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Supervisor:  Xiaoyang Zhu 

 

The impetus of unsustainable consumption coupled with major environmental 

concerns has renewed our society’s investment in new energy production methods. Solar 

energy is the poster child of clean, renewable energy. Its favorable environmental 

attributes have greatly enhanced demand resulting in a spur of development and 

innovation. Photovoltaics, which convert light directly into usable electrical energy, have 

the potential to transform future energy production. The benefit of direct conversion is 

nearly maintenance free operation enabling deployment directly within urban centers. 

The greatest challenge for photovoltaics is competing economically with current energy 

production methods. Lowering the cost of photovoltaics, specifically through increasing 

the conversion efficiency of the active absorbing layer, may enable the invisible hand to 

bypass bureaucracy. 

To accomplish the ultimate goal of increased efficiency and lowered cost, it is 

essential to develop new material systems that provide enhanced output or lowered cost 

with respect to current technologies. However, new materials require new understanding 

of the physical principles governing device operation. It is my hope that elucidating the 

dynamics and charge transfer mechanisms in novel photovoltaic material systems will 

lead to enhanced design principles and improved material selection. 
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Presented is the investigation of electron dynamics in two materials systems that 

show great promise as active absorbers for photovoltaic applications: inorganic 

semiconductor quantum dots and organic semiconductors. Common to both materials is 

the strong Coulomb interaction due to quantum confinement in the former and the low 

dielectric constant in the latter. The perceived enhancement in Coulomb interaction in 

quantum dots is believed to result in efficient multiexciton generation (MEG), while 

discretization of electronic states is proposed to slow hot carrier cooling. Time-resolved 

two-photon photoemission (TR2PPE) is utilized to directly map out the hot electron 

cooling and multiplication dynamics in PbSe quantum dots. Hot electron cooling is found 

to proceed on ultrafast time scales (< 2ps) and carrier multiplication proceeds through an 

inefficient bulk-like interband scattering. In organic semiconductors, the strong Coulomb 

interaction leads to bound electron-hole pairs called excitons. TR2PPE is used to monitor 

the separation of excitons at the model CuPc/C60 interface. Exciton dissociation is 

determined to proceed through “hot” charge transfer states that set a fundamental time 

limit on charge separation. TR2PPE is used to investigate charge and energy transfer 

from organic semiconductors undergoing singlet fission, an analog of multiple exciton 

generation. The dynamic competition between one and two-electron transfer is 

determined for the tetracene/C60 and tetracene/CuPc interfaces. These findings allow for 

the formulation of design principles for the successful harvesting of hot or multiple 

carriers for solar energy conversion. 
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Chapter 1: Introduction and Background 

 

INTRODUCTION 

 The world’s energy needs are expanding as industrialization continues extend to a 

greater segment of the growing worldwide population. At the same time the undesirable 

effects of energy production, (e.g. pollution and supply conflict), are also expanding 

while emerging consequences, (e.g. climate change), are presenting a further dilemma. 

How do we expand energy production to enable a better quality of life to a greater subset 

of the populace while at the same time reducing the adverse impact on the world? There 

is no single answer to the daunting scenario, but an obvious choice is to look for 

alternative sources of energy production that limit the adverse outcomes.  

 Solar and particularly photovoltaic energy is an attractive candidate for future 

energy expansion. The direct conversion from sunlight into electricity is convenient in 

that it can be easily deployed in both remote and developed areas without requiring 

significant infrastructure. In operation it is clean, quiet, and requires very little 

maintenance. The challenges for photovoltaics lie in the high cost, stemming from both 

manufacturing and the fluctuating input from the sun, necessitating energy storage and/or 

auxiliary energy supply. Despite the challenges, demand for photovoltaic solutions is 

high. Reducing the cost and ease of implementation of photovoltaic technology will 

enable expansion of solar energy to continue.  

 In the last six years the number of operating solar manufacturers in the US has 

more than quadrupled, while during that same period the number of modules delivered 

has increased nearly 10-fold1. The vast majority of the currently installed photovoltaics 

are crystalline or polycrystalline silicon2. The silicon photovoltaic technology is mature 
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and the physical understanding and limitations are well known. The silicon devices are 

created through carrier doping of silicon to create a PN junction. The silicon PN junction 

has several favorable attributes including an electric field at the interface that serves to 

drive excited carriers away from the interface. The separated carriers are able to move 

through the material with excellent mobility thanks to carrier doping. Commercially 

available silicon devices range in efficiency but generally produce 15-16% for crystalline 

and 13-14% for polycrystalline with some further losses when in operation2. Laboratory 

devices far exceed that number when all conditions can be optimized without regard to 

cost3. However the efficiency of the silicon PN cells relies heavily on the purity and order 

of the material. Production of pure silicon is energy intensive and expensive. In devices, 

the crystalline or polycrystalline material needs to be thick for structural considerations 

and requires a substantial support structure. This increases cost of both materials and 

installation.2 Finally, the efficiency is limited for the PN solar cell primarily by rapid 

thermalization4. Photo excitation with photon energy above the bandgap results in the 

creation of carriers at the band gap energy and all excess energy is lost as heat.  

A description of the theoretical efficiency for a PN junction solar cell was 

modeled by Shockley and Quiesser in 1961 that led to an estimated maximum efficiency 

of ≈30% for a silicon single-junction device5. In time, silicon PN junctions devices have 

been pushed nearly to this known thermodynamic limit3, but the processing and cost of 

the extremely high efficiency cells is prohibitive. For silicon photovoltaics, only small 

future gains in efficiency can be expected. This necessitates the need for novel 

photovoltaic systems that can overcome the challenges and cost of conventional PN 

photovoltaics. A wide variety of alternate systems have been proposed such as various 

forms of amorphous silicon6, alternate semiconductor thin films such as CdTe7, copper 

indium gallium selenide (CIGS)8, dye-sensitized or Gratzel cells9, organic 
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semiconductors10, and nanostructured semiconductors11. Along with new materials and 

architectures comes an array of differing physics and electronic properties. Developing a 

thorough understanding of the properties and behavior of the novel photovoltaic systems 

plays a crucial role in determining the intrinsic strengths and limitations. 

Organization 

The following chapter includes background information on two emerging 

materials systems for photovoltaic applications. First an overview is presented of the 

source of the unique electronic properties of inorganic quantum dots and the resultant 

theoretical implications for solar energy conversion. Second, the specific known 

challenges and advantages for organic photovoltaics are discussed. Chapter 2 presents the 

technique of time-resolved two-photon photoemission used to investigate the electron 

dynamics of these systems. Chapter 3 contains an investigation of the highly excited state 

electron dynamics in PbSe thin films. Chapter 4 investigates the charge separation 

process at organic donor-acceptor interfaces. Chapter 5 and 6 present the investigation of 

the charge and energy collection from a higher order electronic process known as singlet 

fission.  

 

SEMICONDUCTOR QUANTUM DOTS 

The unique physical and electronic properties of inorganic semiconductor 

quantum dots make them attractive candidates for photovoltaic and sensing applications. 

Combined with cost-effective solution process-ability and the ease of producing thin 

films, quantum dots are an ideal candidate for next generation photovoltaics. Size-

dependent tuning of the optical bandgap enables a single material to effectively utilize a 

wider spectral range than their bulk material counterparts. In addition, the possibility of 
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enhanced multiple exciton generation and hot-carrier extraction in quantum dots increase 

the potential for high efficiency solar conversion4,12.  

 

 

Figure 1: Comparison of the electronic levels of decreasing size from the bulk 
material that results in quasi-continuous excited electronic states to an 
individual atom with discrete energy levels. Quantum dots represent a 
transition between with some discrete and some continuous character 
dependent on the size 

 

Quantum dots exist in an intermediate region where they are no longer 

distinguishable as individual atomic or molecular components but also not representative 

of the continuum model of a bulk solid (Figure 1). In this same regard, a description of 

their properties can be made from either assembly of individual components or as a 

limitation from bulk band structure.  

Linear Combination of Atomic Orbitals 

For an assembly of individual components, the atomic orbitals of the individual 

components can be summed in a linear combination of atomic orbitals (LCAO). The 
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bond interaction between constituents leads to splitting defining the occupied and 

unoccupied orbitals, HOMO and LUMO, respectively. As more and more atomic orbitals 

are added the level splitting and spacing between adjacent energy levels shrinks. At the 

limit of this addition, nearly infinite orbitals provide continuous equally infinite energy 

levels resulting in a continuous but finite width energy band. This is the electronic 

structure of macroscopically large or bulk materials. Quantum dots contain a finite 

number of atomic orbitals where the discrete nature of the orbitals is not lost. The level of 

discretization is dependent on the number of constituent atoms or size of the quantum 

dot, thus affording a knob to tune the electronic properties.  

Particle in a Spherical Box 

The electronic properties of a bulk material are a construct of the individual 

components and the repeating lattice that they share. Each component, atom or molecule, 

has a distinct intrinsic electronic structure.  When incorporated into a lattice the 

individual wavefunctions of the components interact. For well-ordered systems, the 

repeating framework or lattice results in a periodic potential. The time independent 

Schrodinger equation may be given by,  

 

Η𝜓 𝑟 =
−ℏ!

2𝑚 ∇! + 𝑉 𝑟 𝜓 𝑟 =∈ 𝜓 𝑟  

 

with the periodic potential V(r) established by the lattice. The allowed wavefunctions 

delocalize over the lattice and can be described by Bloch wave, written as a product of a 

plane wave and a periodic function defined by the repeating framework of the individual 

atomic or molecular components, 
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𝜓!,! 𝑟 = 𝑒!"∙!𝑢!,! 𝑟  

 

𝑢!,! 𝑟 = 𝑢!,! 𝑟 + 𝑅  

 

where v is the band index and k is the wavevector in the first Brillion zone. The complete 

single particle wavefunction can be considered a Fourier sum comprised of the allowed 

wavevectors, k, defined by the boundary conditions,  

 
𝜓!,! 𝑟 = 𝑒!"∙!𝑢!,! 𝑟

!

 

 

𝑘 =
2𝜋𝑛
𝐿  

 

where n is an integer and L is the overall length in a single dimension. For macroscopic 

bulk semiconductors the L is considered infinite resulting in an infinite Fourier series and 

a continuous energy band. Invoking the parabolic band or effective mass approximation 

the lattice can be assumed to be of a simple isotropic form. The energy eigenvalues for 

the valence and conduction band can be then be estimated as the well known free- 

particle eigenvalues,  

 

𝐸!! = −
𝑘!ℏ!

2𝑚!""
 

 

𝐸!! =
𝑘!ℏ!

2𝑚!""
+ 𝐸!"# 

 



 7 

where ℏ is Planck’s constant and meff is the effective mass of the electron or hole in the 

periodic potential. The free particle parabolic bands are modified by the effective mass to 

simulate the force of the periodic lattice potential.  

As the material is reduced in dimension from the ostensibly infinite bulk down to 

the size of a quantum dot, (consisting of tens to hundreds of unit cells any dimension), the 

finite size “L” becomes a boundary condition that limits the allowed wavevectors. In 

order for this to occur the “L” must be below the natural scale of the excited states within 

the material. The natural length scale of excited states is given by the Bohr radius,  

 
𝑎!"!! = 𝜀

𝑚
𝑚!""

𝑎! 

 

where  𝜀 is the dielectric constant,  𝑚 is the electron rest mass, and 𝑎!  is the Bohr radius 

of the hydrogen atom.  

The boundary condition for quantum dots is most easily approximated as a 

spherical shell with an infinite barrier at the particle radius 𝑎, 

 
𝑉 𝑟 =    0, 𝑟 < 𝑎

∞, 𝑟 > 𝑎 

 

Solutions to the Schrodinger equation within the spherical symmetry are 

wavefunctions of the form, 

 

𝜑!,!,! 𝑟,𝜃,𝜙   = 𝐶  
𝑗! 𝑘!,! , 𝑟 Υ!! 𝜃,𝜙

𝑟  
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with normalization constant, C, the familiar spherical Bessel functions,  𝑗!, and spherical 

harmonics, Υ!!. The limitation from boundary condition for the spherical shell leads to a 

quantization of the allowed wavevectors k, 

 

𝑘!,! =
1
𝑎 𝐽!,! 

 

where  𝐽!,! is the nth zero of the spherical Bessel function, 𝑗!. The allowed energies for the 

electron or hole are then: 

 

𝐸!! =
𝑘!,!

!ℏ!

2𝑚!""
= 𝐽!!

ℏ!

2𝑚!""𝑎!
 

 

The boundary condition affects both energy spacing by a strong quadratic 

dependence as well as quantization through the allowed wavevectors. Reducing the 

particle radius increases energy separation. The model may be further refined through 

including anisotropic band structure, Coulomb interactions, and more realistic boundary 

conditions, but the qualitative result of confinement is the same.  

