (band 1) occurs at 1.6 eV, whereas the absorption 

peaks at ~1.8 eV (0 to 0 transition in band 1) with the maximum slope at 1.7 eV; this is the mean 

exciton energy in PffBT4T. One of the reasons for the low optical gap here is the difference in 

electron affinity between the donor and acceptor moieties in the copolymer chain98,100. The 
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absorption spectrum shows a second pronounced band (0 to 1 transition within band 1) ~180 

meV higher than the first band, which we consider to be “vibration replica.” We note that a 

second band #2 occurs in the absorption spectrum at 2.7 eV, which may be due to a second 

transition of the copolymer chain108,109 rather than being caused by phonon replicas. 

 The PL spectrum of the pristine PffBT4T film (Fig. 3.1) is composed of two pronounced 

bands that are in the form of “mirror image” of the absorption spectrum close to the band-edge of 

band 1 that are ∼180 meV apart, namely 0 to 0 and 0 to 1 transitions. The PL main peak (0 to 0 

transition) is at 1.55 eV having an apparent “Stokes shift” of ∼250 meV from the main 0 to 0 

absorption peak. However, this large energy difference may be caused by exciton diffusion to 

sites on the copolymer chain that have the lowest energy, rather than a natural, intrinsic Stokes 

shift. We note that the relatively low optical gap of PffBT4T makes it attractive for OPV 

applications93. 
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Figure 3.2: (a) The EA spectrum of a pristine PffBT4T film measured at 40 K and a field of 

100 kV∕cm. Various bands and EA spectral features are assigned (see text). (b) The spectrum 

of the absorption derivative of PffBT4T calculated from Figure 3.1 is shown for comparison 

with the EA spectrum. 

 

 To identify the lowest SE energy, ESE, in the absorption spectrum of PffBT4T, we used 

EA spectroscopy as this type of modulation spectroscopy is able to more accurately determine 

transition energies such as van-Hove singularities in the density of states110,111. Figure 3.2 (a) 

shows the EA spectrum of pristine PffBT4T film measured at 40 K. Four features dominate the 

EA spectrum: (i) the EA feature at lowest photon energy resembles the first derivative of the 

absorption spectrum at the band-edge [see Figure 3.2 (b)]; it is therefore caused by Stark shift of 

the lowest SE with a zero-crossing energy at 1.75 eV, which is therefore assigned to ESE of the 

copolymer106,112. (ii) The second EA feature is a derivative-like of the phonon replica113 [0 to 1 
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transition in Figure 3.2 (b), ~180 meV higher than ESE]. (iii) The third EA feature is an induced 

absorption band at 2.25 eV that does not have any relation with the derivative of the absorption 

spectrum in Figure 3.2 (b). We, therefore, assign it, due to the forbidden exciton, m1Ag state in 

the singlet manifold that becomes partially allowed due to the symmetry breaking caused by the 

applied electric field in the PffBT4T film106,113. The energy difference, SE = EmAg-ESE= 0.5 eV, 

is traditionally taken to be the lower bound of the exciton binding energy, Eb, in π-conjugated 

polymers113; and we adopt this interpretation here for PffBT4T. We note that Eb of ~0.5 eV is 

much lower than Eb values in traditional polymers, such as MEH-PPV and P3HT (~0.9 eV)113. 

The lower Eb value here helps in the exciton dissociation process, which facilitates charge 

photogeneration in this compound93. (iv) The fourth EA feature is again a derivative-like of the 

second absorption in the PffBT4Tabsorption spectrum [Figure 3.2 (b)] with zero crossing at 2.5 

eV, which we identify as the second dominant allowed exciton in the singlet manifold99. We note 

that the EA spectrum does not contain any spectral features associated with an additional 

absorption band that has been predicted to occur in DA-copolymers due to the TT state100. 

 This might originate from an interaction between the SE and TT band that is enhanced 

due to their mutual resonance; more theoretical analysis is needed to elucidate this effect. 
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Figure 3.3: Comparison between the (a) RRS and (b) IR-absorption spectra of the pristine 

PffBT4T film measured at room temperature. The 11 Raman-active modes in the RRS 

spectrum are enumerated. The asterisks on the two IR-active modes emphasize that these 

modes might also be Raman active (see text). 

 

 The expected difference in electron affinity of the donor and acceptor moieties in 

PffBT4T raises the question of whether the C2v symmetry is broken in the copolymer chains100. 

This can be checked by comparing the Raman scattering and IR-absorption spectra107. If the 

chain C2v symmetry still holds, then the Raman active vibrations are not IR-active, and vice 

versa. Figure 3.3 shows the RRS spectrum compared with the IR-absorption spectrum in pristine 

PffBT4T film deposited on KBr substrate. The RRS spectrum contains 11 strongly coupled 

modes that are labeled 1 to 11 [Figure 3.3 (a)]. It is interesting to note that the C=C stretching 

mode in PffBT4T shows a group of Raman-active modes stretching from 1350 to 1600 cm−1. 
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This is probably caused by a distribution of the C=C frequency due to the different environments 

on the copolymer chain close to the donor, acceptor, and the “in between D–A” place114. In 

contrast to the RRS spectrum, the IR absorption spectrum shown in Figure 3.3 (b) contains many 

more IR-active modes; and there is no clear resemblance of the two spectra. We, therefore, 

conclude that the copolymer chain approximately retains the C2v symmetry group. 

 In our theoretical analysis, to be presented below, we found that two of the IR-active 

vibrations marked with asterisks in Figure 3.3 (b) also appear in the PA spectrum of the 

copolymer/PCBM blend and thus might have small oscillator strengths in the RRS spectrum 

[marked with asterisks in Figure 3.3 (a)]. 

 We now turn to study the vibrational modes from another point of view. It has been 

shown that the addition of charge excitation onto the copolymer chain renormalizes the strongly 

coupled Raman-active mode frequencies and turns them to be IR-active (namely IR-active 

vibration or IRAV) having huge oscillator strength102. As the exciton binding energy is large in 

PffBT4T, it is common practice to add charges on the copolymer chains by photogeneration in a 

blend of the copolymer as an electron donor with a fullerene molecule acceptor. In this case, the 

photoexcited excitons may ionize at the copolymer/fullerene interface, thereby transferring an 

electron from the copolymer chain into the fullerene molecule, leaving behind a hole in the chain 

in the form of a positive polaron115. 
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Figure 3.4: (a) The DIA spectrum of PffBT4T film doped with Iodine at 300 K. (b) The PA 

spectrum of PffBT4T/PCBM film measured at 40 K. (c) DIA spectrum in the mid IR shows 

ARs, which are measured with the FTIR spectrometer. The PA spectrum in the mid-IR/visible 

spectral range was measured using the photo-modulation set-up. The polaron PA bands P1 and 

P2 are assigned. (d) The PA spectrum in the mid-IR that shows a more complete P1 band of 

polarons, superposed by a number of ARs. 

 

 Figure 3.4 (a) shows the doping-induced absorption (DIA) spectrum of the PffBT4T film 

doped with iodine. The spectrum contains two polaron bands P1 and P2. Figure 3.4 (c) shows the 

doping induced IRAV of the doped copolymer emphasizing the AR features denoted with 

arrows. Figure 3.4 (b) shows the PA spectrum of PffBT4T/PCBM blend film. The spectrum 

contains two polaron absorption bands P1 and P2, as predicted by the theory109, followed by 

strong absorption below the optical gap. Associated with the polaron electronic transition, there 

are several photoinduced IRAVs as shown in Figure 3.4 (d). It is clearly seen that there are at 

least nine large AR dips in the PA spectrum. These ARs replace the traditional IRAVs that are 
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formed upon photogeneration in many blends of π-conjugated homopolymers with fullerene 

molecules101. 

 This happens since the P1 band overlaps with the IRAV so that quantum interference 

occurs in the form of Fano-type ARs105. We checked that P1, P2, and ARs in the PA spectrum 

have the same dependence on the laser excitation intensity and temperature, and therefore they 

originate from the same photoexcitation species, which we identify as photogenerated hole 

polarons on the PffBT4T chains116. The interaction between the IRAVs and P1 that leads to ARs 

has been well described by the AMM of Österbacka et al101., which we apply below to the 

vibrational modes of the PffBT4T chains. 

 

3.3.1 Analysis of PffBT4T Strongly Coupled Vibrations Using the Amplitude Mode Model 

We now introduce the AMM102,103 for analyzing the strongly coupled vibrations that are revealed 

as peaks in the copolymer RRS spectrum and ARs in the PA spectrum, respectively. In previous 

applications of the AMM, it has been explicitly assumed that the adiabatic approximation holds 

true102. This approximation however does not hold in our case since the vibrational frequencies 

are in resonance with the P1 polaron band. We thus need to use the modified AMM that includes 

nonadiabatic effects101. This was successfully applied to π-conjugated homopolymers101 as well 

as copolymers61. We bring here the essence of the AMM to show that, through its correct 

analysis in the case of PffBT4T, we need to include two additional modes that are IR-active in 

the pristine copolymer film and form their own ARs. 

 An important ingredient of the AMM is that all IRAVs are interconnected by being 

coupled to the same phonon propagator. The bare phonon propagator in the copolymer chain is 

given by103 

𝐷0(𝜔) =∑
𝜆𝑛
𝜆

𝑛

(𝜔𝑛
0)2

𝜔2 − (𝜔𝑛
0)2 − 𝑖𝜔𝛿𝑛

, (3.1) 

where 𝜔𝑛
0, δn, and λn are the bare frequencies, their natural width, and electron–phonon (e–p) 

coupling constants and n= is the total e–p coupling constant. The index, n varies from 1 to N, 

the number of coupled modes in the polymer chain; for example, N = 11 for the PffBT4T 
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copolymer. The bare frequencies in the coupled e–p chain are renormalized since they interact 

with the electronic gap so that their modified propagator is given by a “Dyson-type” equation103 

𝐷(𝜔) =
𝐷0(𝜔)

1 + (1 − 2𝜆∗)𝐷0(𝜔)
 , (3.2) 

where the renormalization parameter, 2*=(1-2𝐸′′(20)), 𝐸′′is the second derivative of the total 

e–p system versus the dimerization amplitude, Δ, and 2Δ0 is the dimerization gap at equilibrium. 