In the case of semiconductor quantum dots, the electronic quantum size effects 

are easily observed through the size dependent change in the optical electronic transitions 

at the band gap. From a practical perspective, it is immediately it is clear that a wide 

range of visible absorbers can be made from a single material by simply altering the 

particle radius. The ability to efficiently absorb a large majority of the solar spectrum 

allows one to potentially approach the theoretical limit for photovoltaic efficiency 

(≈34%) in a P-N system as first described by Shockley and Queisser5. In addition, multi-

junction solar cells utilizing multiple sized absorbers could potentially be constructed 
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utilizing a single material. These properties led to an explosion of research into applying 

quantum dot materials as active absorbers for photovoltaics.  

 

 

Figure 2: The phonon bottleneck results from electronic energy level spacing greater 
than the energy available from a single phonon mode, leading to slow hot 
electron cooling 

 

Phonon Bottleneck 

Early theoretical examinations of the discretized band structure in quantum dots 

led to proposal of the phonon bottleneck13. The phonon bottleneck results when electronic 

transitions require more energy than available through a single phonon mode14 requiring 

emission of multiple phonons for relaxation (Figure 2). The statistically unfavorable 

multi-particle collision should result in long residence times of the hot electronic states. 

Electrons excited well above the bandgap would require much more time to cool to the 

band edge. This could lead to more efficient solar cells by enabling electron transfer 

before losing energy by cooling to the band edge. To remove or reduce this cooling 
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remains a major stepping-stone to increasing photovoltaic efficiency. In the limit of 

infinite residence time of hot electrons, Ross and Nozik described a thermalized hot-

electron-bath device (Figure 3) where upon careful extraction of charges the theoretical 

solar conversion efficiency for a single junction could increase to 66% 4.  

 

 

Figure 3: Theoretical hot-carrier cell with no phonon interaction. Electron-electron 
and hole-hole scattering lead to thermalized Boltzmann distributions of 
carriers. Extraction of electrons and holes at a rate that does not disturb the 
distributions leads to an efficiency of up to 66% 
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Figure 4: Multiple Exciton Generation results when a hot carrier with energy greater 
than two times the energy gap results in the generation of a second electron-
hole pair upon relaxation 

 

Multiple Exciton Generation 

Enhanced multiple exciton generation (MEG) has also been predicted from the 

electronic restructuring in quantum confined systems. MEG results when excess energy 

from a high energy excitation is transferred to an electron in the valence band resulting in 

two electron hole pairs from a single excitation (Figure 4). The excess energy from an 

excitation high above the bandgap that is normally lost to phonon emission may be 

recovered as useful electrical current. MEG is known to occur in bulk semiconductors 

with poor efficiency15. For quantum dots, long hot state lifetimes, relaxed momentum 

conservation rules11, and enhanced Coulomb interaction15-17 from spatial confinement of 

the electron hole pair should all favor enhancement of multiple exciton generation. Long 

hot-carrier lifetimes kinetically favor alternate processes such as MEG. The relaxed 
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momentum conservation allow for MEG starting with excitations of just 2 times the 

bandgap, unlike the momentum conservation necessary in bulk excitations.  

 

ORGANIC SEMICONDUCTORS 

Organic semiconductors are attractive candidates for the active absorbing medium 

in photovoltaics due to their potentially low cost and ease of production. Well-developed 

synthetic chemistries allow for large volumes of solution-processed material to be 

efficiently manufactured utilizing a material supply chain that is generally abundant and 

inexpensive. In addition, thin organic films are more easily and inexpensively prepared 

than their inorganic counterparts. The films themselves are often flexible which can 

further reduce module cost and installation cost through minimizing the need for the 

expensive support structures as used in current crystalline silicon devices. However the 

efficiency of organic photovoltaics remains significantly lower than inorganic cells, 

largely owing to excessive recombination in these systems.  

At the core, organic semiconductors are invariantly composed of π-conjugated 

molecular backbone. The underlying semiconducting properties result from electron 

delocalization through a series of sp2 hybridized orbitals. The delocalization of the π 

electrons results in band-like energy structure as the number of interacting orbitals 

increases. Nearly limitless chemical moieties can be added to the conjugated backbone, 

resulting in modification of the bands through chemical doping. Because of the large 

variety of both conjugated molecular systems and the diverse structural options, organic 

semiconductors are rich in complex physics.  

The primary job of photovoltaic systems is to efficiently extract charges from 

excitations from sunlight without losing energy through the process. In comparison to 
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crystalline inorganic semiconductors, organic semiconductors appear to be an 

impressively poor choice for photovoltaics. First their absorption bandwidths are 

generally narrow compared to the near continuum afforded by the bulk semiconductors. 

Owing to a low dielectric constant (ε≈1-4), electronic excitations in organic 

semiconductors are primarily excitonic in nature. Separation of charges for production of 

photocurrent requires overcoming a Coulomb energy barrier or recombination and a total 

loss of energy results. The exciton may also be considered a neutral particle therefore not 

as easily influenced by fields present at the interface that help separate charges. Finally, 

they have much lower mobilities and order resulting in poor conduction and significant 

charge trapping.  

However many of the basic concerns have been already largely overcome through 

clever morphologies and more complex multijunction heterostructures. To demonstrate 

their applicability, (as of this writing) commercial endeavors hold the efficiency records 

for both single cell, 4.2% and for a single module, 10.7%18. Unfortunately this is still less 

than half the recorded efficiency for crystalline silicon as well as below other competing 

inorganic thin film technologies. Significant interactions exist between electrons and the 

molecular framework that complicates the interpretation of comparative studies of 

electronic interactions. As a result, despite over six decades of research19, the creation and 

movement of charge carriers is still continually debated10,20-22. Understanding the driving 

force and separation channels of these charge transfer excitons (CTE) is therefore 

paramount to designing efficient organic photovoltaic systems. 
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Charge Transfer 

One of the largest challenges for organic semiconductors for photovoltaics is the 

separation of the exciton to create individual charge carriers. The exciton itself is usually 

described as a Coulombically bound electron-hole pair (Frenkel exciton) with potential 

U(r), 

 

𝑈! =
𝑒!

4𝜋𝜀!𝜀!𝑟
 

 

where 𝑒 is the electronic charge, r is the distance of electron-hole separation, and 𝜀!𝜀! is 

the vacuum permittivity and material permittivity, respectively. This simple point charge 

approximation results in an estimated binding energy of 0.1 to 0.5eV for typical organic 

films. This is significantly more energy than available at room temperature, kBT ≈ 

25meV. 

Onsager Theory 

An applicable model for exciton separation in organic semiconductors was first 

described by Onsager’s 1938 formulation of the separation of ions in a weak electrolyte 

under an applied electric field23. Onsager’s model predicts charge separation probability 

by considering the excited electron-hole pair undergoing Brownian motion in an applied 

field. The initial excitation dictates the initial separation distance of the electron and hole. 

The neutral exciton drifts with a random walk following the energetic potential surfaces 

ultimately leading to separation, trapping and/or recombination. Motion of the electron 

occurs during cooling of the initially hot electron, reaching a final state distance from the 

hole at the lowest energy state. If only the thermal energy and Coulomb potential are 
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accounted for and there is no electric field, the probability that the exciton will dissociate 

is simply given by the reciprocal Boltzmann factor,  

 

𝑃 ∝ exp
−𝑒!

4𝜋𝜀!𝜀!𝑟!𝑘!𝑇
 

 
 
where r0 is the initial separation of the electron and hole.  

To account for an outside driving force from an electric potential, Onsager 

defined a Coulomb capture (or Onsager) radius as, 

 

𝑟!! =
𝑒!

4𝜋𝜀!𝜀!𝑘!𝑇
 

 

where the thermal energy kBT is equal to the Coulomb potential. Excitons with separation 

that exceed the capture radius may be considered free, otherwise they have a probability 

of escaping the system as a function of electric field strength, temperature, and initial 

separation given by,  

 
𝑃 𝐸 = 𝑒𝑥𝑝

−𝑟!!
𝑟!

1+
𝑒𝑟!!
2𝑘!𝑇

𝐸  

 

Several modifications to the Onsager model have been made to account for 

various deficiencies in explaining experimental results24-27.  The estimated thermalization 

lengths of carriers using Onsager’s model were 2-3nm regardless of initial separation24. 

This was in contrast to spectroscopic evidence for charge transfer excitons in small 

molecules excited to the lowest excitonic state with nearest neighbor transfer distances of 

only 0.5nm{Bounds:uf}. This discrepancy led to Braun’s modification of Onsager’s 
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model taking into account a) the finite lifetime of the charge transfer state and b) the 

likelihood of reforming the exciton after partial dissociation instead of disappearing 

completely. The Onsager-Braun model has been applied to numerous systems28-32 and 

reproduces the photocurrent yield without invoking unrealistic thermalization lengths. He 

defined the probability of separation as the competition between two kinetic pathways, 

dissociation kd and ground state decay kf, 

 

𝑃 𝐸 =
𝑘! 𝐸

𝑘! + 𝑘! 𝐸
 

 

The dissociation constant kd further contains a factor kr to account for possible re-

association of separated carriers to reform the exciton. Using this modified form of the 

dissociation probability with the Onsager model for electron movement under an applied 

field the probability of dissociation can be described by, 

 

𝑃 𝐸 =
3 𝜇 𝑒

4𝜋𝜀! 𝜀! 𝑟!!
𝜏 𝐸 𝑒𝑥𝑝

−𝑟!!
𝑟!

1+
𝑒𝑟!!
2𝑘!𝑇

𝐸 +
𝑒𝑟!!
6𝑘!𝑇

𝐸 +
𝑒𝑟!!
36𝑘!𝑇

𝐸…  

 

where 𝜏 𝐸   is the lifetime of the charge transfer exciton, μ is the electron mobility and < 

> indicates spatial averaging in all dimensions. The final summation is an approximated 

first order Bessel function. The Braun model successfully calculated the electric field 

induced probability of separation using reasonable values for initial exciton separations in 

organic semiconductors. However the Onsager-Braun model still required massive 

electric fields (E > 107 V cm-1) to produce efficient charge separation. Further 

modifications to the Onsager-Braun model have been made by Tachiya and Wojcik to 

account for exciton mean free path25 (important for polymers) and later on through 
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modification of the recombination kinetics27. The corrections further help to match 

experimental photocurrent yield to the model, but the model results still converge for the 

case of high escape probability by all requiring higher than expected electric fields 10.   

Donor-Acceptor Interfaces 

Further complications to the Onsager model arise when working with 

photovoltaic donor-acceptor systems. Excitons created at (or that have migrated to) the 

donor acceptor interface may exist as bound charge-transfer (CT) excitons with the hole 

and electron residing in different materials 33,34. When applied to organic donor-acceptor 

interfaces the Onsager-Braun model completely fails to account for the efficiency in 

which charge carriers are generated at interfaces10. The simple answer involves the 

energetic driving force provided the energetic offset35. While the energetic driving force 

for separation can be provided through the donor acceptor energetic offset, a source of 

energy to overcome the Coulomb attraction must first. If the field is established by the 

work function difference, for a typical donor-acceptor junction with .7eV offset and 

50nm active region the field strength is on the order of E ≈ 1105 V cm-1. For efficient 

separation in the Onsager model the field should be E > 106 V cm-1. Thermalization 

lengths were estimated to be 2-4nm10, far beyond what would be considered reasonable 

distance for initial excitations. Organic-organic donor acceptors cannot support the level 

of electron transfer seen in inorganic semiconductors, leading to the supposition of 

charge redistribution and dipoles existing at the interface36. The effect and magnitude of 

interfacial fields or dipoles is difficult to ascertain and measurements of surface dipoles 

will not reflect the disorder that leads to local polarizations10. 

 

 



 18 

 

Figure 5:  The process of singlet fission: Shown as a single step an electron transfer of 
from the singlet excitation produces a second spin aligned excitation 
resulting in two triplet excited states 

 

SINGLET FISSION 

Singlet fission in organic molecules, an analog to multiple exciton generation in 

inorganic solids37, involves a single excitation that results in the production of two lower 

energy excitations38. Like multiple exciton generation, singlet fission circumvents hot 

electron cooling from high energy excitations to produce more photocurrent, however 

unlike multiple exciton generation, single fission must work in tandem with a primary 

absorber to convert lower energy photons.  

The primary difference between singlet fission and multiple exciton generation is 

that the initial excitation is a spin conserved singlet state and the conversion involves 

production of two correlated lower energy triplet excitations, whereas strong spin-orbit 

coupling makes these spin states largely irrelevant for inorganic semiconductors38. Unlike 

intersystem crossing, the conversion from singlet excitation to a correlated triplet pair 

does not necessarily require a spin flip. Both a direct and indirect mechanism for has been 

proposed involving a non-radiative transition with singlet spin multiplicity39. For the 



 19 

direct mechanism the singlet excitation can be projected directly onto nine nearly 

degenerate substates of the four electron correlated triplet pair40. The singlet excitation 

can be considered a superposition of the wavefunctions of the triplet wavefunctions41, 

[S1⇔ME].    