The poles of Equation (3.2) are the renormalized Raman frequencies, 𝜔𝑛
𝑅, of the copolymer, 

given by the relation102,103 

𝐷0(𝜔) = −(1 − 2𝜆∗)−1, (3.3) 

 In contrast, the renormalized AR frequencies 𝜔𝑛
𝐴𝑅 appear as zeroes in the conductivity 

response, σ(ω):101 

𝜎(𝜔) ~ 
1 + 𝐷0(𝜔)(1 − 𝛼

′)

1 + 𝐷0(𝜔)[1 + c1 − α]
 , (3.4) 

which, from the Equation (3.4) numerator, are given by the relation 

𝐷0(𝜔) = −(1 − 𝛼′)−1, (3.5) 

where 𝛼′ is a nonadiabatic renormalization parameter. In contrast, the IRAV frequencies appear 

in this case as poles in Equation (3.4), given by the relation D0() = -[1+c1−α]-1 (where c1 and α 

are the independent constants), which are practically suppressed by their proximity to the ARs in 

the conductivity spectrum. 

 When plotting the function D0() [Figure 5 (b)], we note that it has poles at the bare 

frequencies, 𝜔𝑛
0, and approaches the value (−1) as ω reaches zero. This is because at =0 the 

numerator and denominator in D0() [see Equation (3.1)] cancel each other, and -n/= -1. 

Equations (3.3) and (3.4) are in fact polynomial of order N in 2, and thus it is much easier to 

solve for the renormalized vibrational mode frequencies by drawing a horizontal line at different 

values that correspond to the parameters * or  𝛼′ [see Figure 5 (b)]. To fit the various 

renormalized frequencies using the AMM, we have to find 2N − 1 parameters associated with 

D0(), and two additional parameters, * and 𝛼′ for the RRS and AR frequencies, respectively. 

This has been a formidable task, but considering also the RRS intensities has made it much 

easier (see below). 
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Figure 3.5: The measured spectrum (lines) and calculated vibrational mode frequencies 

(symbols) in PffBT4T film for (a) RRS, (c) DIA, and (d) photo-induced absorption spectrum 

in PffBT4T/PCBM blend. The “bare” AMM phonon propagator D0(), that is based on 13 

vibrational modes is shown in (b), where the horizontal lines are obtained using 2*=0.47 

(RRS, up triangles), 𝛼′(PA)=0.56 (ARs, down triangles), and 𝛼′(DIA)=0.51 (ARs, circles). 

D0(), parameters are given in Table 3.1. The (*) symbol in panel (d) denote modes that are 

also IR-active in the pristine copolymer dark state (see text). 
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 The curve-fitting parameters of the vibrational propagator from the AMM were solved 

using routines developed by the Numerical Algorithms Group (NAG). These routines are found 

in the NAG Library and may be accessed using programming languages and traditional 

mathematical software suites. More specifically, routines designed to numerically solve 

optimization problems were utilized for this case. To obtain realistic, physical, and unique 

solutions under the correct local, an initial point (first guess), constraints and conditions that are 

already stated under the AMM, and a bound of a finite set were declared for all equations and 

parameters of interest. 

 In analyzing the AR frequencies in PffBT4T, we found that 11 RRS modes are 

insufficient to describe the complete ARs spectrum. This is evident in Figure 5 (d) for two ARs 

at ~700 and ~745 cm−1, respectively, each denoted by an asterisk. We thus conclude that we need 

two additional coupled vibrations to fit the entire photoinduced ARs spectrum, as seen in Figures 

5 (b) and 5 (c). These additional modes do not have substantial RRS intensities [Figure 5 (a)] and 

thus were not taken into account in the original D0() propagator. When including the extra 

mode in the modified D0() having weak e–p coupling strength (see Table 3.1), we could fit the 

entire photoinduced ARs spectrum as seen in Figure 3.5 (d). However, these extra modes have 

substantial oscillator strengths in the IR absorption of the pristine PffBT4T film, as seen by the 

two separate asterisks in Figure 3 (b). As these two modes are both IR-active and Raman-active, 

we conclude that the additional IR-active modes in D0() of PffBT4T originate from the C2v 

intrachain symmetry breaking that occurs in the copolymer chain due to the different donor and 

acceptor moieties. This has been observed before in the PA spectrum of PTB7 copolymer61 but 

has not been properly analyzed. We therefore conclude that both Raman and IR activities for few 

modes in the PffBT4T chain are unique to the class of π-conjugated copolymers. 
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Table 3.1: The best fitting parameters for the bare phonon propagator, D0(), that 

describes the 13 most strongly coupled vibrational modes in PffBT4T. 𝑛
0  are the 

bare frequencies, n/ are their relative e–p coupling, n (RRS)  are their natural 

widths used to fit the RRS spectrum [Figure 3.6 (b)], and n (AR) are their widths 

used to fit the photoinduced AR spectrum [Figure 3.7 (b)]. 

Mode index 𝑛
0  (bare frequency) 

cm-1 

𝜆𝑛
𝜆
⁄  δn (RRS) cm-1 δn (AR) cm-1 

1 507 0.005 15 1 

2 700 0.008 20 5 

3 742 0.001 25 1 

4 782 0.001 35 1 

5 930 0.150 35 200 

6 1010 0.015 10 15 

7 1060 0.015 10 15 

8 1185 0.005 10 15 

9 1215 0.005 10 15 

10 1290 0.001 10 10 

11 1350 0.02 25 25 

12 1500 0.03 30 30 

13 1800 0.744 20 20 

 

 The best fitting function D0() that describes the 13 most strongly coupled vibrations in 

PffBT4T is shown in Figure 5 (b), together with three horizontal lines that represent the cases of 

RRS, DIA, and photoinduced AR spectra [Equations (3.3) and (3.5)]. The fitting parameters for 

the best D0() are given in Table 3.1. The fit with the experimental frequencies is excellent. We 

therefore conclude that the AMM is a good basic model for describing the strongly coupled 

vibrations in PffBT4T. We found that, in general 2*< 𝛼′; this contrasts with the case in 

homopolymers, where 𝛼′ is in fact (pinning) upon doping or photogeneration103. We therefore 

conclude that the polarons in copolymers have an additional pinning due to the D–A nature of 
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the copolymer chain. In principle, we could use the AMM parameters and the DIA spectrum to 

estimate the polaronic mass in this copolymer61. However, we choose not to go this route at this 

stage since we lack the theoretical justification for this. We can only say from the large IRAV 

oscillator strength that the polaronic mass here is similar to that of other, more traditional 

conjugated polymers. 

 

Figure 3.6: The RRS spectrum of PffBT4T as measured a) and calculated b) using the AMM 

parameters given in Table 3.1. The (*) symbol denotes a mode that has both Raman- and IR-

activity (see text). 
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Figure 3.7: The PA spectrum of PffBT4T/PCBM blend in the mid-IR spectral range as 

measured a) and calculated b) using the AMM parameters given in Table 3.1. The (*) symbols 

denote modes that appear in both photoinduced ARs and IR-absorption spectra. 

 

 One of the benefits of using the AMM to describe the most strongly coupled vibrations of 

the copolymer chain is that it can predict the relative scattering intensities in the RRS 

spectrum102 and the AR strengths for the AR dips in the PA spectrum101. The reason behind this 

extraordinary ability is that all renormalized RRS modes and ARs are related to each other 

through the same phonon propagator, which is not the case in RRS spectra of most compounds. 

It turns out that the Raman scattering intensity, In, of each renormalized mode is inversely 

proportional to the slope of D0() at the renormalized frequencies102; namely In~dD0()/d at 

=𝜔𝑛
𝑅. As the function D0()  is known for PffBT4T and we also found the proper parameter 

2* = 0.47 that describes the RRS frequencies, it is straightforward to calculate the RRS 

spectrum based on the AMM. This is nicely shown in Figure 3.6, where the calculated RRS 

spectrum is compared with the experimental spectrum. The fit is superb, and this validates the 



80 

 

conclusion that the AMM is a reliable theoretical model for the vibrational frequencies in 

PffBT4T and probably for many other DA-copolymers61. 

 Another benefit of the AMM is that the photoinduced AR spectrum (both frequencies and 

intensities) can also be calculated using the general model given in Equation (3.4). We used the 

D0() function and the parameters (c1 − α)  and ’ as given in Table 3.1 to calculate the 

photoinduced ARs spectrum of the PffBT4T/PCBM blend as shown in Figure 3.7. For this 

calculation, we used a polaron band that is peaked at ~700 cm−1 as predicted by the theory101. 

The agreement between the experimental and calculated photoinduced AR spectra is fair. 

Importantly, the calculated ARs spectrum supports the use of the AMM with the two extra 

modes due to the C2v symmetry breaking in the copolymer chain. 

 

3.4 Summary 

In summary, we studied the most important excited states of the DA-copolymer PffBT4T using a 

variety of optical spectroscopies. We determined the allowed SE transitions at 1.75 and 2.5 eV, 

respectively, and the strongly coupled dark exciton at 2.25 eV. We thus predict that a signature 

of photoexcited excitons in this material would be a PA band at 0.5 eV in the ps transient 

spectrum that is correlated with a PL band. The charge excitations of this copolymer are polarons 

with two PA bands at ~0.1 and 1.1 eV, respectively, that are correlated with superposed 

antiresonance dips. The most strongly coupled vibrations in the pristine copolymer were studied 

using RRS in the pristine copolymer, iodine doping of the copolymer and in PffBT4T/PCBM 

blend using the PA technique. The 11 Raman-active modes are renormalized when charge 

polarons are added to the copolymer chains upon photogeneration. They revealed themselves as 

antiresonance dips superposed on the lower polaron absorption band. We have shown that the 

AMM accurately describes the vibrational modes using a single phonon propagator in which all 

11 modes are coupled together. However, to describe the complete photoinduced ARs spectrum, 

we needed to add to the phonon propagator two additional modes with weak e–p coupling that 

appear in the IR absorption spectrum but are much weaker in the RRS spectrum. We conclude 

that the two modes that show both Raman scattering and IR-absorption expose the predicted C2v 
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symmetry breaking in the PffBT4T copolymer chain, which is caused by the different electron 

affinities of the intrachain donor and acceptor moieties. 
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CHAPTER 4 

Multiphoton Microscopy of -Conjugated Copolymers and 

Copolymer/Fullerene Blends for Organic Photovoltaic Applications 

 

This chapter was submitted for review on July 2018 to ACS Applied Materials & Interfaces and 

authored by Shai R. Vardeny, Sangita Baniya, Benjamin Cromey, Khanh Kieu, Nasser 

Peyghambarian, and Z. Valy Vardeny 

 

Organic photovoltaic (OPV) cells based on -conjugated copolymer/fullerene blends are devices 

with the highest power conversion efficiencies within the class of organic semiconductors. 