 The correlated triplet pair requires interaction between at least two coupled 

chromophores. Singlet fission has also been observed in organic crystallites40,42, and 

complex linked molecules and polymer chains43-47. Bardeen et al. demonstrated singlet 

fission in covalently linked tetracene dimers 48, although with efficiencies three orders of 

magnitude below tetracene crystals. The large difference in singlet fission efficiency has 

been attributed to delocalized charge transfer states49 and electronic overlap through pi 

stacking43. The coupling strength and structure therefore plays a critical role in 

determining singlet fission efficiency. However experimental verification of the affects of 

coupling remains difficult owing largely to the scarcity of organic chromophores that 

meet the energetic requirements50. 

The energy balance of the singlet and triplet energy states largely dictates the 

progress of the singlet fission process. It has been calculated51 and observed41 that singlet 

fission occurs rapidly and irreversibly when the process is energetically downhill, ES1 > 2 

X ET1). For cases where ES1 < (2 X ET1), singlet fission should require some thermal 

activation resulting in lower efficiency. However this has not always been found to be the 

case as 200% fission yields have been recorded for tetracene with (2 X ET1) lying 

≈150meV above ES1 with no evidence of thermal activation43. Entropic gain may be able 

to account for the overall energy balance, but requires a new mechanism for singlet 

fission production.  
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The Dark Multiexciton State 

The unexplained efficiency of singlet fission in tetracene was recently uncovered 

through TR-2PPE observation41 of a direct mechanism involving dark multiexciton state 

(ME) proposed by Zimmerman et al.52. The key to this mechanism is that a dark ME, 

corresponding to a correlated triplet pair, exists as a coherent superposition of the 

optically bright singlet excitation, S1. Excitation of the S1 leads to a superposition state 

where electronic population is shared between S1 and ME. The singlet fission process 

depends on a kinetic competition between relaxation/transfer rates of the S1 and ME 

states and electronic decoherence between the two states. The timescale of decoherence 

between the two states sets the marker of where the process is no longer reversible and 

defines the most important timescale for singlet fission. The fission rate (with rate 

constant kSF) is defined as the rate for the multiexciton state to lose its electronic coupling 

with the S1 state and the singlet fission process can be described by: 

 
S! ⇔ ME

!!" ME′ → 2×T! 

 

 The singlet fission process completes through the separation of the correlated 

triplets in the ME. The separation process has been previously observed to occurs over a 

nanosecond timescale through time resolved fluorescence of crystalline and thin films of 

tetracene53.  
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Figure 6:  The singlet fission process in pentacene where excitation of the S1 state 
results in nearly simultaneous population of the ME state which quickly 
relaxes in energy destroying the coherence and leading to fast and efficient 
triplet generation 

 

The ME state was first observed in pentacene41 thin films for which singlet fission 

is energetically favorable (Figure 6). In pentacene the singlet, S1 has energy 0.11eV 

greater than the two triplet excitations (ΔE = 1.83eV – 2 × 0.86eV = 0.11eV). Strong 

electronic coupling between S1 and ME leads to a nearly instantaneous rise in the ME 

upon excitation of S1. Accounting for photoemission experiment ionizing only a single 

electron from the correlated triplet pair, upon initial excitation the multiexciton state is 

isoenergetic with the singlet state. The isoenergetic multiexciton state quickly sheds it 

excess energy and relaxes down 0.11eV with a lifetime of just (100±20 fs). This ultrafast 

energy relaxation of the ME leads to fast decoupling from the S1 state. The relaxed ME 

population is energetically trapped and the superposition is destroyed. This loss of 

coherence [S1⇔ME] defines the timescale of singlet fission.   
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Figure 7:  The singlet fission process in tetracene proceeds also produces a nearly 
instantaneous ME state upon excitation of the S2 but the superposition state 
loses coherence over a much longer period of ≈7+ps 

 

TR2PPE experiments of tetracene thin films followed54 where singlet fission is no 

longer energetically favorable (Figure 7). Again the ME state is populated nearly 

instantaneously due to electronic coupling to the S1 state, resulting in a quantum 

superposition state S1⇔ME. However in the case of tetracene the electronic decoupling 

between S1 and ME occurs on a longer time scale (7.2±0.5 ps). The significantly 

different lifetimes for electronic decoupling between S1 and ME in pentacene and 

tetracene have direct consequences for electron collection in photovoltaic applications.   
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Chapter 2: Time-Resolved Two-Photon Photoemission (TR2PPE) 

The following chapter provides a brief background on photoemission theory and 

how it relates to acquiring and interpreting TR2PPE spectra. This is followed by a 

summary of the experimental apparatus commissioned for TR2PPE experiments. Finally, 

data representation and common manipulations are discussed.  

 

 

 

 

 

Figure 8: The two-photon photoemission process. The first “pump” photon, 
hv1, creates an excited electron. After a variable delay, a second 
“probe” photon, hv2, ejects the electron into vacuum where the 
kinetic energy is determined by an electron analyzer. 

 

INTRODUCTION 

Time resolved two-photon photoemission (TR-2PPE) combines the principles of 

photoemission with ultra-short laser excitations to measure populations of transiently 

occupied electronic states (Figure 8). Ultra short pulses of light are utilized to first excite 

and then emit the excited electrons from a material. Generally two pulses are used. First a 
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“pump” pulse is used to prepare the system into an excited state, ideally without resulting 

in direct photoionization.  In the second step a “probe” pulse ejects the excited electron 

population into vacuum where an electron analyzer measures the remaining kinetic 

energy. Knowing the supplied “probe” energy and the resultant kinetic energy of the 

emitted electron leads to the determination of the ionization energy of the emitted 

electrons. The intensity of emitted electrons at a series of ionization energies represents 

the population of the transiently occupied states of the excited system. The delay time 

between the initial pump and probe pulse can be varied stepwise and the resultant 

evolution of the excited state population may be recorded. Ultimate time resolution is 

primarily determined by the duration of the laser pulse.  

 

PRINCIPLES OF PHOTOEMISSION 

One photon photoemission is an excellent and long-standing tool for accessing the 

electronic structure of conductive materials, relying on the photoelectric effect and the 

conservation of energy through photoionization of an electron. The characteristic energy 

required to remove an electron is determined from the simple energy balance,  

𝑬𝒌 =   ħ𝝎  –   𝑬𝑩 

where the difference between the incoming incident energy, ħ𝝎, and outgoing kinetic 

energy, 𝑬𝒌, gives the binding energy, 𝑬𝑩, of the electrons. However, to gain useful 

information from the obtained binding energy of the electrons it is important to consider 

the complex photoemission process itself. The energy of interest is that of the system 

before being perturbed by the probe pulse. The kinetic energy of the ejected electron is 

generally assumed to be representative of the unperturbed state under the “sudden 

approximation”. For the sudden approximation the ionization step is considered much 



 25 

faster than reorganization of the remaining electrons after loss of an electron. This 

approximation is not completely appropriate, but the corrections needed to account for 

final state effects are only of interest for extremely high resolution photoemission 

(≈1meV range)55. For time resolved photoemission with femtosecond pulses this is 

unimportant, as the energy width of the laser pulse is relatively broad, ~25meV, leading 

to broad electronic distributions in both excitation and ionization. 

The Three-Step Model 

The three-step model is used to qualitatively understand the important 

characteristics of the photoemission process. The photoemission process involves 

multiple interactions all proceeding on a timescale far shorter than the 100fs pulse 

durations used for this work. While more accurately treated as a single step transition 

from excited state to free electron state, as detailed below, the process can be 

conceptually broken down into three key steps 56. The first step involves generation of a 

local excitation through interaction between the incoming electric field and the electron. 

For the low energy photons used in this work the kinetic energy is negligible and the 

transition must occur without momentum change, whether through a vertical interband 

transition, relaxed momentum selection rules, or other momentum conserving multi-

particle processes57. In the second step, the photoexcited electron travels through to the 

surface/vacuum barrier. The movement to the surface often involves inelastic scattering 

and potential loss of information. This potential scattering leads to the surface sensitivity 

of photoemission. In the third and final step the electron escapes into vacuum as a free 

electron where it may be detected. The excited state must result in sufficient kinetic 

energy perpendicular to the surface to overcome the escape potential (work function) and 

then intercept the electron detector. Electron momentum parallel to the surface is 
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conserved during ionization and detecting this momentum is the basis for angle-resolve 

photoelectron spectroscopy, not considered further in this work.  

The One-Step Model 

Photoemission current is more rigorously considered in the one step model where 

the excitation and emission are considered a perturbative transition from the initial 

wavefunction to the final free electron wavefunction58,59. The emission current, J, is given 

by the summation of transitions to all final states, 

 

𝐽 ℎ𝑣 =
2𝜋
ℏ Ψ! 𝐻!" Ψ!

!

!

𝛿 𝜖! − 𝜖! − ℎ𝑣  

 

where the perturbation operator, 𝐻!", includes the interaction between the initial state, 

Ψ!, and final state, Ψ! = Ψ!,!, with energy conservation, 𝜖! − 𝜖! − ℎ𝑣 . The 

perturbation operator, 𝐻!", consists of the light matter interaction of an electromagnetic 

field, A, and the electron and is of the form,  

 

H =
1
2𝑚𝒑 ⋅ 𝒑+ 𝑉(𝑟) 

 

where 𝒑 is the momentum operator and V(r) is the potential energy of the excited state. 

The momentum operator transforms for the varying electric field,  

 
𝒑 = −𝑖ℏ∇  → 𝒑−

𝑒
𝑐 𝑨 

 

where 𝑨 is the vector potential of the electromagnetic field. Substituting in to H, 
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𝐻 =
1
2𝑚 𝒑−

𝑒
𝑐 𝑨

!
+ 𝑉 𝑟 =

𝑝!

2𝑚 +
𝑒

2𝑚𝑐 𝑨 ∙ 𝒑+ 𝒑 ∙ 𝑨 +
𝑒!

2𝑚𝑐! 𝑨
! + 𝑉 𝑟

= 𝐻! + 𝐻!" 

 

where, 

 

𝐻!" =
𝑒

2𝑚𝑐 𝑨 ∙ 𝒑+ 𝒑 ∙ 𝑨 +
𝑒!

2𝑚𝑐! 𝑨
! 

 

For the light intensity produced by the low-power high-repetition-rate laser pulses 

in TR2PPE, multi-photon processes are negligible and the quadratic term may be omitted. 

In addition when surface photoemission is ignored the Coulomb gauge transformation58, 

∇∙ 𝑨 = 0, is applied and the perturbation further simplifies to, 

 
𝐻!" =

𝑒
2𝑚𝑐 𝑨 ∙ 𝒑  

 

For visible and ultraviolet electromagnetic radiation used in this work, the 

wavelength is very large compared to the molecular and atomic dimensions, therefore the 

vector potential can be considered approximately constant for the small range of kinetic 

energies examined in TR2PPE. The photocurrent then simplifies to, 

 

𝐽 ℎ𝑣 =
2𝜋
ℏ Ψ!

𝑒
2𝑚𝑐 𝒑 Ψ!

!

!

𝛿 𝜖! − 𝜖! − ℎ𝑣  

 

which is equivalent to the electric dipole approximation. This transition matrix element is 

considered to be approximately constant over the range of ionizations for a given 

photoexcitation energy. The complex many-body electron and phonon interactions are 
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considered through the form of Ψ!. Again, careful application of final state effects are 

only necessary for interpreting high resolution emission line shapes and meV features. 

Two-Photon Photoemission 

Two-photon photoemission relies on observing the evolving final state effects 

resulting from the initial excitation as a function of time delay between the pump and 

probe laser pulses. Thus, one may determine the evolution, relaxation, and redistribution 

of charge and energy in TR2PPE. The two-photon photoemission process involves both 

the transition to an intermediate excited state, 1 ⟺ 2 , and transition from the 

intermediate to final state, 2 ⟺ 3 . The initial excitation creates a time dependent 

superposition state, 

 
𝜓 = 𝑐!(𝑡) 𝑘

!

 

with electronic states 𝑘 . The time evolution of the states is given by, 

 

𝑐 𝑡 = 𝑐!!𝑒
!!

!!!𝑒!!! ! 𝑒
!!!!

ℏ    𝑎𝑛𝑑    𝑐!! = 𝑐! 0    

 

where 𝜏! is the lifetime of the superposition, 𝜙! 𝑡  describes dephasing from scattering 

events, and the phase is set by the energy, 𝐸!60,61. The initial excitation from 1  to 2  

leads to a superposition that oscillates with frequency 𝐸! − 𝐸! /ℏ60. The time 

dependence of the final state can be ignored62. The transition from to 3   is sampling a 

time dependent population in 2 . The initial and final excitations cannot, in general, be 

separated and are solved for simple cases utilizing the optical Bloch equations62. 

 For the work outlined in this dissertation the time dependence of the intermediate 

state is considered negligible. The dephasing times, (𝜏!), are extremely short, well within 
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our pulse durations and insignificant compared to the lifetimes of the relaxations 

measured. The systems studied are not strongly electronically coupled over the range of 

the probed area leading to incoherent contributions and an averaging of the oscillations. 

Finally, the phase stability of the laser is inconsistent leading to averaging of the 

observed coherence. For these reasons the response of the intermediate and final 

transitions is considered to be directly proportional to the excitation intensity and the 

evolution of the electronic populations may be determined by rate equations.  

Surface Sensitivity 

The largest challenge for photoemission experiments is a result of the extreme 

surface sensitivity. Upon photoexcitation in the ultraviolet range the escape depth of 

electrons is only a few to maybe tens of angstroms57. This means collected information is 

representative of only the top-most layers. Surface properties are often not representative 

of the bulk parent material, so relating photoemission results to bulk properties can be 

misleading. When investigating surface properties a significant challenge is the 

preparation of a clean material surface, especially for a reactive or “sticky” surface. A 

single adsorbed monolayer of a contaminant molecule can completely disrupt and 

dominate the photoemission signal. At a typical vacuum of 10-9 Torr it would take only 17 

minutes to produce a monolayer if the sticking coefficient was one, as would be nearly 

the case for highly reactive surfaces with dangling bonds. Luckily, for many surfaces the 

sticking coefficient is much lower and samples can be stable for up to weeks, however 

this requires extremely clean vacuum conditions with extreme care to avoid 

contaminants. Sample surfaces prepared and introduced from outside of vacuum require 

considerable preparation to remove surface contamination.  
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Figure 9: Emitted electrons are collected subtending an angle defined by a) the 
incoming lens optics where they are focused and b) accelerated (or 
decelerated) to the selected pass kinetic energy of the hemisphere and then 
pass through c) a selectable entrance slit that partially defines the energy 
resolution before passing through d) the hemisphere in a constant electric 
field where they are deflected to the e) exit slit where the specific pass 
energy is selected before passing into the electron multiplier.  

 

ELECTRON DETECTION 

Determining the kinetic energy of the photo-emitted electrons is not without 

several challenges. In the most common form of analyzer, the hemispherical electron 

analyzer (as used in the following work), the electrons are separated in energy spatially 

through acceleration under an applied electric field in the confine between the concave 

and convex surface of the hemisphere (Figure 9). A slit is placed at the entrance and exit 

of the hemisphere, with an electron multiplier placed at the exit. Only the electrons with 

energy specified by the applied field, termed the pass energy, exit the slit at the end of the 

hemisphere. The pass energy is usually kept constant during an experiment as this 
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maintains a constant energy resolution. This selection process has low transmission of 

electrons, typically below 10%57, but excellent energy accuracy with ultimate resolution 

capabilities below 1meV.  In order to detect different kinetic energies, the incoming 

electrons pass through a series of lens optics that guide and then either retard or 

accelerate the electrons to the specified pass energy of the hemisphere. A bias voltage 

may be applied to the sample to aid in electron detection. If a bias voltage is applied it 

acts as the first electron lens by altering the ratio of parallel and perpendicular momentum 

effectively focusing the outgoing electrons. It can have the unwanted effect of enhancing 

the inhomogeneity of the sample surface and for this reason bias values were kept to a 

minimum. From the analyzer an initial lens accepts and focuses electrons emitted from 

the sample surface. The electrons are guided into a secondary stage where they are 

retarded or accelerated to reach the pass energy. The scanning is done at this stage, where 

the acceleration or retardation is changed to sample multiple emitted electron kinetic 

energies. 
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Figure 10:  The following image was obtained with a two dimensional analyzer where 
the kinetic energy is recorded in the x-axis and momentum parallel to the 
surface is recorded in the y-axis. The electrons at low kinetic energy <10eV 
are deflected by static fields within the chamber.  

 

 

The low kinetic energy of the electrons emitted from laser based ultraviolet 

excitation leads to additional challenges for detecting electrons. First and foremost 

removing any static magnetic or electric fields is paramount to achieve consistent and 

results. Electrons with low kinetic energy are more likely to be either lost or altered due 

to small deflections between the sample surface and the analyzer (Figure 10). In addition, 

electron lens elements are still crude, with the best electrostatic lenses described as the 

optical equivalent to looking through the bottom of a coke bottle63. Small momentum 

inaccuracies are multiplied by poor lens trajectories for small kinetic energy electrons, 

lowering the transmission and accuracy of the analyzer.  
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Figure 11: Changing the pass energy for electrons nominally accelerated to 10eV 
results in two effects: 1) The higher pass energies increase the total counted 
electrons significantly 2) The low pass energies are more sensitive to the 
low energy electron deflections resulting in poor collection efficiency while 
maintaining good efficiency for high energy electrons.  

For low energy photoemission selecting a suitable pass-energy is also difficult; analyzers 

are built assuming there will be primarily electron retardation in the scanning stage. 

Higher pass energies tend to increase electron throughput, but require significant 

acceleration of the electrons. This is comparable to trying for high magnification with a 

really low quality lens.  
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TR2PPE EXPERIMENTAL SETUP 

Optical Setup 

 

 

Figure 12: Above: The range of pulse wavelengths for use as pump/probe 
Below: The physical beam path is shown 

The goal of the optical setup is to provide two pulses with a wide variety of 

wavelengths and minimal temporal pulse width. The pulse width is the primary 

determinant of temporal resolution of the experiment. The initial ultra-short pulses are 

generated through a commercially available Ti:Sapphire oscillator (Coherent MIRA HP) 

which provides ≈100fs pulses in the 700-900nm range with a 76MHz repetition rate and 

an average output power of ≈4Watts. The oscillator pulses are split to form the pump and 

probe beam paths. The probe is generally the frequency tripled fundamental at 233-

300nm. It is chosen to be just below the nominal work function of the material to allow 

for the most information without leading to direct one-photon photoionization. The pump 

pulse may be configured as either the fundamental frequency, doubling of the 
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fundamental frequency (BBO), or passed into an optical parametric oscillator 

(Coherent/APE OPO) for broad tunability. The OPO uses difference frequency 

generation to allow for independent tuning of the pump pulse in the 500-700nm visible 

and 1000-1500nm infrared ranges. All pulses to the sample are maintained in the 80-

120fs range through dispersion correction by matched prism pairs. For sample systems 

with excited state lifetimes greater than the time duration between consecutive pulses 

(≈13ns), a pair of electronically switched Pockel cells is placed to arbitrarily lower the 

repetition rate. The pump beam is passed through a computer controlled delay stage and 

the beams are recombined and focused onto the sample inside a UHV chamber. 

 

Figure 13: The physical layout of the ultrahigh vacuum chambers used for TR2PPE 
measurements 
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Ultra-High Vacuum  

Photoelectron spectroscopy requires the detection of free electrons that traverse a 

large distance before detection. Free electrons must not undergo collisions if they are to 

be recorded by the analyzer. In addition, the surface sensitivity of the technique 

necessitates that the sample environment is free from any species that may adsorb to or 

react with the sample surface. To accomplish this the sample and analyzer must is in ultra 

high vacuum with nominal chamber pressures of 1x10-10 Torr.  

A series of chambers is connected to provide the necessary isolation while 

allowing for ease of sample introduction, transfer, and preparation. The first chamber or 

introduction chamber is used for fast insertion of different samples or substrates. It is 

brought to atmospheric pressure separately so that the remaining chambers may be kept 

under ultra-high vacuum conditions at all time. The intro chamber simply contains a 

Viton sealed door and a magnetically coupled linear transfer arm for transfer between 

chambers. The second or preparation chamber contains a horizontal manipulator for 

holding and positioning the sample. The preparation chamber is outfitted with ion 

sputtering, Knudsen cells, and a quartz crystal microbalance to measure deposition rates.  

Ion sputtering is necessary to remove surface contaminants. Knudsen, or evaporation, 

cells are heated crucibles that contain materials that may be vapor deposited onto a 

surface. The rate of deposition is monitored in situ with a water-cooled quartz crystal 

microbalance.  

The electron analyzer is housed in an entirely Mu-metal UHV chamber to 

eliminate external sources of magnetic fields. The sample is held with a custom non-

magnetic VG Scienta Cryoax4 manipulator that allows 4-axis movement with cooling 

capability of ≈30K utilizing liquid He and ≈80K with liquid nitrogen. The sample holder 

itself is constructed of copper and titanium components to avoid magnetic fields. The 
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sample holder contains electrical connections for resistive heating and the application of a 

bias voltage. The manipulator and sample are fitted with an N-type thermocouple for 

determining temperatures. The analysis chamber is separated into two levels with the 

upper level consisting of the electron analyzer, optical windows, helium plasma discharge 

lamp, and quadrupole mass spectrometer. The helium discharge lamp allows for 

ultraviolet photoemission (UPS) with either the 21.2eV or 40.8eV emission lines. The 

mass analyzer can be used for determination of sample thickness through thermal 

programmed desorption and for general trouble shooting of vacuum conditions. The 

lower floor contains low energy electron diffraction (LEED) and differentially pumped 

dosing tube for volatile analytes. LEED allows for determination of the surface structure 

and is primarily used to verify surface condition and proper sample preparation. The 

chamber is maintained with base pressures of around 1x10-10 Torr utilizing a combination 

of standard turbo/mechanical vane and ion pumping. Non-magnetic materials are used 

throughout to produce a sample environment free of static fields to reduce deflection of 

the low energy electrons as they exit the sample and enter the electron analyzer.  

Electron detection is handled by a VG Scienta R3000 hemispherical analyzer with 

angular resolution capabilities utilizing a multichannel electron multiplier array and a 

CCD camera. The angular mode allows for preservation of the electron parallel 

momentum in a single dimension. This was feature is largely unused for the work 

presented in this dissertation.  

Control System 

A Labview control algorithm was created to allow for simultaneous control of the 

electron analyzer in concert with the delay station for the automatic collection of 

TR2PPE spectra. The control scheme allows for selection of all analyzer properties in 
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addition to specifying the particular kinetic energy region and pump-probe delay window. 

The high level Labview code calls upon proprietary DLLs written by VG Scienta to 

perform specific operations of the analyzer. Delay stage movements were performed 

through an ActiveX framework developed by APT. The control scheme for collection of 

TR-2PPE data is as follows; a user defines the analyzer settings, kinetic energy scan 

window, and time window. Photoemission scans are collected for each pump-probe delay 

in a stepwise fashion usually proceeding from negative delay to positive delay. The data 

collection is automated with live visual updates and all collected data and parameters are 

continually saved as IGOR Pro text format for further data analysis.  
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Figure 14: A sample TR2PPE spectrum collected from tetracene deposited on a C60 
surface with hv1=2.4eV, hv2=4.6eV. and bias voltage -3V. Left: The 
acquired TR2PPE data is displayed as an image. Right: The relaxation 
dynamics of a particular electronic state is given by taking a horizontal cut 
of the acquired spectrum at a specific binding (kinetic) energy. Bottom: The 
individual photoemission spectrum is given by taking a vertical cut at any 
pump-probe delay. 

 

DATA PRESENTATION 

The individual photoemission scans at each pump-probe delay are assembled as a 

2-dimensional matrix during collection and displayed as an image (Figure 14). A 3d 

matrix is also produced including a dimension for emission angle but is not used in this 

work. The vertical axis contains the photoemission spectrum as a function of kinetic 

energy of the acquired electrons, sometimes plotted as binding energy or energy below 
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the vacuum level. The horizontal axis contains the time evolution of the electronic 

population as a function of the pump-probe delay. The image allows for fast visualization 

of the dynamics and observed states, but can be misleading, as the false color intensities 

are arbitrary and difficult to judge. For most analysis electron populations and kinetics a 

vertical or horizontal section is used to produce a two-dimensional representation that is 

fit piecewise. Electron populations are tracked in two ways, energy relaxation as the 

population moves from higher excited states to lower energy states, and population 

relaxation as electron population “disappears” through movement to another state.  

 

 

Figure 15: Example of constant background subtraction for a tetracene film on C60. The 
left image is the as-collected spectrum and the right is showing the constant 
signal removed highlighting the net change in electron population.   

 

BACKGROUND SUBTRACTION 

The photoemission signal often contains artifacts from undesired emission 

channels (Figure 15). The first common undesired channel is through two-photon 
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absorption from a single pulse (either pump or probe) resulting in two-photon 

photoemission. Two-photon photoemission from a single pulse leads to a steady state 

emission signal and does not change appreciably if the other pulse is blocked. A caveat to 

this is for poorly conductive films where the induced photocurrent from any optical pump 

helps to prevent charging of the substrate through increasing mobility. The second 

common undesired channel is from excited electron population that has not relaxed to the 

equilibrium ground state between pulses. The primary repetition rate of the oscillator 

system allows ≈13ns between pulses, which is often shorter than many optical decays. 