Although a number of image microscopies have been applied to films of -conjugated copolymers 

and their fullerene blends, seldom have they been able to detect microscopic defects in the blend 

films. We have applied multiphoton microscopy (MPM) using a 65 fs laser at 1.56 micron for 

spectroscopy and mapping of films of various -conjugated copolymers and their fullerene blends. 

All pristine copolymer films have shown third harmonic generation (THG) and two-photon or 

three-photon photoluminescence that could be used for mapping the films with micrometer spatial 

resolution. Since the fullerenes have much weaker THG efficiency than that of the copolymers, 

we could readily map the copolymer/fullerene blend films that showed interpenetrating micron-

sized grains of the two constituents. In addition, we also found second harmonic generation from 

various micron-size defects in the films that are formed during film deposition or light illumination 

at ambient conditions, which do not possess inversion symmetry. The MPM method is therefore 

beneficial for organic films and devices of areas ∼100 cm2 for investigating the properties and 

growth of copolymer/fullerene blends for OPV applications. 

 

4.1 Introduction 

The development of organic photovoltaic (OPV) solar cell technology117–119, and in particular, PV 

solar cells based on -conjugated polymers, is driven by the potential to harness solar energy 
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cheaply, since the devices may be fabricated using simple roll-to-roll printing methods. The 

principal active layer in polymer OPV solar cells has been a blend of two organic components, 

namely the -conjugated polymers as electron donors and fullerene molecules such as PCBM as 

electron acceptors120–123. The main polymer used for OPV has been regio-regular polythiophene 

that absorbs in the visible range of the solar spectrum124. Recently, the -conjugated polymers 

have been replaced by -conjugated block copolymers of which repeating units consist of 

alternating donor (D) and acceptor (A) moieties, known as DA-copolymers118,125–131. This chain 

architecture substantially reduces the optical gap, and thus the DA-copolymers absorb more in the 

near infrared, catching a larger fraction of the solar spectrum. The power conversion efficiencies 

(PCE) of organic solar cells based on DA-copolymers as donor materials and fullerene molecules 

as acceptors have exceeded 12%130. In particular, OPV cells based on fullerene blends with the 

DA-copolymer PffBT4T, namely poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3000-

di(2-octyldodecyl)-2,20;50,200;500,2000-quaterthiophen-5,5000-diyl)] (see Figure 4.1) has 

reached a PCE of up to 10.8%131. We focus our present optical studies on films of pristine DA-

copolymers with low to moderate energy gaps and their blends with PCBM fullerenes. 

A common design for a solar cell, called bulk heterojunction (BHJ), consists of an active 

layer of phase-separated blend of copolymer donors and fullerene acceptors. The donor/acceptor 

blend is usually deposited onto a transparent conductive oxide film that acts as the anode. A buffer 

layer, used to block electron (holes), is placed between the active layer and cathode (anode). An 

exciton is generated when a photon with energy that is equal or above the HOMO-LUMO energy 

gap of the donor strikes the active layer. With the proper chemical potential, the exciton diffuses 

to the interface of the donor and acceptor grains in the blend film. A potential is applied to the 

junction and the electron-hole pair is separated; the hole traveling towards the anode and electron 

traveling towards the cathode. The advantage of BHJ is that the donor-acceptor interface is 

appropriately phase-separated so the probability that the charges encounter the correct interface 

within the exciton diffusion length is high117. 

The OPV research community has established a direct correlation to the critical 

performance of OPV devices to that of the topography and chemical morphology of (co)polymers 

and/or their fullerene blends23,24. A number of mapping methods have been utilized in order to 
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analyze the nanoscale structure of these films and try to obtain a more fundamental physical 

understanding behind the increase in PCE for said topography and morphology. The basic mapping 

methods (and their variants) utilized for these analysis are Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM), and Atomic Force Microscopy (AFM). The length 

scales, and the phase relation between the blend constituents are observed, such as “polymer rich” 

and “fullerene rich” domains. Studying the phase-separation between these two domains has been 

correlated to increased device performance with the proper (co)polymer/fullerene proportions18-31. 

In order to take into account the extremely limited lateral, chemical, and crystal order information 

of the material with the above methods, other spectroscopic and mapping methods must be 

correlated in order to probe the finer physical interactions of the material.  

Some of these methods include dynamic time-of-flight secondary ion mass spectrometry 

(TOF-SIMS)25,38,39, and Kelvin Probe Force Microscopy (KPFM)26 for lateral composition 

analysis. For a deeper understanding of the chemical composition and crystallinity, scanning 

transmission X-ray microscopy (STXM) is used40–43. AFM has been combined with Raman 

spectral mapping and fluorescence imaging to study the topographical and lateral information of 

patterned geometries45. Resonance Raman spectroscopic imaging was combined with AFM in 

order to introduce a physical probe in identifying morphology-dependent variations of intra- and 

interchain interactions and order in P3HT/PCBM blend46. Grazing incidence X-ray scattering 

(GIXS) represents a visualization and understanding of the crystal structure, order, and orientation 

in the crystalline regions of the films32,34,54–59. Most of these techniques however, are limited to 

about 10 nm from the surface of the film; they are mostly surface analysis techniques. Furthermore, 

they ignore the light-matter interaction of the molecular structure and thus must usually be 

combined with spectroscopy. 

In addition, we also note that these different techniques can seldom detect defects in the 

organic blend films. This is because the chemical composition does not change at a native defect 

site. Moreover, nanoscopic techniques are too fine to detect microscopic defects. In the present 

work, we introduce a novel scanning technique for mapping films of pristine copolymers and their 

blend with PCBM fullerenes based on nonlinear optical (NLO) response of the blend constituents, 

called Multiphoton Microscopy (MPM). In this technique, we use the different third order NLO 
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coefficients ((3)) such as third harmonic generation (THG) of the copolymer and PCBM, 

respectively, to map the blend film with micron resolution. Furthermore, we use the fact that the 

second harmonic generation (SHG) associated with (2) occurs in -conjugated copolymers only 

in defected local sites that lack inversion symmetry, to map microscopic defects in the film. We 

have observed static defects in the pristine copolymer films and in OPV blend films that are created 

during film deposition, and we have also detected the formation of defects in the blend film upon 

exposing it to prolonged illumination at ambient conditions. The ability to detect micron size 

defects may be of interest to the PV community in general, and OPV community in particular. For 

example, one may be able to monitor the formation of the well-known Stabler-Wronski defects in 

a-Si:H solar cells132,133, and the ion migration in solar cells based on hybrid organic inorganic 

perovskites134.  

 

Figure 4.1: The absorption and photoluminescence spectra of three -conjugated copolymers. 

Panels (A), (B), and (C) show the optical density and PL spectra of the three -conjugated DA-

copolymers, FTAZ, PTB7 and PffBT4T, respectively. The copolymer backbone structures are 

given in each inset. Note the two moieties in each copolymer chain that serve as intrachain donor 

and acceptor, respectively.    

 

Here we focus on films of three DA-copolymers and their blends with fullerene PCBM 

molecules. The backbone structure of the three copolymers is shown in Figure 4.1. The copolymers 

are: FTAZ, which is poly-benzodithio-phene fluorinated benzotriazole (PBnDT-FTAZ) with band 

gap of ~2.01 eV; and two other copolymers, both with band gap of ~1.7 eV, which are:  PTB7 

(Poly-thienothiophene benzodithiophene 7), and PffBT4T-2OD. The latter two copolymer blends 

with PCBM form the active layers of some of the most efficient OPV solar cells to date131. As 

seen, each DA-copolymer chain is composed of two moieties with different electron affinities and 

thus may serve as an intrachain donor and acceptor which may help exciton ionization into free 
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charged polarons135,136. The details of film preparation are given in the Methods section. We have 

used Sapphire substrates since they show the least amount of NLO emission such as THG, no 

SHG, and lack of PL emission that would have added background signal to the MPM scans (see 

section 4.5.1 for Sapphire MPM mapping and spectroscopy).  

For measuring the MPM spectrum upon illumination, the copolymer films were exposed 

to prolonged illumination by a 100 W Tungsten-Halogen incandescent lamp for approximately 

one hour.    

Each copolymer film shows a pronounced PL band with a shifted onset compared with that 

of the absorption spectrum (see Figure 4.1). The PL was excited with a laser diode at 530 nm, 

collected, dispersed by a monochromator, and detected by a Si photodetector. The PL is a blessing 

for MPM since it is possible to use it for mapping via NLO-based process such as two-photon-

photoluminescence (TP-PL) or three-photon-PL (ThP-PL). 
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Figure 4.2: (A) The MPM imaging setup and typical MPM spectra. (A) The MPM imaging 

apparatus, where each optical component is denoted. The detailed description is given in the 

Methods section. Typical MPM spectra of (B) Silicon wafer and (C) GaAs samples. The THG, 

SHG, and TP-PL emission bands are denoted. Note that the MPM spectrum of GaAs shows SHG 

whereas Si does not. 