The repetition rate can be lowered by selectively excluding pulses to increase the time 

between excitations, however this has a limit set by the linear loss of intensity from 

decreasing the overall pulse count. Extremely long-lived excitations with lifetimes above 

hundreds of nanoseconds, e.g. trap states and phosphorescence, cannot be completely 

removed through decreasing the repetition rate. Again a steady state signal is produced as 

the system reaches a balance of incoming excitation and relaxation. To remedy the 

constant background signal that does not contribute to the electron dynamics of interest, 

an averaged photoemission profile is created from steady state pump-probe delays at 

either long delay or negative delay times and subtracted from each collected pump probe 

delay. The remaining spectra contains only the net change in intensity created by the 

interplay between pump and probe pulses.  
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Chapter 3: Hot-Electron Dynamics and Multiple-Exciton Generation in 
PbSe Quantum Dot Arrays 

Much of this content of this chapter has been published as:  

 
L. Miaja-Avila*, John R. Tritsch*, A. Wolcott, W.-L. Chan, C. A. Nelson, and 

X.-Y. Zhu, “Direct Mapping of Hot-Electron Relaxation and Multiplication Dynamics in 
PbSe Quantum Dots,” Nano Letters 12, no. 3 (March 14, 2012): 1588–1591, 
doi:10.1021/nl204489a. 

 

The following chapter contains a TR2PPE investigation of the model system of 

PbSe quantum dots to directly map the electron relaxation dynamics. The hot electron 

cooling is investigated as a function of initial excitation energy. Finally at high excitation 

energies the multiplication dynamics are observed.  

 

INTRODUCTION 

The unique and tunable electronic structure of quantum dots make them attractive 

candidates for use as the active absorbers to enhance the efficiency of photovoltaic 

devices. In addition, the discretized band structure and enhanced electron-hole interaction 

leads to a potential for greater efficiency than current single PN junction devices. Slow 

carrier cooling via the phonon bottleneck may aid in lowering thermalization losses if hot 

electrons can be transferred quickly64. In addition, conversion efficiency of high energy 

photons in the solar spectrum may be increased significantly through multiple exciton 

generation12,65. 

Unfortunately in the vast majority of quantum-confined systems the phonon 

bottleneck has failed to appear66-73. In only a few specialized cases, such as epitaxially 

prepared dots74, are there reported observations of a phonon bottleneck. Still the energy 
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loss must be accounted for, and the discrete nature of the electronic energy states of the 

excitons states can be verified from the absorption and emission. Several theories 

implicate high frequency phonons70, surface states75, and Auger like processes76 as the 

source of the accelerated cooling. The Auger mechanism, where the electron transfers 

excess energy to the hole, relies on a higher density of states for the hole leading to 

classic phonon assisted cooling. Previous experiments investigating hot electron cooling 

have relied tracking the cooling process by monitoring population of a single electronic 

state75 and the cooling process has not been directly observed.  

Despite the absence of the observed phonon bottleneck, observation of multiple 

exciton generation is frequently reported in semiconductor quantum dots77. The primary 

evidence for multiple excitons has been based on kinetic analysis of the absorption bleach 

from the first exciton transition in transient absorption measurements. In this 

measurement, the absorption of a specific exciton transition is measured as a function of 

pump-probe delay on an ultrafast timescale. The measurement shows a loss of absorption 

near pump-probe overlap indicating a depletion of the ground state due to the pump 

pulse, called photobleach. As the probe is delayed in time, the relaxation to the ground 

state results in increased absorption. The kinetic rate of the electron relaxation is inferred 

from the refilling of the ground state. For semiconductor quantum dots a bi-exponential 

decay is observed in these measurements, indicating two population decay mechanisms.  

The two decay rates are fit and the fast component is attributed to the faster decay of a bi-

exciton, or MEG. Unfortunately multiple overreaching claims resulted from experimental 

artifacts leading to large amounts of fast decay from irreversible damage to the material 

from high energy photons65,78.  The indirect nature of the kinetic probe allows for 

erroneous conclusions to be made79. This left MEG experimental results muddled and 

hotly contested80.  
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TR2PPE MEASUREMENTS OF PBSE QUANTUM DOTS 

To directly monitor the hot electron cooling and multiplication dynamics, TR-

2PPE spectra were recorded for PbSe quantum dots. The PbSe system was chosen for 

several reasons. The large exciton Bohr radius (46nm) allowed the system to be prepared 

with a high level of confinement while still providing a modest bandgap of 0.91eV. In 

order to investigate MEG through photoemission, this small bandgap allowed for 

excitation energy of several times the bandgap without exceeding the work function of 

the material. In addition, the high level of confinement produced an easily observable 

energy separation between the first and second exciton to aid in observation of the 

electron cooling between these steps. To make conclusions about photovoltaic devices, 

PbSe quantum dots are technologically relevant due to the recent demonstration of hot 

electron transfer from these dots64 as well as producing the most efficient quantum dot 

solar cells12,81.  

Sample Preparation 

Sample preparation and passivation played a critical role in obtaining a consistent 

and understandable photoemission spectrum. PbSe quantum dots were prepared in 

solution by the hot-injection method82. In a scaled down reaction, 2.5 g PbO , 35.15 mL 

1-octadecene, and 9.05 mL of oleic acid were added to a 150 mL 3-neck flask, connected 

to a Schlenk line via a refluxing column and a T-bore adapter. In an inert atmosphere 

glovebox, 21 mL of trioctylphosphine (TOP) was added to 1.6581 g of 99.99 % Se shot 

and stirred vigorously for 24 hours. After complete dissolution of the Se, 0.150 µL of 

diphenyl phosphine (DPP) was added to the stirring solution 30 minutes prior to 

injection. PbO, ODE and OA were heated to 60 °C under a N2 atmosphere and then 
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degassed to a pressure of ∼30 mTorr for 75 minutes. The temperature of the solution was 

raised to 295 °C under a N2 flow and the resulting solution was optically clear and 

colorless. The temperature was then lowered to 160 °C, and the Se/TOP-DPP solution 

was injected; this resulted in an immediate color change (< 1 second) to a dark solution, 

indicating nanoparticle nucleation and growth. Growth was stopped by removal of the 

heating mantle, injection of 30 mL of cooled octane (0 °C) and submersion into an ice 

bath after 0.5-2 minutes. The period of the growth regime was varied based on the 

desired QD diameter. PbSe QD transfer was facilitated by a cannula to a Schlenk flask 

using positive pressure (N2) from the Schlenk line, and was then immediately placed into 

an inert atmosphere glove box. Precipitation, decantation and re-suspension all took place 

in the glovebox. For every 15 mL of raw PbSe QDs, 25 mL of a precipitation solution of 

methanol, butanol and ethanol in a ratio of 1:1:2 was added in glass scintillation vials. 

The precipitated solutions were centrifuged at 3000 rpm for 20 minutes and the 

supernatant was discarded. Re-suspension of the QDs was done with anhydrous hexane 

and the cleaning procedure was repeated twice more. PbSe QDs were then dried with a 

stream of N2, weighed, and solutions of 20 mg/mL were produced with anhydrous 

hexane. 

Perfectly monodisperse quantum dots are difficult to produce through chemical 

and kinetic quenching, however quantum dots prepared via the hot-injection method 

produced reasonably good size distributions of less than 5% rms. The small inconsistency 

in size means that sampling of size dependent electronic properties of quantum dots will 

be broadened through the distribution. The possibility of contamination from embedded 

precursor molecules may result in changes in properties, but it is unknown at this time. 

Stoichiometry is assumed to be 1:1 Pb:Se, but this is not necessarily maintained, 

especially at the surface of the dot that will be probed in photoemission experiments. The 
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surface of PbSe quantum dots primarily lead terminated with lead atoms83. A capping 

molecule is used to passivate the surface of the quantum dot in order to remain soluble 

and prevent aggregation. The effects of the ligand on both the structure and electronic 

properties are significant and are being continually investigated84-86, much of which is 

beyond the scope of the present work. 

 

 

Figure 16: Scanning electron microscope image of a multilayer PbSe quantum dot thin 
film created by controlled mechanical dip coating 

 

For vacuum measurements, as well as solid-state photovoltaic devices, it is 

necessary to produce solid films of the quantum dot material. This is achieved through a 

simple controlled rate dipping of a clean substrate into a solution of quantum dots (Figure 

16). Film thickness may be controlled through both retraction rate and solution 

concentration. The effect of the film structure and electronic coupling between quantum 

dots adds an additional layer of difficulty for both devices and photoemission 

measurements. The films must be conductive to prevent charging. As produced, a shell of 
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oleic acid ligands surrounds the PbSe quantum dots. The long aliphatic chain is perfect 

for increasing solubility in organic solvents and preventing aggregation, however it leads 

to poor conductivity in a thin film.  

Early TR2PPE investigations relied on removal of the ligands completely from 

the quantum dot film through chemical stripping with hydrazine87. Hydrazine, a highly 

potent oxidizing agent effectively removes the oleic acid, however it also led to an 

increase in the width of the first and second exciton absorption peaks as well as an overall 

red shift of the exciton energy levels88. A careful balance between hydrazine treatment 

times was developed to eliminate the ligands while not significantly affecting the 

electronic structure. While absorption features were highly reproducibly, the hydrazine 

treatment resulted in varied and inconsistent photoemission results as a function of 

concentration, treatment time, solvent/reactant manufacturer, and ostensibly phase of the 

moon.  

The failure of hydrazine for removal of the ligands prompted for the use of a 

short, more conductive ligand to replace oleic acid. Through repeated trials it has been  

found that there are two important aspects of ligand use for photoemission experiments. 

First, the ligand will be placed in an ultra-high vacuum environment. Weakly bound 

volatile ligands will quickly be drawn into vacuum, while others left behind leading to 

inconsistencies in work function and properties as a function of time in vacuum and 

sample thickness. In addition, any ligand on the surface of the quantum dot could 

potentially contribute to the photoemission signal. Photoemission is inherently surface 

sensitive; a small molecule covering the surface may introduce electronic states within 

the gap as well as affect the work function. The ligand must have negligent absorption in 

the pump and probe wavelengths and be appreciable short to not create significant 

scattering of photoelectrons emitted from the quantum dots.  
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Figure 17:  The absorption of PbSe thin films showing the first and second exciton 
peaks for as prepared samples with oleic acid (OA) and after replacement 
with ethanedithiol (EDT) 

 

A preferred treatment of ethanedithiol (EDT), as used in the hot electron transfer64 

and numerous device studies12,89,90, was used to replace the oleic acid ligands. EDT binds 

to the lead terminated surface and is believed to aid in the conductivity of films by acting 

as a bridging ligand between quantum dots as well as to the substrate. The substrate was 

chosen to be a clean gold surface evaporated onto an oxygen free copper substrate.  The 

strongly interacting gold-thiol bond is a well known system often used for preparation 

self assemble monolayers91.  

Ideal preparation of PbSe quantum dot films for photoemission experiments was 

done as follows. Gold substrates were prepared by evaporation of 300nm of gold onto 

1mm thick polished oxygen free copper plates. Thin multilayer films of PbSe QDs were 

prepared by dip coating, (removal rate 5mm/s), the substrate into 20mg/mL solutions of 

as-produced oleic acid capped 5.4nm quantum dots dispersed in hexanes. After a short 
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drying period the multilayer (usually 5-10 layers as confirmed by SEM) films were 

placed in a 0.1mM solution of EDT in acetonitrile for the duration of 60 seconds All 

preparation was done within an inert atmosphere glove box. Prepared films were 

transferred from the glove box into vacuum through a purged nitrogen glove bag installed 

over the intro chamber. The film preparation was duplicated on a silicon waveguide for 

attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy. 

Observation of the mid-IR range, 2000-8000cm-1, shows the first and second exciton 

absorption peaks for both oleic acid and EDT treated films (Figure 17). SEM images of 

the films were used to confirm film thickness and order.  

Experimental Details 

TR2PPE measurements were performed to observe the electron relaxation 

dynamics for a series of different pump energies from 1.4 to 2.8eV. Measurements were 

made at room temperature under UHV conditions with base pressure 2x10-10 Torr. Probe 

pulses were generated from frequency tripling (INRAD 5-050) of the fundamental output, 

4.3eV, from a Ti:Sapph oscillator tuned to 870nm with ≈0.25nj pulse energy, pulse 

duration of ≈100fs, and repetition rate of 76MHz. For pump excitations below 2.4eV the 

sample was excited using a tunable optical parametric oscillator with pulse energy of 

≈1nj, a pulse duration of ≈85fs, and repetition rate of 76MHz. For pump excitations of 

2.8eV the excitation pulses were generated through BBO frequency doubling of the 

fundamental output from the Ti:Sapph oscillator.  

 



 50 

 

Figure 18:  TR-2PPE spectra for three different excitation energies showing fast (≈1ps) 
continuous electron relaxation to the lowest excited state. 

 

Hot Electron Cooling 

Shown in Figure 18 are three representative spectra collected for 1.4eV, 1.8eV, 

and 2.2eV pump energies. For all measurements the probe was kept constant at 4.3eV. 

The initial pump pulse convolved with the probe produces an energetically broad 

Gaussian distribution of carriers as seen at pump-probe overlap (time zero). Electron 

population extending to the right or positive pump-probe delay reveals a simple mono-

exponential energy relaxation directly to the bottom of the conduction band or first 

exciton, 1Se, for all pump energies. The energetic FWHM for both the pump and probe 

pulse is nearly 50meV. This combined with sample dispersion and potential charging 

effects leads to a broad carrier distribution making resolution of the 1Pe with an electron 

energy separation of ≈100meV unlikely. However, no discrete energy levels are 

discernible from either an energetic or kinetic viewpoint as would be expected by the 

discretized states. Extending to the left of time zero or negative time is a reverse process 

where the pump and probe pulses have reversed roles. The 4.3eV pump pulse is absorbed 

creating highly excited electrons population that cool extremely quickly before reaching 
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an energy level below the ionization threshold of the low energy pump pulse. This 

process need not be considered further.  

A phenomenological model was created to help fit and understand the visualized 

dynamics in the acquired two-dimensional energy versus delay spectrum. For the model, 

an initial population was assumed at time zero as a result of the photoexcitation. 

  

 

Figure 19:  The acquired initial population distributions (red) were matched with an 
initial gaussian distribution (blue) from the model fit. The tail of the model 
results from the extremely fast relaxation occuring within the incoming 
pulse width.   

 

The initial population was defined as an incoming Gaussian distribution from the 

absorption of the pump pulse (Figure 19). The initial population was convolved with the 

measured pulse width in time and was iteratively fit to the raw experimental data 

including the relaxation parameters.  
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Figure 20: The kinetic equations governing  the relaxation process in the model spectrum 

 

The resultant 2d Gaussian population is allowed to relax in energy by the following rate 

equation: 

 
𝑑𝑁(𝐸, 𝑡)
𝑑𝑡 = −

𝑁 𝐸, 𝑡 − 1
𝜏(𝐸) +

𝑁 𝐸 + 1, 𝑡 − 1
𝜏(𝐸 + 1)  

 

where the rate of change for a population at kinetic energy, E, and delay time, t, is 

proportional to the total population, N, which is a sum of the previous population and the 

resulting energy decay.  Population is allowed to cascade down in energy dictated by the 

lifetime, τ(E).  
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Figure 21:  The recreation of the TR2PPE spectrum with the model including overlays 
showing the initial population match (right), the energy decay match 
(overlay), and the population decay match (bottom).  

 

Total population is conserved for the model. Energy decay is also modeled for negative 

time values to mimic the probe pulse acting as a pump. A separate constant lifetime is 

used, τneg (E) to create the overlapping negative decay. 

 

 

Figure 22:  Modeled TR2PPE spectra for the three pump energies investigated showing 
monoexponential continuum decay to the band edge 
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The model simulation was run with energy spacing equal to the acquired data 

(Figure 22). It was clear from the low pump energy (1.4-2.2eV) data that a single 

exponential could be fit to the energy decay; this corresponds to a (E-E1S)-1 dependence 

for τ(E), where the electron relaxation rate, Γ(E)= τ-1(E)= Γ0(E-E1S). The conduction band 

minimum was determined from the position of the lowest state at long delay time after 

relaxation was complete (>>2 ps). Two primary parameters were used in the fitting to the 

original data, the initial excitation energy and the prefactor, Γ0. The initial excitation 

energy peaks were selected to be 1.13eV, .81eV, and .49eV for the 2.2eV, 1.8eV, 1.4eV 

pump pulses, respectively. This was done to best match the intensity profile of the raw 

data at time zero. 

 

 

Figure 23:  [E-E1S]-1 energy relaxation corresponding to a Auger type mechanism and 
[E-E1S]-.05 relaxation from purely phonon assisted relaxation for a continuum 
model of states with a parabolic band is compared to the acquired data 
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The prefactor and intial population was optimized to fit the 2.2 eV pump spectrum 

and found to be Γ0= 5x1012 s-1meV-1. This was applied to the 1.8eV and 1.4eV spectra 

with excellent agreement (Figure 23). To account for the pump acting as a probe at 

negative time, a constant is applied to negative time delay, which is the fastest decay 

possible within the modeled resolution. To account for spectral broadening, instrument 

response, and polydispersity in nanoparticle size, the resulting population decay was 

convolved with an additional Gaussian in energy as defined by the width of the raw data. 

In addition, to account for the population decay as a function of delay, the entire 

spectrum was convolved with the population decay from the raw data. These two 

parameters do not affect the energy relaxation results, but help to visually reproduce the 

acquired data.  

The rate of electron energy relaxation should scale with the density of electronic 

states.  By assuming a parabolic density of states, as one would expect for a bulk 

semiconductor, a purely phonon-assisted electron relaxation should scale with Γ∝(E-

E1S)1/2. This zeroth order approximation does not match with the observed linear relation, 

Γ∝(E-E1S). The observed linear dependence does match however with an Auger type 

relaxation channel long believed to play a role in fast hot electron cooling observed in 

quantum dots92,93,11. The Auger mechanism is enhanced for confined systems where 

increased scattering between electron and holes may lead to redistribution of hot electron 

energy to the hole. The larger effective mass of the hole can lead to fast and efficient 

cooling through traditional electron-phonon coupling. This process should rely on both 

electron and hole density of states, Γ∝(E-E1S)( E-E1H). For PbSe, the density of states has 

been calculated94 and observed95 to be highly symmetric in the material system PbSe, so 

E-E1S≅E-E1H and the linear relation is obtained. However, the driving force of for 

increased cooling rate through the Auger mechanism relies on a greater density of states 
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for the hole. This contradicts the implicit condition for the linear scaling. The mystery of 

the driving force for redistribution of excess energy to the hole in a symmetric system is 

still not understood. 

 

 

Figure 24:  Left: The raw uncorrected spectrum is complicated due to a constant 
background from continuous excitation and ionization from the pump pulse. 
Center: After background removal the two kinetic processes are clearly 
seen. Right: The bi-exponential energy decay is shown in blue with the 
normalized total electron intensity in red.  

Multiple Exciton Generation 

 The relaxation dynamics significantly change for excitation energies greater than 

3x the excitonic bandgap. Unfortunately at this energy the spectrum becomes 

complicated due to multiple contributions to the signal (Figure 24). The energy of the 

pump pulse is sufficient to both reach and photo-ionize a new hot electron resonance, 

consistent with a transition to a higher lying band at the L point (or possibly at the Σ 

point) 96,97. The new resonance results in points “A” and “B” in the as collected spectrum 

in Figure 24. Peak “A” results from a 4.3eV pump and 2.85eV probe and peak “B” 

results from the 2.85eV pump and 4.3eV probe. The difference in energy of 1.4eV for 

peak “A” and “B” corresponds directly with the difference in probe energy that confirms 
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this is the same resonance. A constant background signal is created by excitation and 

emission within a single pulse as seen at point “C”. This is confirmed by removing the 

4.3eV probe excitation and observing no change in the photoemission signal at far 

negative time delay. The spectrum is collected for a series of decreasing laser fluences to 

establish that the effect is not a product of multiple excitations within a single particle. At 

maximum intensity the calculated excitation per quantum dot is only 1:10. 

 

Figure 25:  The MEG process observed in TR2PPE A) Initial excitation of the second 
conduction band, CB2, by the pump pulse followed by ionization from the 
probe pulse  B) Excitation of CB2 by the probe pulse and emission from the 
pump pulse C) Coherent two photon absorption and emission from two 
pump photons in the same pulse D) MEG resulting from hot electron 
transfer from CB2 to CB1 coupled with momentum conserved transfer from 
the valence band to CB1 

To more clearly observe the underlying dynamics, the constant background is 

averaged and subtracted from each pump-probe delay. The two resonances at points “A” 

and “B” are more clearly separated. Concentrating on the more visible upper band, 

resonance “A” is short lived, ≈100fs. The electron population jumps down 900meV and 
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reappears at point “D” , ≈250fs. From 250fs onward, the decay matches the same rate as 

seen for the lower excitation energies. The sudden jump from the resonance at “A” to the 

continuing excitation decay at point “D” is interpreted as multiple exciton generation. 

Observing an increase in electron population at point “D” makes further evidence for this 

assertion (this requires normalizing the electron population with respect to the detector 

sensitivity).  

The observed MEG process can be summarized as the following shown in Figure 

25. After initial excitation there is an interband transition to the lower conduction band 

matched with a concurrent excitation of a second electron-hole pair from the valence 

state. The interband MEG process permits simultaneous matching of energy and 

momentum. Through a normalization of the detector response to the acquired electron 

spectrum the enhancement in electron population is approximately 10%. Beard et al. 

noted poor MEG yield for EDT treatment of PbSe90, however this is in contrast to 

numerous other studieS1. The relatively small MEG yield (110%) combined with the 

bulk active impact ionization process leading to MEG is consistent with calculations 

concluding the highly excited states in quantum dots are essentially bulk-like98. 

 

CONCLUSION 

In summary TR2PPE was applied to directly observe the hot electron relaxation 

and multiplication dynamics in PbSe quantum dots. The cooling rate was found to match 

a linear scaling corresponding with an Auger type electron relaxation. Weak multiple 

exciton generation is seen for excitation energies of 4x the band gap from interband 

electron transitions consistent with impact ionization as seen in bulk semiconductors.   
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Chapter 4: Charge Carrier Separation Through Hot Charge Transfer 
Excitons at Organic Photovoltaic Interfaces 

Much of this content of this chapter has been published as:  

 
Askat E. Jailaubekov, Adam Willard, John R. Tritsch, Wai-Lun Chan, Na Sai, Raluca 
Gearba, Loren G. Kaake, Kenrick J. Williams, Kevin Leung, Peter J. Rossky, and X.-Y. 
Zhu, “Hot Charge Transfer Excitons Set the Time Limit for Charge Separation at 
Donor/Acceptor Interfaces in Organic,” Nature Materials 12, no. 1 (December 9, 2012): 
66–73, doi:10.1038/nmat3500. 

 

The following chapter provides a brief overview of the current understanding of 

charge separation at organic organic-organic photovoltaic interfaces. The key charge 

separation step of exciton dissociation at a donor acceptor interface is examined in detail. 

TR2PPE is used to directly monitor the charge separation process at the CuPc/C60 

interface.  

 

INTRODUCTION 

Many theories have been proposed to account for the separation of the bound 

interfacial charge transfer exciton. Support for the role of interfacial fields and dipoles 

had been made through both models99,100 and photoemission evidence101,102.  Others point 

to structural heterogeneity103-105, interface doping106 or charged defects107, entropic gain108, 

delocalization109, with many involving a combination of several of those factors. 

However more recent evidences have provided significant support for exciton 

dissociation through thermally “hot” charge transfer states as used in the original Onsager 

model20,22,109. However recent focus on the transient “hot” excitons takes a step back from 

equilibrium energy contributions to focus on how the system could evolve kinetically 

within the given energy landscape.  
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Figure 26:  The exciton dissociation processes with an interfacial charge transfer 
exciton intermediate. The initial exciton migrates to the interface where the 
electron transfers but is still Coulombically bound to the hole in the acceptor 
state. The bound interfacial charge transfer state may then dissociate into 
free carriers or relax down a manifold leading to eventual recombination. 
Image from Kahn and Zhu33 

 

From a kinetic perspective of exciton dissociation must compete with a variety of 

relaxation pathways including internal conversion, intersystem crossing, and 

recombination. As such, much of the evidence for the hot exciton dissociation comes 

from ultrafast pump-probe experiments tracking the charge separation process. Direct 

evidence for the existence of the CT state has only recently been uncovered through the 

observation of absorption features attributable only to the interface39, mid gap emission110, 

and sub gap excitations leading to photocurrent111. Time resolved transient absorption 

measurements have found evidence of ultrafast dissociation of carriers but similar data 

have been explained with contradicting results112,113. Difficulty in identifying and 
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assigning spectral features as well as the complex nature of the interface makes it difficult 

to identify kinetic processes through transient absorption.  

TR2PPE of the Pentacene/Vacuum Interface 

The existence of hot interfacial charge transfer excitons have been recently 

directly observed at the pentacene/vacuum interface through TR2PPE22 (Figure 27). 

 

 

Figure 27:  Muntwiler and Zhu’s work showing the interfacial charge transfer exciton at 
the molecule-vacuum interface. The experiment showed both the existence 
of hot interfacial exciton states and significant exciton binding energies. 
From Muntwiler, Yang and Zhu22 

 

In this experiment pentacene acts as the electron donor and the image potential state is 

the acceptor. The result of this investigation reveal a series of hydrogenic-like 

Coulombically bound charge transfer states with binding energies as high as 0.4eV 
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leading up to the image potential state. The importance of this experiment is the direct 

observation of hot charge transfer states below that of the most relaxed exciton. There 

still remained the need for direct observation of the hot charge transfer exciton at a donor 

acceptor interface. 

 

TR2PPE AT THE CUPC/C60 INTERFACE 

The well characterized114,115 donor-acceptor interface of copper phthalocyanine 

(CuPc) and the fullerene C60
116 was chosen to examine the nature of exciton dissociation 

and charge transfer at semiconductor organic interfaces. Phthalocyanine has been 

implicated as an electron donor at the onset of organic photovoltaic research19. It is a 

commonly used dye molecule with a deep blue color. The fullerene C60 is a commonly 

utilized organic acceptor molecule117 providing good electron affinity, excellent 

conductivity, and morphological flexibility through its spherical shape. Together 

numerous devices based on phthalocyanine/fullerene junctions have been created with 

modest bilayer power conversion efficiencies of ≈1%118 and complex heterojunction 

devices upwards of 5%116.  