88 

 

The multiphoton images (MPI) of the copolymer films were taken using a customized 

multiphoton microscope (Figure 4.2), where the setup and experimental procedures have been 

extensively detailed, and may be found in the literature75–77
 (see Methods). In brief, for excitation, 

we used an erbium doped femtosecond mode-locked laser operating at 1560 nm, having pulse 

duration ~65 fs, at an average power up to 80 mW with ~8.5 MHz repetition rate; hence the 

estimated peak power was ~145 kW and ~9 nJ pulse energy78. The laser light was focused on the 

sample onto a ~1 m2 spot size, and a half-wave plate and linear polarizer were placed in front of 

a beam-splitter for power attenuation. A rotatable 870 nm dichroic mirror lets the excitation 

reflection from the sample pass and diverts the resulting THG, SHG, and/or TP-PL/ThP-PL onto 

the photomultiplier tubes (PMT). A 560 nm dichroic mirror is used to further split the THG to one 

PMT and the SHG/PL to another PMT. The resulting emission is also coupled into the 

spectrometer (Ocean Optics QE65000) by rotating the 870 nm dichroic and feeding the light into 

a pigtailed collecting lens. 

For demonstrating the MPM capabilities, we present in Figure 4.2 (lower panels) two MPM 

spectra measured on a Si wafer and GaAs sample, respectively. As is clearly seen, both show a 

THG emission band at ~520 nm, since the third order nonlinearity, (3) is allowed in any material 

regardless of its symmetry group. However, only the GaAs sample shows a strong SHG emission 

band at ~ 780 nm, since (2) is allowed only in crystals that lack inversion symmetry (such as 

GaAs, which belongs to the Td symmetry group that does not contain the inversion symmetry 

operation). This is a virtue of the MPM technique, which we use below to identify defects in the 

copolymer films. In addition, GaAs has a PL band at ~880 nm that can also be used in MPM 

mapping, because it is generated via two-photon absorption ((3) process). Since the copolymers 

used here show relatively strong PL emission, we may use it as well in MPM.     
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Figure 4.3. MPM spectroscopy of three copolymers. (A), (C) and (E) are the MPM spectra of 

FTAZ, PTB7 and PffBT4T, respectively. The emission bands THG and nonlinear PL (TP-PL 

and ThP-PL) are denoted. (B), (D), and (F) are the THG (left axis) and nonlinear PL emission 

(right axis) strengths vs the laser excitation intensity of the respective three copolymers shown in 

the left panels.     
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4.2 Results and Discussion 

Figure 4.3 (left panels) shows typical MPM spectra of the three copolymers which we studied here. 

Each copolymer shows a strong THG band at ~520 nm, followed by a PL band that is specific to 

each copolymer as demonstrated above in Figure 4.1. Since the laser photon energy (~0.8 eV) 

cannot excite the copolymers’ PL bands, it is obvious that the PL emission is due to two- or three-

photon absorption in the film. To check whether the PL band in each copolymer is due to TP-PL 

or ThP-PL, we conducted the PL laser excitation intensity (IL) dependence compared to the 

excitation dependence of the THG emission, which is a three-photon process. Indeed, we could fit 

the THG intensity, I dependence using IL
3 function that undergoes saturation at high power, as 

follows: 

𝐼(𝐼𝐿) =  𝑎 ∙ 𝐼𝐿
𝑛∙(1−

𝐼𝐿
𝐼𝑠
)
                                                          (4.1) 

The saturation levels, IS are given for each copolymer in Table 4.1. As seen in Figure 4.3 

(right panels), the IL dependence of the nonlinear PL emission follows that of the THG for the 

copolymers FTAZ and PffBT4T; but not in PTB7, where the nonlinear PL emission does not 

follow that of the THG emission.  

 

Table 4.1  

The best fitting parameters for the THG intensity in the MPM spectrum vs. the excitation intensity 

using Eq. (1).  

Compound IS (mW) 

FTAZ 150 ± 10 

PTB7 267 ± 30 

PffBT4T 213 ± 23 

FTAZ/PCBM 187 ± 10 

PTB7/PCBM 169 ± 23 

PffBT4T/PCBM 223 ± 34 

PCBM 782 ± 91 

Sapphire 5000 ± 2600 
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Table 4.2  

Same as in Table 4.1 but for the PL emission band in the MPM spectra. The exponent, n is the 

nonlinear optical order of the nonlinear PL process.  

Compound n IS (mW) 

FTAZ 3 159 ± 11 

PTB7 2 112 ± 7 

PffBT4T 2/3 215 ± 24 

FTAZ/PCBM 2 415 ± 44 

PTB7/PCBM 2 300 ± 110 

PffBT4T/PCBM 2/3 215 ± 30 
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Figure 4.4: The ratio, r of the THG and nonlinear PL intensities as a function of the excitation 

intensity (or power), for the three copolymers shown in Figure 4.3. 
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This is nicely demonstrated in Figure 4.4, where we plot the ratio, r = ITHG/IPL vs. IL. As 

seen, r remains constant with IL for FTAZ, verifying that the nonlinear PL in this copolymer is 

ThP-PL type. This is to be expected, since the PL in this copolymer peaks at ~ 700 nm, which is 

not reachable by two-photon absorption at 780 nm. However, the ratio r shows a linear dependence 

on IL for PTB7, indicating that the nonlinear PL in this copolymer is of TP-PL type; this is in 

agreement with the peak in the PL spectrum at ~ 800 nm, which allows excitation by a two-photon 

NLO process. Surprisingly, r in PffBT4T has a complex IL dependence. At low IL, it shows a linear 

increase that saturates and becomes constant at high IL. This indicates a TP-PL process at low IL 

and a ThP-PL at high IL, which probably occurs since the ThP-PL process takes over. It is 

interesting to note that this situation does not happen in PTB7 copolymer. 

 

  

Figure 4.5: MPM images of pristine FTAZ and FTAZ/PCBM blend films. (A) The MPM image 

of pristine FTAZ, where the separate signals are chosen with representative colors. Green 

represents the signal from THG and red represents the signal from nonlinear PL emission, 

respectively. The insets show the PL (left) and THG (right) filtered region. (B) The MPM image 

of FTAZ/PCBM film, where green represents THG coming from the copolymer film and black 

shows the PCBM grains. The inset is a zoomed image of the interpenetrating FTAZ/PCBM 

micron sized grains. The PL layer is omitted everywhere. The scale bar in each picture is 

denoted. 
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Figure 4.5 shows MPM mapping of FTAZ and FTAZ/PCBM blend. The other copolymers 

and their blends show similar results (Figure 4.7). Figure 4.5A shows that although the THG 

emission occurs everywhere on the film, the ThP-PL is larger at preferred areas of the film, so that 

its emission intensity is in fact larger than that of the THG emission. This may be explained if we 

assume that there are radiative recombination centers on the copolymer chains of which PL is the 

preferred recombination channel. This is caused by the copolymer film inhomogeneity, which may 

also influence the large width of the PL bands in the copolymers (Figure 4.1). Figure 4.5B shows 

a typical MPM mapping of FTAZ/PCBM blend. Since the (3) coefficient is larger in the copolymer 

chain than in PCBM molecules (see section 4.5.2), probably because of the quasi-1D morphology 

of the chains, a contrast in the THG intensity is generated. However, in comparison to the 

copolymer films, we found that the THG of the fullerene molecules do not saturate at high IL 

(Figure 4.10 A). This indicates that the THG contrast between the two blend constituents worsens 

at high IL (Figure 4.11). At relatively smaller IL, the THG contrast results in an efficient mapping 

of the blend. Figure 4.5B demonstrates that the film is composed of interpenetrating grains of 

FTAZ and PCBM of about 1-2 m, which is ideal for exciton separation, and separate charge 

transport of the resulting electrons and holes to the cathode and anode, respectively.  

To strengthen the claim that the contrast is a result of the FTAZ and PCBM constituents, 

the same mapping with PL included is shown in section 4.5.3. Furthermore, in section 4.5.4, two 

well-known and established imaging techniques, namely AFM and SEM, were conducted on 

FTAZ/PCBM blend to better show that the phase-separated matrix of Figure 4.5B is a result of 

FTAZ and PCBM grains. 
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Figure 4.6: The MPM image of a PTB7 film that contains defects. (A) The MPM image of a 

pristine PTB7 film. The green color represents the THG band mapping; the red dots are defects 

that show SHG emission. (B) The MPM spectrum of the main defect shown in (A), which show 

both THG and SHG emission bands.  

 

Figures 4.6 and 4.7 demonstrate the unique advantage of MPM mapping compared to other 

mapping methods described in the literature. Namely, the MPM spectroscopic technique is able to 

pinpoint defects in the film that lack inversion symmetry, a feature sorely lacking in other mapping 

methods. Figure 4.6 identifies a defect in a PTB7 film that shows relatively strong SHG emission. 

There are other such defects in the film, but their SHG emission is weaker. Such a defect cannot 

originate from a single copolymer chain, as for example from a radical or break in the chains, 
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because such local defects do not necessarily break the inversion symmetry of the chain. We 

believe that the native defect showing SHG must indicate several polymer chains that are 

intertwined together. This type of structure may lack inversion symmetry, and would be large 

enough to show SHG that is more intense than the THG emission band. 
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Figure 4.7: MPM of PTB7/PCBM blend under prolonged illumination. (A) Before illumination, 

showing the fine interpenetrating BHS of the copolymer film and fullerene micro-sized grains. 

The green color represents THG from the copolymer film; the black is from the fullerene grain. 

(B) After illumination of one hour by 100 Watt incandescent light, which shows the formation of 

a micron sized defect. (C)  The MPM spectrum before illumination that shows THG and TP-PL 

emission bands. (D) The MPM spectrum from the light induced defect seen in (B) that shows 

THG and SHG but lacks TP-PL emission.  