To examine charge separation via TR2PPE, thin films of both CuPc and C60 were 

prepared through vacuum sublimation. For the following experiments CuPc (Aldrich 

triple sublimed 99.99%) and C60 (Aldrich sublimed 99.9%) were transferred to alumina 

crucibles first cleaned in 1:3 H2O2/H2SO4 “piranha” solution. The alumina crucibles 

were placed in the heating assembly of separate Knudsen cells into a vacuum deposition 

chamber with base pressure of 2x10-9 Torr. The organic films were prepared on the 

Au(111) surface of a 1cm2 single crystal. The clean Au(111) surface was prepared in 

vacuum by Argon sputtering for 30 minutes followed by annealing at 500°C for 60 
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minutes. The standard sputtering/anneal process was repeated at least three times. Upon 

final anneal cycle the C60 crucible was heated to 405°C to produce a 0.1 Ås-1 flux as 

determined through a quartz crystal microbalance. Following the recipe of Dougherty et 

al.119 the temperature of the Au crystal was reduced to 300°C and C60 deposition was 

started. Deposition was simultaneously monitored and upon reaching one monolayer 

(0.8nm) the Au substrate was rapidly cooled to 150°C where deposition continued to a 

thickness of 8nm or ten monolayers. Chamber pressure during evaporation was <2x10-8 

Torr.  Growth of C60 on Au(111) results in a (2x2) R30° super-lattice was confirmed by 

LEED. Upon completion of the C60 layer all other layers are grown at room temperature. 

A single monolayer of CuPc (0.1 Å s-1 flux) was deposited on the C60 surface and 

TR2PPE and UPS photoemission measurements were taken. An additional 25nm of CuPc 

was grown followed with 1nm of C60 coverage with repeated photoemission 

measurements at each step.  

TR-2PPE and UPS measurements were carried out in an UHV chamber with a 

base pressure of 1 Å≈10-10 Torr. Measurements were taken under liquid nitrogen cooling, 

sample temperature 130K. CuPc was selectively excited by a 1.9eV pump pulse below 

the excitation threshold for C60. The pump pulse was provided by the tunable optical 

parametric oscillator with pulse energy of 1.4nj and pulse duration of 75fs. The 4.6eV 

probe pulse was provided by the tripled fundamental output from the Ti:Sapph oscillator 

with a 0.13nj pulse energy and pulse duration of 130fs. The original 76Mhz repetition 

rate was reduced by a factor of 10 or 20 individually by passing both beams through a set 

of pockel cells (Con-Optics 350-160). A bias of -3V was applied during acquisition to 

increase photoelectron detection efficiency. 
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Figure 28:  Ultraviolet Photoemission Spectrum showing Left: The work function shift 
from the deposition of CuPc onto C60 and C60 onto CuPc Right: The valence 
features of 1ML CuPc on C60, C60, 1ML C60 on CuPc, and CuPc 

The CuPc/C60 interface had been previously characterized through photoemission, 

kelvin probe microscopy, and spectroscopic probes115,120-122. Valence photoemission was 

performed to confirm the result of Molodtsova et al. and to assign assess the HOMO level 

alignment between C60 and CuPc (Figure 28). 
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Figure 29:  The energy level HOMO-LUMO alignment of CuPc and C60 obtained 
through valence level photoemission, two photon photoemission, and 
absorbance measurements. 

 

The interface is created through physisorption without electron transfer or 

chemical reaction102. Phthalocyanine shows two absorption peaks in the visible at ≈1.8eV 

and ≈2eV for the HOMO to LUMO and LUMO+1 transitions. C60 has a HOMO-

LUMO+1 transition of nearly 3.5eV and a much higher ionization potential, the HOMO-

LUMO transition in C60 is forbidden. The resulting interface is a type-2 heterojunction 

with HOMO-HOMO offsets measured in the range of 0.95eV to 1.44eV and a HOMO-

LUMO gap of 1.72eV to 2.3eV depending on molecular orientation. An interfacial dipole 

has been reported with magnitudes in the range of .28eV to .5eV102. 
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Figure 30:  The eletron dynamics of CuPc pumped resonantly with 1.8eV showing 
ultrafast intersystem crossing from the disappearance of the S1 state (≈0.8V) 
to produce the triplet state (≈.2eV) 

 

To understand the dynamics of the interface it is instructive to first examine the 

isolated electron donor, CuPc (Figure 30). Photoemission signal emanating from thick 

(20nm) CuPc film grown on C60 can be considered that of the bulk isolated molecule. 

Upon excitation of the first singlet state a broad peak from 1.3eV to 2eV is observed 

comprised of a mixture of the singlet, S1, and a tail to low energy attributed to CTE’s 

within the CuPc film. The S1 peak decays with a lifetime of just 400fs. The fast singlet 

decay is due to intersystem crossing mediated by efficient spin orbit coupling through 

mixing with the unfilled “d” orbitals of the copper metal center. On the same timescale of 

the S1 decay the rise of the triplet state T1 can be seen at 1eV. The intensity of T1 

remains nearly constant over the experimental timescale of 300ps. The observed fast 

intersystem crossing time agrees well with previously measured values obtained through 

the femtosecond optical Kerr effect123 and second harmonic generation124. 
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Figure 31:  The electron dynamics for 1ML CuPc on a C60 surface where the S1 lifetime 
is further reduced from electron transfer to C60 and a longer lived feature is 
seen between S1 and T1 

 

For the monolayer coverage of both C60 on CuPc and vice-versa the 

photoemission signal emanating from both the over layer and under layer are visible. The 

signal is enhanced for the top layer due to the surface sensitivity of photoemission. For 

the single layer of the donor CuPc on C60 (Figure 31), the S1 lifetime is reduced to just 

80fs indicating electron transfer to the C60 under layer within the pulse duration. In 

addition to the rapidly disappearing S1, a new weak population is observed just below the 

S1 between the singlet and triplet states. This is first tentatively assigned as the interfacial 

charge transfer exciton (ICTE).  
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Figure 32:  Electron dynamics for 1ML of C60 grown on a CuPc surface showing the 
enhanced ICTE due to the electron residing in the topmost layer. 

 

When the morphology is reversed and a C60 monolayer is grown on a thick CuPc 

film (Figure 32), the intermediate population corresponding to the ICTE is greatly 

enhanced due to the transferred electron residing in the upper C60 layer. The position and 

energy relaxation of the ICTE can be directly observed as it relaxes in energy.  
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Figure 33:  Photoemission populations shown at a series of pump-probed delays are fit 
with Gaussian distributions for the S1 (blue) and the CTE (red) populations 

 

Individual photoemission scans at each delay are fit with two Gaussian 

components consisting of the lower energy CuPc T1 and higher energy ICTE (Figure 33). 

The energy relaxation of the ICTE can be traced until it merges with the population of the 

T1 and the populations can no longer be distinguished. The final peak position of the 

cooled ICTE can be estimated by comparing the peak-center with monolayer CuPc on 

C60, where T1 dominates the spectrum. The final estimated ICTE position appears to be 

≈0.1-0.2eV above the CuPc T1. The rate of ICTE cooling can be fit with a single 

exponential with a lifetime of ≈1ps and a total energy relaxation of ≈0.3eV. In addition to 
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cooling there is some fast population loss that may be attributed to recombination and/or 

back electron transfer to the CuPc layer.  

 

 

Figure 34:  Below: The energy relaxation of the ICTE state is plotted as a function of 
pump probed delay Above: The process of excitation to form the ICTE and 
subsequent cooling of the ICTE is shown above 

 

Exciton production at the CuPc/ C60 interface was concurrently investigated by 

Jailebekov et al. by electric field induced second harmonic generation. Briefly, the 

transient electric field at the interface was monitored indicating an ICTE and/or electron 

transfer from CuPc to C60. For excitation energies resonant with the first exciton 

transition the rise of the field occurred in ≈80fs. The final picture can be assembled from 

the two complementary experimental techniques as the direct excitation of a hot ICTE 

which may either undergo separation or subsequently cools to the lowest energy state 

(Figure 34).   
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CONCLUSION 

The interfacial charge transfer exciton was directly observed with TR2PPE. The 

first the direct observation of the interfacial charge transfer state gives further credence to 

the significance of their role as intermediate states for electron separation at organic-

organic interfaces. The subsequent cooling of the ICTE shows both the existence of hot 

transfer states and provides a kinetic timetable necessary for efficient charge separation. 
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Chapter 5: Singlet Fission and Competitive Electron Transfer   

 

Much of this content of this chapter has been published as:  

 
Wai-Lun Chan, John R. Tritsch, and X. –Y. Zhu, “Harvesting Singlet Fission for Solar 
Energy Conversion: One-Versus Two-Electron Transfer From the Quantum Mechanical 
Superposition,” Journal of the American Chemical Society 134, no. 44 (November 7, 
2012): 18295–18302, doi:10.1021/ja306271y. 

 

The following chapter provides a brief introduction for singlet fission as an 

enhancement for photovoltaic devices. This is followed by investigations of direct and 

indirect electron transfer at the CuPc/C60 interface.  

 

INTRODUCTION 

Singlet fission (SF), an analog of multiple exciton generation, results in 

generation of two lower energy triplet electron-hole pairs from a single exciton. Singlet 

fission materials can potentially act as sensitizers for shorter wavelengths by providing a 

boost in photocurrent when combined with a smaller gap primary absorber. Concurrent 

collection of charge from both direct and fissioned excitations can greatly enhance 

conversion efficiency of the solar spectrum, with a theoretical maximum surpassing the 

Shockley-Queisser limit5,125.  

It is well understood that a careful kinetic balance is necessary to achieve greater 

conversion efficiencies utilizing SF. The rate of singlet fission must out compete 

processes such as fluorescence, intersystem crossing, internal conversion, and direct 

electron transfer126. Of the competitive electronic processes only electron transfer is not 

solely determined through the donor SF material. Fortunately a wide variety of isolated 
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materials appear to undergo efficient SF. For example, oligoacenes, in which SF was 

originally observed127, show excellent conversion efficiencies with observed internal 

quantum efficiencies as high as 200% in single crystal pentacene128 and tetracene43. 

Unfortunately it is also well known that competitive electron transfer at organic-organics 

interfaces can occur in a sub-100 fs timescale124,129. For pentacene, the extremely short 

lifetime of the [S1⇔ME] superposition state is not affected when in direct contact with 

the electron acceptor C60. One electron transfer from the pentacene S1 state to C60 in not 

competitive on the 100fs time scale and two-electron transfer from ME and 2xT1 to C60 

dominates. For tetracene the relatively long decoherence window makes electron transfer 

from both the S1 and the ME state competitive. To effectively utilize singlet fission to 

enhance efficiency it is necessary to examine the kinetics and efficiency of collection 

specifically for a donor acceptor interface.  

 

TR2PPE OF THE TETRACENE/ C60 INTERFACE 

To monitor competitive electron transfer a tetracene/C60 interface is prepared. The 

electron transfer dynamics are recorded for both the donor and acceptor by preparing a 

monolayer coverage of tetracene on C60 and monolayer coverage of C60 on CuPc. Slow 

decoherence time of the tetracene allows for simultaneous monitoring of the two 

competing charge transfer channels. 

Sample Preparation 

Thin film samples were grown by thermal evaporation in an ultra-high vacuum 

(UHV) chamber with a base pressure of 3x10-9 Torr. A clean single crystal Au(111) 

surface was prepared by repeating three time a standard sputtering (1 keV Ar, ≈ 5 µA cm-

2, 20 min) and annealing (770K, 60 min) cycle. A five monolayer C60 film (Sigma-
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Aldrich, 99.9% purity) was prepared as described by Dougherty et al.119 to produce a 

(2x2) R30o super-lattice as confirmed by low energy electron diffraction. Tetracene 

(Luminescence Technology, >99.5% purity) was vapor deposited on the crystalline C60 

surface to give tetracene thicknesses ranging from 1 ML to 18 ML. Polyacenes grown on 

C60 are known to adopt bulk-like crystalline structure with the long axis of the molecules 

close to the surface normal. Further depositions of 1-2 ML C60 on top of the tetracene 

surface were performed for the reverse structure analysis. After the depositions, the 

sample was transferred in-situ to the analysis chamber with base pressure of 1x10-10 Torr 

for the two-photon photoemission (2PPE) experiments. 