 

Another important demonstration is the ability of MPM imaging to detect defects in the 

copolymer/fullerene blends that are created upon prolonged illumination; these type of defects 

may lead to device degradation137–139. Such conditions are important for OPV solar cells, since the 
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cell would be exposed to sun illumination for many hours. In Figure 4.7 (see Figure 4.14 for a 

clear image of PTB7/PCBM phase-separated matrix via Multimode AFM), we show MPM 

mapping of a copolymer/fullerene blend film, before and after illumination with light collected 

from a 100-watt Tungsten-Halogen incandescent lamp for one hour at ambient conditions. It is 

clearly seen that there are ‘light induced defects’ formed in the PTB7/PCBM blend film upon 

prolonged illumination. We note, however, that OPV solar cells are usually encapsulated to better 

withstand exposure to light at ambient. Nonetheless, we show here the MPM capability to detect 

such light induced defects, which might be created even under encapsulating conditions upon 

illumination for longer periods of time.   

 

4.3 Conclusions 

We have presented a novel method of mapping films of three -conjugated copolymers and their 

blend with fullerene molecules that are used in OPV applications. The method is based on multiple-

photon emission such as THG, SHG, and PL induced by NLO mechanisms such as two-photon 

and three-photon processes. The MPM is capable of observing the separate micro-sized grains of 

the copolymer and fullerene in D-A blends, which is highly needed for OPV applications. Since 

the copolymer chain structure possesses inversion symmetry, there is no SHG from the pristine 

copolymer and copolymer/PCBM blend, unless a micron sized defect breaks the inversion 

symmetry. Based on this principle, we have shown that SHG observed in MPI is capable of 

detecting native defects born during film deposition, as well as induced defects by prolonged 

illumination. The latter is especially important for OPV solar cell applications since long exposure 

times to light may lead to device degradation that can be readily monitored in situ by MPM.     
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4.4 Materials and Methods 

4.4.1 Film Deposition 

4.4.1.1 PTB7 

Polythieno[3,4-b]thiophene-alt- benzodithiophene (PTB7) copolymer powder was purchased from 

Solarmer and used without further purification. Thick films of PTB7 were spin cast at a speed of 

800 rpm or drop cast from solution in 1,2-dichlorobenzene (ODCB) at a concentration of 10 mg/ml 

onto Sapphire. For the PTB7/PCBM blend, we used a solution of PTB7 and PC60BM (1∶1.5 in 

weight) with the same concentration in ODCB, which was stirred in nitrogen atmosphere 

overnight.  

 

4.4.1.2 PffBT4T 

Poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3000-di(2-octyldodecyl)- 

2,20;50,200;500,2000-quaterthiophen-5,5000-diyl)] PffBT4T copolymer powder was purchased 

from Solarmer and used without further purification. Thick films of PffBT4T were spin cast at  a 

speed of 800 rpm or drop cast from solution in 1,2-dichlorobenzene (ODCB) and chlorobenzene 

(CB) [ODCB:CB (1:1)] at a concentration of 10 mg∕ml onto Sapphire. 

For the PffBT4T/PCBM blend, we used a solution of PffBT4T and PC70BM (1:1.4 in weight) 

(which gives the best PCE performance) with the same concentration in ODCB:CB solvent, which 

was stirred in nitrogen atmosphere overnight.  

 

4.4.1.3 PBnDT-FTAZ 

Polybenzodithio-phene fluorinated benzotriazole (PBnDT-FTAZ) copolymer powder was 

synthesized in Prof. Wei You’s group at North Carolina University. Thick copolymer films were 

spin cast at a speed of 800 rpm or drop cast from solution in trichlorobenzene at a concentration 

of 12 mg/ml onto Sapphire. PBnDT-FTAZ copolymers were blended with PC60BM (1:2 in weight) 

in trichlorobenzene solvent at a concentration of 12 mg/ml. 
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4.4.2 Multiphoton Microscope Setup 

The multiphoton images (MPI) of the π-conjugated polymers for this study were taken using a 

customized multiphoton microscope presented in Figure 4.2, where the variational setups and 

experimental procedures have been detailed elsewhere75–77. An erbium doped femtosecond mode-

locked laser (MLL) using a carbon-nanotube saturable absorber78 at 1560 nm, FWHM ~65 fs 

pulses, linearly polarized, and operated at ~8.5 MHz repetition rate was used as the excitation 

source. The average power was measured at 80 mW with an estimated peak power of 145 kW and 

9.4 nJ energy/pulse. 

In this setup, the excitation light beam is coupled to a polarizing-maintaining (PM) fiber 

that’s terminated to an FC/APC connector. The connector is attached to an FC/APC adapter 

collimator, where the light is launched onto a 2D galvanometer system in which the laser spot is 

rasterized across the sample. A half-wave plate (HWP) and linear polarizer (LP) is placed in front 

of a beam-splitter (BS) for power attenuation, which was needed for our IL dependency 

measurements. The telescopic setup after the galvanometers expands the laser beam so the back 

aperture of the objective is filled such that the full NA may be used and the beam properly focused 

to a focal spot with an optimized size. A rotatable 870 nm dichroic mirror lets the excitation 

reflection from the sample pass and diverts the resulting THG, SHG, and/or nonlinear PL due to 

two- or three-photon absorption towards the PMT branch. A 560 nm dichroic mirror is used to 

further split the THG to one PMT and the SHG/PL to another PMT. Bandpass (BP) filters at 517/20 

nm for THG and 780/12 nm for SHG or PL is placed in front of the PMTs to further focus on the 

wavelength of interest. The resulting signal may be coupled into the spectrometer (Ocean Optics 

QE65000) by rotating the 870 nm dichroic and feeding the light into the attached pigtailed 

collecting lens.  

The largest deviation of this setup from previous iterations is the replacement of the pre-

amplifiers (Stanford Research System SR570) with a lock-in amplifier (Zurich UHFLI). A BS was 

placed as the first optical component in the beam path while the ~5% reflection was fed into a 

reference detector so that the lock-in may operate in external mode at the repetition rate of ~8.5 

MHz. This allows for detection of small signals resulting from low IL such as 0.5 mW. 
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The power dependence measurements were conducted by rotating the HWP from 0° to 45° 

and attenuating the laser from 1 mW to 55 mW. A power meter was utilized in order to translate 

the rotation in degrees to power input of the laser (i.e. 18° -> 35 mW). The time-constant (TC) of 

the lock-in was set at 200 ms order 3 for input powers below 5 mW and 1 μs order 1 after 5 mW. 

The BP filters were removed for power dependence measurements and PL mapping. 

The beam spot was rastered such that an idle time of 10 μs per pixel was attained at an area 

of 250 x 250 μm2 (1000 x 1000 pixels) using a 20X 0.75 NA objective for a total scan time of 10 

s. The TC was set at 1 μs order 1 for fast scan speeds. 

The spectrum of the SHG spot found in PTB7 for Figure 4.6 was obtained by first scanning 

the area and using the user interface of the in-house built multiphoton microscope LabVIEW 

program to convert the pixel coordinates of the point of interest to the proper galvanometer 

voltages such that the laser spot is directed to the physical spot. The 870 nm dichroic is then rotated 

and the spectrum taken. The BP filters were placed in front of the PMTs to observe spots or regions 

of SHG in the films. All scanned images and spectra were taken at a power input of 11 mW unless 

otherwise stated. 

 

4.5 Supporting Information 

4.5.1 Power Dependence Measurements and Mapping of Sapphire 

The copolymers and their fullerene blends were deposited on Sapphire substrates. In order to verify 

that the obtained THG, PL, and SHG emissions originates from the film material, and not the 

substrate, power measurements and mapping were performed on clean Sapphire substrates. The 

power dependence measurements of Sapphire are displayed in Figure 4.8 A, where it is clear that 

saturation is never truly reached at the power input range that we typically use in our 

measurements. This result contrasts the loss of THG with IL in the copolymers discussed in the 

text.  However, the ratio between the THG of the copolymers to that of the Sapphire substrate 

(Figure 4.8 B) remains above 500 even at the maximum power used in our measurements. In 

particular, for the power of ~11 mW at which the MPM images were taken, the contrast between 

the THG of Sapphire and copolymer is ~6000, which does not pose an issue in imaging.  
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Moreover, no PL was detected from Sapphire even at the highest laser power levels and 

maximum sensitivity settings for the lock-in amplifier. Furthermore, multiple Sapphire substrates 

were scrutinized in search for areas of SHG and none could be found, from which we conclude 

that the observed SHG only stems from the material. There was no obtained spectra for the 

contaminants (red spots where the color was used to represent the signal from SHG PMT) shown 

in Figure 4.9 as these spots would vanish upon focusing the laser for spectroscopy analysis. 

 

  

Figure 4.8: Power dependence measurements of Sapphire and copolymer/substrate ratio. (A) The 

THG intensity vs. the laser excitation power for a typical Sapphire substrate used in the MPM of 

the copolymers. The saturation regime is never fully reached. (B) The power ratio r of the THG 

intensities between FTAZ and Sapphire. 
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Figure 4.9: MPI scans of Sapphire substrate showing contamination. (A) The color green is 

chosen to represent THG while red shows contamination, combining both appears yellow. (B) 

Vaporization of contamination after focusing the laser beam on red spots for spectra analysis. 

 

4.5.2 Power Dependence Measurements and Mapping of PCBM 

Power dependence measurements and mapping were conducted on a pristine film of PCBM 

deposited on Sapphire substrate. This was performed in order to analyze the power ratio between 

FTAZ and PCBM for better understanding of the contrast behind the FTAZ/PCBM grain matrix 

in the blend film. The power measurement plot in Figure 4.10 A signifies that unlike the copolymer 

donor counterparts, in PCBM, saturation is reached much more slowly, but not as slow as that in 

the Sapphire substrate. This leads to the conclusion that the THG contrast needed for MPM 

imaging the blend is smaller at higher powers, where the copolymer enters the saturation regime. 

This is clearly shown in Figure 4.10 B where the ratio of the THG in the copolymer over the THG 

in the PCBM is plotted against the laser excitation power.  The best contrast is found when the 

laser power is ~2-6 mW. The MPM images were taken at ~11 mW resulting in a contrast ratio of 

~30.  

To show the image variation with the laser power, an image of the FTAZ/PCBM blend was 

taken at ~30 mW (Figure 4.11), where an obvious contrast loss is seen that results in vanishing of 
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the grain matrix. The FTAZ THG stays constant with increase in power, while the THG in the 

PCBM matrix continues to rise, closing the gap between the two blend constituents. 

 

  

Figure 4.10: Power dependence measurements of PCBM and FTAZ/PCBM ratio. (A) The THG 

intensity vs. the laser excitation power for PCBM used in the MPM of the copolymer/PCBM 

blend. The rate of saturation is slower than its copolymer counterpart. (B) The power ratio r 

between the THG intensities of the FTAZ copolymer and PCBM vs. the laser excitation power.  

 

 

 

Figure 4.11: MPM image of FTAZ/PCBM blend film taken at laser excitation power of 30 mW.  

As seen, the contrast between the copolymer and the fullerene grains is much weaker than that 

taken at 11 mW seen in Figure 4.5.  
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4.5.3 PL Mapping of FTAZ/PCBM Blend 

In order to alleviate the doubt that the phase-separated matrix of FTAZ/PCBM might stem between 

the Sapphire substrate and the film blend itself, a combined THG and PL mapping is presented in 

Figure 4.12. There is no recorded PL arising from the substrate as mentioned in section 4.5.1, 

therefore, the matrix is due to the phase-separation between the copolymer and its fullerene 

component. The PL layer is omitted in the main text however; we have included only the PL layer 

on the bottom left inset of Figure 4.12. The inhomogeneity of the recombination centers is reserved 

for future research. 

 

 

Figure 4.12: An MPM image of FTAZ/PCBM blend film measured at laser excitation power of 

11 mW. The lower left inset represents only the PL layer which was omitted in Figure 4.5. The 

color setup is the same as in the main text. 

 

4.5.4 AFM and SEM Imaging of FTAZ/PCBM 

Extensive research has been conducted of the morphology of the active layer, namely 

(co)polymer/fullerene blends relating their performance in OPV devices. As mentioned and 

referenced in the main text (18, 20-23, 25, 38), AFM and SEM are amongst the two main tools 

that have been used to analyze the morphology. We present AFM and SEM images of 

FTAZ/PCBM in Figure 4.13 to further support that the phase-separated matrix is due to the 

copolymer and fullerene constituents, while providing a comparison of MPM images to well-



106 

 

known and established imaging techniques. The bright regions show FTAZ rich areas, while the 

dark regions are that of PCBM. 

 

 

 
 

  

Figure 4.13: AFM and SEM images of FTAZ/PCBM blend. (A) An AFM image where the 

bright regions consist of FTAZ and dark are that of PCBM. (B) A 3D image of (A). (C)  SEM 

image of FTAZ/PCBM where the dark spots represent PCBM. (D) A close-up of (C). 
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4.5.5. AFM Image of PTB7/PCBM Blend 

The MPI of the phase-separated matrix for PTB7/PCBM blend in Figure 4.7A is unclear due to 

the diffraction-limited optics of the microscope system. An AFM image was taken of the same 

PTB7/PCBM sample and is presented in Figure 4.14 that shows a clear view of the PTB7 and 

PCBM constituents. 

 

 

Figure 4.14. An AFM Image of PTB7/PCBM blend showing the phase-separated matrix. 
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4.5.6. Extra Fitting Parameters 

The fitting parameter a, is given in Table 4.3 and Table 4.4. This parameter is independent of Is 

and merely offsets the amplitude. The PMT control voltage influences a, but not Is. 

 

Table 4.3  

The best fitting parameter, a for the THG band in the MPM vs. the excitation intensity using Eq. 

(1). The exponent n in Eq.(1) is the nonlinear optical order of the process, namely n=3  

Compound a (mV/[mW]3) 

FTAZ 1.1E-3 ± 2E-4 

PTB7 3.1E-4 ± 6E-5 

PffBT4T 4.8E-4 ± 1.2E-4 

FTAZ/PCBM 1.1E-3 ± 2E-4 

PTB7/PCBM 6E-4 ± 2E-4 

PffBT4T/PCBM 1.2E-4 ± 4E-05 

PCBM 6.1E-05 ± 5E-06 

Sapphire 2.42E-07 ± 1.4E-8 

 

Table 4.4 

Same as in Table 4.3 but for the PL emission band in the MPM spectra. 

Compound a (mV/[mW]n) 

FTAZ 1.0E-3 ± 2E-4 

PTB7 1.1E-2 ± 1E-3 

PffBT4T 5.0E-3 ± 9E-4 

FTAZ/PCBM 5.7E-4 ± 5E-5 

PTB7/PCBM 3.5E-05 ± 1.5E-05 

PffBT4T/PCBM 6E-05± 2E-05 
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CHAPTER 5 

Multiphoton Microscopy of -Conjugated Polymers and their Fullerene 

Blends using Nonlinear Photoluminescence Emission 

 

This chapter is part of an article to be submitted for review in 2018 to Journal of Luminescence 

and authored by Shai R. Vardeny, Sangita Baniya, Benjamin Cromey, Khanh Kieu, Nasser 

Peyghambarian, and Z. Valy Vardeny 

 

Although a number of image microscopies have been applied to films of -conjugated polymers 

and their fullerene blends, seldom have they been able to detect the polymer/fullerene grain 

interface and microscopic defects in the blend films. We have applied multiphoton microscopy 

(MPM) using a 65 fs laser at 1.56 micron for spectroscopy and mapping of films of two prototype 

-conjugated polymers, namely MEH-PPV and P3HT with their blends of PCBM fullerene. The 

pristine polymer films have shown third harmonic generation (THG) and three-photon 

photoluminescence (ThP-PL) emission bands that could be used for mapping the film topography 

with micrometer spatial resolution. Since the photoluminescence (PL) band of the photogenerated 

charge transfer excitons at the polymer/fullerene interfaces in films of polymer/fullerene blends is 

substantially red-shifted compared to that of the pristine polymers, we could readily map the 

polymer/fullerene grain interfaces using the ThP-PL in the near IR spectral range.  From the MPM 

imaging of the polymer/fullerene films, we show that the polymer grains in MEH-PPV/PCBM are 

substantially larger than in P3HT/PCBM, which is detrimental to photovoltaic applications. In 

addition, we also found in the MEH-PPV/PCBM blend second harmonic generation (SHG) 

emission band that originates from micron-size inclusions in the films that are formed during film 

deposition at ambient conditions, which do not possess inversion symmetry. The MPM method is 

therefore beneficial for organic semiconductor films and devices for investigating the properties 

and growth of polymer/fullerene blends for optoelectronic applications. 
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5.1 Introduction 

The organic photovoltaic (OPV) solar cell technology based on -conjugated polymers (PCP) is 

driven by the potential to harness solar energy cheaply 117–119. The active layer in polymer OPV 

solar cells has been a blend of two organic components, namely the PCP chains as electron donors 

and fullerene molecules, such as PCBM as electron acceptors 120–123. The main PCPs used for OPV 

cells have been regio-regular polythiophene (P3HT; Figure 5.1 (b) inset) and a soluble derivative 

of poly(p-penylene-vynilene) (MEH-PPV; Figure 5.1 (a) inset) that absorb in the visible spectral 

range of the solar spectrum 124. The power conversion efficiencies (PCE) of organic solar cells 

based on these polymer blends with fullerene has reached PCE of up to ~5%140,141. We focus our 

present optical studies on films of pristine P3HT and MEH-PPV and their blends with PCBM 

fullerenes (see Figure 5.1 inset). In these films, the pristine polymers form microcrystalline grains, 

whereas the polymer/fullerene blend form separated phases of the polymer and fullerene 

constitutes; both morphologies are especially interesting to map.   

In the present work, we introduce a novel scanning technique for mapping films of pristine 

polymers and their blend with PCBM fullerenes based on nonlinear optical (NLO) response of the 

blend constituents, and the photoluminescence (PL) emission from charge transfer (CT) excitons 

at the polymer/fullerene interfaces called Multiphoton Microscopy (MPM). In this technique, we 

use the different third order NLO coefficients ((3)) such as third harmonic generation (THG) of 

the copolymer and PCBM, respectively, to map the blend film with micron resolution. In addition, 

we also use the nonlinear PL emission from the CT excitons at the polymer/fullerene interface to 

map the blend interfaces between the polymer and fullerene grains. Furthermore, we use the fact 

that the second harmonic generation (SHG) associated with (2) occurs in -conjugated polymers 

only in defected local sites that lack inversion symmetry, to map microscopic defects in the film.  

 

5.2 Experimental 

Here we focus on films of two prototypes PCP and their blends with fullerene PCBM molecules; 

the backbone structures of the two polymers are shown in Figure 5.1 insets. The polymers are: 

soluble derivative of poly(p-phenylene-vinylene), namely MEH-PPV; and the soluble derivative 

of polythiophene, namely the regio-regular poly(hexyl-thiophene) or P3HT. The two polymer 
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blends with PCBM form the active layers of efficient OPV solar cells with PCE up to 5%140,141.The 

polymer powders were purchased from Aldrich Chemical and used without further purification. 

Thick films were spin cast at a speed of 800 rpm or drop cast from solution in 1,2-dichlorobenzene 

(ODCB) at a concentration of 10 mg/ml onto Sapphire glass substrate. For the polymer/PCBM 

blends, we used solutions of the polymers and PC60BM (1∶1.5 in weight) with the same 

concentration in ODCB, which were stirred in nitrogen atmosphere overnight. We have used 

Sapphire substrates since they show the least amount of NLO emission such as THG, no SHG, and 

lack of PL emission that would have added background signal to the MPM scans.  

Each polymer film shows a pronounced PL band with a shifted onset compared with that 

of the absorption spectrum (see Figure 5.1). The PL was excited with a laser diode at 530 nm, 

collected, dispersed by a monochromator, and detected by a Silicon photodetector. The PL is a 

blessing for MPM since it is possible to use it for mapping via NLO-based process such as two-

photon-photoluminescence (TP-PL) or three-photon-PL (ThP-PL).      

The multiphoton images (MPI) of the polymer films were taken using a customized 

multiphoton microscope, where the setup and experimental procedures have been extensively 

detailed, and may be found in the literature 75–77 or Chapter 2. In brief, for excitation, we used a 

femtosecond mode-locked laser operating at 1560 nm, having pulse duration ~65 fs, at an average 

power up to 80 mW with ~8.5 MHz repetition rate; hence the estimated peak power was ~145 kW 

and ~9 nJ pulse energy 78. The laser light was focused on the sample onto a ~1 m2 spot size using 

a diffraction-limited 20x 0.75 NA microscope objective (Nikon), and a half-wave plate and linear 

polarizer were placed in front of a beam-splitter for power attenuation. A rotatable 870 nm dichroic 

mirror lets the excitation reflection from the sample pass and diverts the resulting THG, SHG, 

and/or TP-PL/ThP-PL onto two photomultiplier tubes (PMT). A 560 nm dichroic mirror was used 

to further split the THG to one PMT and the SHG/PL to another PMT. The resulting emission was 

also coupled into a spectrometer (Ocean Optics QE65000) by rotating an 870 nm dichroic and 

feeding the light into a pigtailed collecting lens. A long wave pass filter (LWP) from 750 nm was 

placed In front of the PMT for SHG/PL emission. This was to try and map the CT excitons from 

the sample as opposed to leaving the whole bandwidth open after 560 nm, ultimately masking the 

interface with excitons isolated from the PCBM fullerenes. 
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5.3 Results and Discussion 

  

Figure 5.1: The absorption and photoluminescence spectra of two -conjugated polymers. 

Panels (a) and (b) show respectively the optical density and PL spectra of MEH-PPV and P3HT. 

The polymer backbone structures are given in each inset.  

 

Figure 5.1 shows the polymers absorption and PL spectra in the near-IR visible spectral range. The 

optical gap of both polymers is ~2.1 eV, as deduced from the absorption onset. The PL spectrum 

contains the 0-0 transition followed by 0-1 and 0-2 phonon replica that are ~ 180 meV apart (due 

to C=C stretching vibration). However, whereas the 0-0 line in MEH-PPV is rather pronounced, 

the 0-0 line in P3HT is much smaller than the 0-0 line. This was interpreted as due to aggregates 

in the film that form in lamellae perpendicular to the substrates105, which suppress the PL 0-0 line 

intensity142. In MEH-PPV, superstructures of the polymer chains also form143, but aggregation 

does not lead to PL 0-0 line suppression. The PL in polymer/PCBM films is much weaker (not 

shown here) because of the exciton dissociation into free electron-hole polaron pairs. However, it 

has been demonstrated that stable charge transfer (CT) excitons also form at the polymer/fullerene 

interface that shows a weaker PL band that is red shifted by ~ 0.3 eV from the PL band in pristine 

polymers144. 
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5.3.1 MPM of Pristine MEH-PPV and MEH-PPV/PCBM Blend  

  

Figure 5.2: (a) The excitation intensity dependence of the THG and PL emission bands, 

respectively in pristine MEH-PPV film. (b) The ratio, r of the THG and nonlinear PL intensities 

as a function of the excitation intensity (or power). 

 

Figure 5.2 (c) shows typical MPM spectrum of pristine MEH-PPV film (note the logarithmical y-

scale). The polymer shows a strong THG band at ~520 nm, followed by a typical PL band with 0-

0 peak at 590 nm, as demonstrated in Figure 5.1 (a) for CW excitation. Since the laser photon 

energy (~0.8 eV) cannot excite the MEH-PPV PL band at 2.1 eV, it is obvious that the PL emission 

here is due to three-photon absorption in the film. To confirm the nonlinear generation of the PL 

band, we conducted PL laser excitation intensity (IL) dependence compared to the excitation 

dependence of the THG emission, which is an obvious three-photon process (see Figure 5.2). 

Indeed, we could fit in the THG intensity, I dependence using an IL
3 function that undergoes 

saturation at high power as demonstrated in Figure 5.2 (a), using the relation: 

𝐼(𝐼𝐿) =  𝑎 ∙ 𝐼𝐿
𝑛∙(1−

𝐼𝐿
𝐼𝑠
)
 , (5.1) 

The saturation levels, IS is given for each polymer in Table I. As seen in Figure 5.3 (a), the 

IL dependence of the nonlinear PL emission follows that of the THG. This is nicely demonstrated 

in Figure 5.3 (c), where we plot the ratio, r = ITHG/IPL vs. IL. As seen, r remains constant with IL 

for pristine MEH-PPV, verifying that the nonlinear PL in this polymer is ThP-PL type.  
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Figure 5.3: MPM spectroscopy of MEH-PPV and MEH-PPV/PCBM blend. (a) and (b) are the 

MPM images of pristine MEH-PPV and MEH-PPV/PCBM, respectively. (c) and (d) are the 

respective MPM spectra of the MEH-PPV and MEH-PPV/PCBM films. The emission bands 

THG and nonlinear PL (ThP-PL) are denoted. 

 

Figure 5.3 (a) shows typical MPM mapping of pristine MEH-PPV film. The MPM map 

shows that although the THG emission occurs everywhere on the film, the ThP-PL is larger at 

preferred areas of the film, so that its emission intensity is in fact larger than that of the THG 

emission. The THG dispersion may be explained by the polymer chain length distribution known 

to exist in disordered PCP such as MEH-PPV. This is caused by the polymer film inhomogeneity, 

which also influence the large width of the PL bands and the absorption spectrum above the optical 
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gap of this polymer (see Figure 5.1 (a)). It is well known that the NLO coefficient such as (3) for 

THG sharply increases with the chain length145,146. Since the ThP-PL is generated via THG, the 

PL emission comes preferentially from long chains in the film, which actually form clusters in 

MEH-PPV143. This also explains that the PL map actually follows the THG map in that there are 

many spots with larger emission (see Figure 5.3 (a) insets when using green and red filters).  

Figure 5.3 (d) shows typical MPM spectrum of a MEH-PPV/PCBM blend film. In addition 

to the THG band at ~520 nm, the spectrum now contains a PL band with 0-0 peak at 750 nm which 

is substantially red-shifted compared to the PL band in the pristine polymer (Figure 5.3 (c)). We 

identify this new PL band as due to the CT exciton at the polymer/fullerene interface144 as its 0-0 

photon energy coincides with that of the CT band in the MEH-PPV/blend measured by electro-

absorption spectroscopy147. We therefore can use this PL band to map the polymer/fullerene 

interfaces in this blend.  

Figure 5.3 (b) shows a typical MPM image of the blend film. The texture is now very 

different from that of the pristine polymer film. Since the (3) coefficient is much larger in the 

polymer chain than in PCBM molecules, probably because of the extended quasi-1D morphology 

of the chains146, a contrast in the THG intensity is generated. The MPI demonstrates that the blend 

film is composed of interpenetrating grains of MEH-PPV and PCBM of about 10-15 m, which is 

larger than the exciton diffusion length in MEH-PPV. This situation is less than ideal for exciton 

separation into electron and hole pairs at the polymer/fullerene interfaces, since many 

photogenerated excitons would recombine before getting to the polymer/fullerene interfaces. This 

exciton density loss explains the relatively poor performance of OPV solar cells based on MEH-

PPV/PCBM blend, with PCE up to ~ 3%140.  

It is interesting to note that the CT related PL is concentrated in large structures with lateral 

dimension of the order of 25 m. These structures do not follow the same texture as that of the 

THG image. This can be clearly seen when green and red filters are used (see Figure 5.3 (b) insets) 

A close look at these structures shows that the PL emission is not homogeneous but comes from 

smaller substructures which emit light stronger. We thus identify these structures as grains of the 

polymers, which as seen are not interconnected. Obviously, the lack of connectivity does not help 
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the charge transport in OPV devices based on this blend, and this adds to the poor performance of 

such devices.   

 

 

Figure 5.4: MPM image (a) and spectrum (b) of 

pristine MEH-PPV that contains a microscopic 

defect. The emission bands THG, SHG and PL 

are assigned. 

 

Figure 5.4 demonstrates the unique advantage of MPM mapping compared to other 

mapping methods described in the literature. Namely, the MPM spectroscopic technique is able to 

pinpoint defects in the film that lack inversion symmetry, a feature sorely lacking in other mapping 
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methods. Figure 5.4 (a) identifies a defect in the MEH-PPV/PCBM blend film that shows relatively 

strong SHG emission that rides on top of the CT PL band. There are other such defects in the film, 

but their SHG emission is weaker. This kind of defect cannot originate from a single polymer 

chain, as for example from a radical or break in the chain, because such local defects do not 

necessarily break the inversion symmetry of the chain. We thus believe that the native defect that 

shows SHG indicates that several polymer chains are oddly intertwined together. This type of 

structure may lack inversion symmetry that is required to obtain SHG emission, and would be 

large enough to show SHG emission band that is more intense than the THG emission band. 
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5.3.2 MPM of Pristine P3HT and P3HT/PCBM Blend  

  

  

Figure 5.5: MPM spectroscopy of P3HT and P3HT/PCBM blend. (a) and (b) are the MPM 

images of pristine P3HT and P3HT/PCBM (taken with 750 nm LWP filter), respectively. (c) 

and (d) are the respective MPM spectra of the P3HT and P3HT/PCBM films. The emission 

bands THG and nonlinear PL (ThP-PL) are denoted. 

 

Figure 5.5 (c) shows a typical MPM spectrum of pristine P3HT film on logarithmical y-scale. 

The polymer shows a strong THG band at ~520 nm, followed by a typical PL band with 

maximum at ~ 700 nm, which is in fact the 0-1 PL replica (see Figure 5.1 (b)). The laser photon 

energy (~0.8 eV) cannot excite the PL band, since the exciton energy is at ~2.05 eV; in fact the 

PL cannot be photogenerated by two-photon absorption either. Therefore, we consider the PL 
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band as due to three photon NLO process, namely ThP-PL, where three pump photons are 

simultaneously absorbed into the polymer excited state that subsequently thermalizes and emits 

PL. Figure 5.5 (a) shows a typical MPI of pristine P3HT film. As in the case of MEH-PPV, we 

see that the THG emission occurs everywhere on the film, but the ThP-PL is larger at preferred 

areas of the film, where the lamellae in the film contain long polymer chain.  

Figure 5.5 (d) shows a typical MPM spectrum of a P3HT/PCBM blend film. In addition to 

the THG band at ~520 nm, the spectrum now contains PL that covers a very broad spectral range 

from 560 nm to over 900 nm, which is the spectrometer cutoff wavelength. We interpret this broad 

PL as due to a combination of PL in chains that are not in contact with the PCBM (560-700 nm) 

and PL from the CT exciton (800-900 nm) similar to the near IR PL from the CT exciton in MEH-

PPV/PCBM. This shows that CT PL is more generic to polymer/fullerene blends148. Therefore, we 

can also use this PL band to map the polymer/fullerene interfaces in this blend. The MPI of the 

blend is shown in Figure 5.5 (b). In contrast to the MPM map of MEH-PPV/PCBM, we find that 

the PL comes from finer spots on the film, indicating that the polymer/fullerene interfaces in 

P3HT/PCBM are smaller. This is good news for OPV applications since the photogenerated 

excitons are able to reach the interfaces before recombining, so the exciton loss is minimized here. 
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Figure 5.6: Log-log plot of the power dependence measurements of P3HT/PCBM using a long 

wave pass (LWP) filter from 750 nm. The fit was made using In where n = 2.80 ± 0.05 

 

 In order to try and separate the PL stemming from recombination of excitons isolated from 

the PCBM fullerenes, and CT excitons, a LWP from 750 nm was placed in front of the SHG PMT. 

Figure 5.6 is a power dependence measurement from the region after 750 nm. As an alternative to 

the fitting conducted with Equation (5.1), this fit simply used an exponential In where the best fit 

was found with n = 2.80 ± 0.05. The fitting parameters for the polymers are found in Table 5.1 

and Table 5.2. 

 

 

 

 



121 

 

 

 

Table 5.1  

The best fitting parameters for the THG intensity in the MPM spectrum vs. the excitation intensity 

using Eq. (5.1).  

Compound IS (mW) 

MEH-PPV 200 ± 20 

P3HT 170 ± 20 

 

Table 5.2  

Same as in Table I but for the PL emission band in the MPM spectra. The exponent, n is the 

nonlinear optical order of the nonlinear PL process.  

Compound IS (mW) 

MEH-PPV 221 ± 20 

P3HT 230 ± 20 

 

5.4 Conclusions 

We have used a new method of mapping films of two -conjugated copolymers and their blend 

with fullerene molecules that are used in OPV applications. The method is based on multi-photon 

emissions such as THG, SHG, and PL induced by NLO mechanism such as three-photon 

processes. The MPM is capable of observing the separate micro-sized grains of the polymer and 

fullerene in their blend film, which is highly desirable for OPV applications. In addition, we have 

used the PL emission from the CT exciton at the polymer/fullerene interfaces in the blend to map 

the polymer grain surfaces in the film. We found that the polymer grains are larger in MEH-

PPV/PCBM film compared with those in P3HT/PCBM film and this may partially explain the 

higher PCE in OPV solar cells based on P3HT/PCBM. We have also shown that SHG observed in 

MPI is capable of detecting native defects born during film deposition.     
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CHAPTER 6 

CONCLUSION 

 

6.1 Summary 

In the midst of an exploding world population, the search for alternative sources of energy is 

intensifying. Fossil fuel consumption and the repercussions it causes to the environment can not 

be ignored. Nuclear power may be able to provide an ample source of energy to alleviate the 

concentration of fossil fuel consumption, however, accidents are disastrous to the environment 

and can easily leave long-lasting negative side-affects to the surrounding area. Alternative 

sources of energy that are renewable, nonpolluting, and environmentally friendly are the ideal 

candidates. Such a candidate are devices called photovoltaic solar cells that can harness solar 

energy. In particular, organic photovoltaic (OPV) devices are an attractive option due to the 

abundance of resources that consist of the material which gives these devices their function, and 

their innumerous possibilities of material engineering that enables these devices to adapt to a 

wide variety of situations. In spite of these advantages, the material is plagued with a variety of 

problems. The power conversion efficiency (PCE) remains at around 10% compared to that of 

other devices almost at 32% (very expensive, high-production costs, limited in amount of 

applications, etc.). Encapsulation is needed to protect the active layer from oxidizing due to the 

surrounding environment such as water and Oxygen. Recombination of excitons in trap states 

limits the performance of the devices. The charge carrier mobility and transport is limited 

compared to traditional semiconductors, and the performance of the device is directly correlated 

to the morphology of the active layer, something that is very hard to control and includes many 

parameters. 

Chapter 3 of this thesis centers around the study of charge excitations, IR, and Raman 

active vibration modes in PffBT4T, a π-conjugated donor-acceptor (DA) copolymer which when 

blended with PCBM fullerene molecules, provides one of the highest PCE of solar cells in the 

OPV category. Absorption, photoluminescence (PL), electro-absorption (EA), photoinduced 

absorption (PIA), and resonant Raman scattering (RRS) were utilized to study the various 

electro-optical characteristics of the material. It was found to have 11 strongly coupled Raman-
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active vibrational modes, which are renormalized upon photogeneration of charge polarons onto 

the chain. The amplitude mode model (AMM) was used to explain the Raman, doping, and 

photoindunced vibrational spectra in PffBT4T, in which a single propagator describes the 

scattering and IR absorption vibration frequencies and intensities accurately. In order for the fit 

to be successful, two of the IR active modes in PffBT4T had to be included in the AMM 

propagator to fully explain the photoinduced anti-resonances (AR) spectrum. This feature is not 

found in homopolar π-conjugated polymers and seems to be characteristic in the class of DA 

copolymers; which hints that C2v symmetry breaking occurs due to the different electron affinity 

between the intrachain donor and acceptor moieties. Strong optical transitions were found to be 

at 1.75 and 2.5 eV, respectively, due to low and high dipole-allowed singlet excitons, and a 

strongly coupled dark exciton at 2.25 eV.   

Chapter 4 in this thesis introduces Multiphoton Microscopy (MPM) as a vital tool in 

connecting the light-matter interaction or function of π-conjugated DA copolymers and their 

blends to the morphology of the films. MPM is a technique that induces the parametric process 

of NLO such as third harmonic generation (THG) to study the geometry and second harmonic 

generation (SHG) to study regions or local spots of the films that break inverse symmetry. 

Furthermore, the technique also induces nonparametric processes such as nonlinear 

photoluminescence due to two-photon (TPA) or three-photon absorption (ThPA) to study and 

map out the radiative recombination of excitons through the film as a function of geometry. 

Three different π-conjugated DA copolymers and their PCBM fullerene blend counterparts were 

chosen for this study; namely FTAZ, PffBT4T, and PTB7. It was found that the PL from FTAZ 

conclusively stemmed from ThPA while that of PTB7 consists of TPA. Interestingly, PffBT4T 

showed characteristics of both TPA under certain intensities and that of ThPA after reaching a 

certain threshold. THG emission was utilized to map out the interpenetrating PCBM fullerenes in 

the FTAZ/PCBM blend. This was possible since the THG emission from PCBM was measured 

to be approximately 500 times weaker than that of THG from FTAZ; this allows for high-

contrast imaging of the two constituents. Lastly, spots which emit SHG were found sporadically 

through PTB7 films. Since one of the conditions for SHG is breaking of inversion symmetry, it 

was concluded that these spots hold the same characteristic most probably due to the 
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arrangement of the polymer chains. This is the first imaging technique that allows the study and 

observations of these type of defects in π-conjugated (co)polymers. 

Chapter 5 in this thesis concludes with the study of the first prototype π-conjugated 

polymers and their blends, namely MEH-PPV and P3HT, via MPM mappings. In Chapter 4, 

THG was utilized to map out the interface between the copolymer and their fullerene blends. In 

this chapter, ‘on the other side of the spectrum’ so to speak, nonlinear (NL) PL is utilized to map 

out the interface between MEH-PPV with PCBM blend, and P3HT with PCBM blend. It was 

found that the PL spectrum in the polymer/fullerene blends were red-shifted from those of the 

pristine polymer counterparts. The shifted PL is due to the radiative recombination of charge 

transfer (CT) excitons at the interface between the polymer and fullerene. No potential is being 

applied to the surface, in which case the CT excitons recombined at the interface of the polymer 

and fullerene blends. The MPM image of MEH-PPV/PCBM showed very large chunks, or 

groups, of PCBM grains with size on the order of 10-15 μm, which is much larger than the 

exciton diffusion length. This would account for the low PCE they demonstrate for OPV solar 

cells. The MPM image of P3HT/PCBM, on the contrary showed a very fine interface between 

the polymer and its blend, well within the exciton diffusion length, which explains why this 

particular polymer/fullerene blend shows a better PCE over the MEH-PPV blend counterpart. 

Furthermore, it was verified that both PL from the pristine polymers were due to ThPA via 

power dependence measurements. 

 

6.2 Future Works 

The results obtained for multiphoton imaging (MPI) of organic materials designed for OPV 

applications is invaluable. This is a direct mapping of the function of the film over its geometry, 

something sorely lacking in other imaging techniques currently being used. The work so far has 

only scratched the surface of the phenomena resulting from conducting MPM on these materials. 

There are still many more materials that need characterizing via MPM, such as other organic 

blends, inorganic substances, and hybrid organic-inorganic perovskites. 

 One of the most important features of MPM is to be able to image through deep tissue of 

biological samples. This enables the in-situ characterization of solar cells during active status. 
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Most solar cells are encapsulated to protect the active layer from the environment. Many imaging 

techniques are isolated to the surface of the sample by 2-10 nm, while those that can go through 

the encapsulation will either provide largely ambiguous results due to the interference of the 

encapsulation or merely does not provide the needed information of the function vs. geometry. 

MPM may be used to image through the encapsulation of solar cells, and provide in-situ 

information of how the active layer reacts to certain regions of the spectrum, mappings of trap 

states, and recording of the evolution of spots (or defects) which break inversion symmetry 

during active operation. 
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