TR2PPE were collected for samples temperatures of ≈180 K (cooled by liquid 

nitrogen). The tetracene was excited directly excited by a visible pump laser pulse (hv1 = 

2.32 eV) from the output of an optical parametric oscillator (Coherent Mira-OPO). The 

photon energy was chosen to match the first absorption peak in tetracene thin films. The 

pulse energy and duration were 2 nJ and 100fs respectively. The excited electron was 

ionized by a time-delayed UV probe laser pulse (hv2 = 4.65 eV, pulse energy = 0.25 nJ, 

pulse duration = 140 fs) which was frequency tripled from the output of the Ti:sapphire 

oscillator (Coherent Mira HP). The laser beam diameter had a full width half maximum 

of 0.35 mm at the sample surface. The repetition rate of the laser was 76MHz. For 

experiments on the C60/tetracene/ C60/Au(111) multilayer sample, the repetition rate of the 

laser was reduced to 3.9 MHz by a pair of pockel cells (Conoptics 350-160-02) to avoid 

the buildup of a steady-state photoemission signal from residual electrons in the C60 layer 

(from charge separation) that did not recombine between two consecutive pulses. The 

photoelectrons were detected by a hemispherical electron energy analyzer (VG-Scienta 

R3000).  A sample bias of -2.5 V was applied to the sample during measurements to aid 

in collecting emitted electrons. 
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Tetracene/C60 Interface 

It is important to note the surface sensitivity of the TR2PPE technique results in 

the spectrum being primarily representative of the first layer. For thick films the 

photoemission signal can be considered that of the pure component of the topmost layer.  

 

 

Figure 35:  Top left: 18ML of tetracene on C60 shows the relatively long-lived  S1⇔ME 
superposition for the isolated tetracene surface Top right: 1ML of tetracene 
on C60 shows fast decay of both S1 and ME states indicating transfer to the 
C60 layer Below Decay dynamics for S1 and ME/2xT1 for both 18ML and 
1ML tetracene  

To determine the transfer rates from tetracene to C60, we compare the TR2PPE 

spectra of the (a pure tetracene film to (b a single tetracene monolayer transferring to C60 

(Figure 35). The tetracene shows the previously mentioned ≈7ps dephasing between the 

ME and S1 with slower overall intensity loss over 100’s of picoseconds from 
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recombination. For the monolayer coverage of tetracene on C60 we see rapid decay for 

both S1 and ME due to transfer to C60. The population of the ME and 2xT1 cannot be 

distinguished from this measurement as the peaks overlap. Fortunately the distinction can 

be made through the large difference of the transfer kinetics of the ME and 2xT1. The S1 

and ME decay with nearly the same rate for the first picosecond. The [S1⇔ME] 

population is still strongly coupled with probability amplitude dependent on the density 

of states of the S1 and ME. Transfer from either S1 or ME removes the exciton from the 

superposition resulting in an apparent loss of both populations. After 1 picosecond the 

ME state shows slower decay, indicating an independent slower transfer channel of 2xT1 

the triplets.  

A kinetic model is constructed with the ME and S1 superposition considered a 

single additive population: 

 
𝑆! ⇔ 𝑀𝐸 = 𝑆! + 𝑀𝐸  

 

A fraction 𝑓! is defined as the percentage of [S1] population in the superposition 

state: 

 
𝑓! =

𝑆!
𝑆! + 𝑀𝐸 = 𝑆!

𝑆! ⇔ ME  

 

The fS value has previously been determined through kinetic modeling of the 

tetracene superposition state and is defined as a constant, 0.5. The decay channels for the 

superposition include both electron transfer to C60 and singlet fission, kET1 and kSF 

respectively. The [T1] population is fed through singlet fission and decays through 

electron transfer with rate kET2. The coupled rate equations are: 
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𝑑 𝑆!
𝑑𝑡 =

𝛼𝐼!!! 𝑡
ℎ𝑣!

− 𝑘!" 𝑆! ⇔ ME − 𝑘!"! 𝑆! ⇔ ME  

 
𝑑 𝑇!
𝑑𝑡 = 2𝑘!" 𝑆! ⇔ ME − 𝑘!"! 𝑇!  

 

where 𝐼!!! 𝑡  is the pump laser fluence and 𝛼 is the absorption coefficient. This 

corresponds to observed TR2PPE intensities proportional to S1=[S1] and 

ME/2xT1=2[ME]+[T1].  The equations are fit to the TR2PPE intensity to find 

kET1=1/0.5ps and kET2=1/26ps indicating significantly faster transfer from the [S1⇔ME] 

superposition than from the T1 state.  

 

 

Figure 36:  Population decay kinetics for the the S1 (left) and ME/2xT1 (right) as a 
function of temperature 

Temperature Dependence 

Due to the uphill energy requirement for singlet fission in tetracene the 

temperature dependence was investigated (Figure 36). Earlier investigations of singlet 
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fission in tetracene alone show no indication of temperature dependence on conversion 

rate for both TR2PPE54 and transisent absorption130 measurements. The electron transfer 

from tetracene also shows no temperature dependence indicating the transfer process is 

not thermally activated. The lack of thermal activation may be due to strong electronic 

coupling and/or a large density of states an the C60 interface131. 

 

 

Figure 37:   (a) TR2PPE response from C60 pumped with the 2.3eV used for excitation of 
tetracene. (b)  1ML C60  on tetracene film showing two charge transfer states 
corresponding to electrons in the LUMO and LUMO+1 of C60 (c) 
Photoemission spectrum at several pump probe delays showing the energy 
alignment and relative contribution from the CT1 and CT2 (d) Combined 
TR2PPE and UPS measurements to produce the energy level diagram 
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C60/Tetracene Interface 

The presented kinetic analysis does not answer the key question; what are the 

relative ratios of one and two-electron transfer from the [S1⇔ME] and T1, respectively. 

To determine the extraction efficiency the reverse morphology is prepared and the 

transfer process is monitored from the acceptor side (Figure 36). For comparison 

purposes the pump-induced change from pure C60 is examined (a) and as expected for the 

pump energy excitation significantly below the first exciton, there is no appreciable 

change. A single monolayer of C60 is then grown on a thick tetracene film. For the 

monolayer of C60 on tetracene, two electron populations appear (b) corresponding to 

charge transfer from the directly excited tetracene underlayer to the C60 overlayer. The 

two populations are assigned to interfacial charge transfer excitons, CT1 and CT2. The 

two features are more easily distinguished by looking at the photoemission spectrum for 

several delay times that clearly show two distinct electron populations (d).  

The CT states are compared with the vacuum level alignment of excited states 

obtained from TR2PPE and occupied states from UPS measurements (c). The observed 

CT1 and CT2 states are 2.6eV and 3.7eV above the C60 HOMO level compared to the 

transport gap of 3.4eV and 3.7eV, respectively132. This indicates an exciton binding 

energy of 0.8-0.9eV, approximately half of the Frenkel exciton binding energies for 

optical excitation to the LUMO and LUMO+1 in C60
133,134. The trapped CT may have a 

lower binding energy if the C60 film is extended in height which may aid in delocalization 

and charge separation109. 

The large energy difference between [S1] and [ME]/2x[T1] leads to transfer to 

differing acceptor CT states on C60 corresponding to the electron in the LUMO and 

LUMO+1 state135. Transfer to the CT1 state results from triplet electron transfer from 

either [T1] or [ME] whereas transfer to CT2 is from direct one-electron transfer from the 
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[S1⇔ME] superposition. The concurrent and nearly instantaneous rise of both CT1 and 

CT2 indicate the electron transfer is occurring directly at the interface and exciton 

migration to the interface plays no role in the initial kinetics. The observed CT1 state 

decays rapidly with a lifetime of approximately 1ps with a concurrent rise in CT1 over the 

same timescale.  

Kinetic Model 

The observed [CT2] and [CT1] populations are used to construct a new kinetic 

model: 

 
𝑑 𝐶𝑇!
𝑑𝑡 = 𝑘!"! 𝑆! ⇔ ME − 𝑘! 𝐶𝑇!  

 
𝑑 𝐶𝑇!
𝑑𝑡 = 2𝑘!"![S! ⇔ ME]+ 𝑘!"! 𝑇! + 𝑘! 𝐶𝑇!  

 

where  𝑘!"! is the one electron transfer from the tetracene [S1⇔ME] superposition, 

𝑘!"!  is triplet electron transfer directly from the [S1⇔ME] superposition, 𝑘!"! is triplet 

electron transfer, and 𝑘! is the relaxation from CT2 to CT1. The rate constants for electron 

transfer can be related to the first kinetic model by: 

 
𝑘!"! = 𝑓𝑘!"!,𝑎𝑛𝑑  𝑘!"! = 1− 𝑓 𝑘!"! 

 

where f is defined as the fractional component of the total transfer corresponding to 

transfer to CT2 and (1-f) for CT1. Some fraction of the observed signal corresponds to 

direct sampling of the underlying tetracene that cannot be separated. To account for this 

the observed intensities are defined to contain a correcting factor Ih = A1[CT2] + A2[S1] 

and Il = A3[CT1] + A4[2[ME]+[T1]] with scaling constants A1, A2, A3, and A4.  
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Figure 38:  Kinetic model fit to the CT2/S1 spectrum (left) and the CT1/ME/2xT1 (right) 
showing the relative contributions from both tetracene and charge transfer 

 

Kinetic parameters obtained from the first model are used for the transfer kinetics, 

(kSF, kET1, and kET2). The new model is fit to the observed CT states by varying kr and the 

relative proportion of transfer to CT1 and CT2 through the parameter f and fixing the 

proportional constants A1-4 to account for tetracene background at early time delay with 

A1/A2=0.44 and A3/A4=0.56. The time evolution is plotted versus the observed 

photoemission intensities with good agreement (Figure 38). The rate kr is determined to 

be 1/110fs by fitting the correlated decay of CT2 and rise of CT1. The rate constant for 

kCT1 can be fit from the sharp initial rise of the lower peak, which is followed by the 

slower rise from transfer from CT2.  
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Figure 39:  Recration of the TR2PPE spectrum applying the parameters of the kinetic 
model to gaussian fits to the spectral lineshapes of the acquired data  
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Figure 40:  Comparison of the TR2PPE reprodction at several pump probe delays 
highlighting the  individual component contributions to the fit 

The completed model may be used to reproduce and compare to the obtained 

TR2PPE spectrum (Figure 39). To do this it is necessary to define the energetic profile of 

the individual electronic populations (Figure 40). This is accomplished by fitting the 

early photoemission profile assuming its is primarily [S1⇔ME]. The CT2 and CT1 states 

are Gaussian fits to the remaining populations after 5 and 15ps respectively. The T1 state 

was assigned to any remaining spectral signal. The fitted electronic peaks correlate 

directly with the energetic alignment measured through UPS and the known S1 and T1 
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energies in pure tetracene. The fit components are plotted along with the experimental 

data for several time delays to show the relative contribution from the individual 

components.  

The fractional component of the direct one and two electron transfer can be 

determined from the amplitude of both the fast and slow rise of CT1. All fit rate constants 

are highlighted in the diagram below: 

 

 

 

The fit parameters lead to an f value of 0.6, with 60% of the electron transfer as 

single electron and 40% from two-electron triplet states. This corresponds to an 

extraction yield potentially higher than unity, but below the ideal of pure two electron 

transfer. Rate constants may be varied by as much as 10-15% and an agreeable fit may 

still be obtained, however this does not significantly change transfer fraction. 

 

CONCLUSION 

The electron transfer dynamics were determined for the tetracene/ C60 interface. 

Through the kinetic model the direct single electron transfer was found to be dominant, 

with 60% of the electron transferred as single electrons. This severely limited the singlet 

fission efficiency at the interface. Triplet electron transfer from singlet fission was 

observed to have fast transfer kinetics, however the bottleneck of slow decoherence of the 

ME state prevents this electron pathway. The dominant charge transfer is direct one 

 

[S1 ⇔ ME] 0.15
ps−1⎯ →⎯⎯ 2 ×T1

↓ 1.2  0.8 ↓ 0.04
CT2 0.11⎯ →⎯⎯ CT1
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electron transfer from the [S1⇔ME] superposition state as a result of the long 

decoherence time. For previous studies of electron transfer from pentacene with the 

extremely fast decoherence showed the opposite result with a majority of the transfer 

occurring as triplet transfer. The strongly exergonic process of pentacene singlet fission is 

neither ideal for combating energy loss and the low energy of the triplet state limits the 

achievable electric potential. For many systems (including tetracene) such as 1,3-

diphenylisobenzofuran, rubrene, and 5,12-diphenyltetracene the fission process occurs 

over a longer timescale where direct one-electron transfer will dominate.  
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Chapter 6: Singlet Fission: Charge and Energy Transfer 

 

Much of the content of this chapter has been submitted for publication: 

John R. Tritsch, Wai-Lun Chan, Nicholas R. Monahan, and X. –Y. Zhu, 
“Harvesting Singlet Fission for Solar Energy Conversion via triplet energy transfer,” 
Nature Commun. Under review. 

 

In the following chapter the investigation of organic junctions is continued with the 

primary electron donor acts as an intermediate acceptor. The competition between direct 

charge transfer, triplet energy transfer, and singlet fission is measured with TR2PPE. 

 

INTRODUCTION 

In order to minimize direct electron transfer it would be advantageous to remove 

the SF material from the charge-separating interface. In this scheme the relatively long-

lived triplet excitons could be collected through intermediate exciton energy transfer 

before eventually reaching the charge-separating interface. Baldo et al136 recently 

demonstrated successful enhancement of the performance of a photovoltaic device 

through singlet fission utilizing mixed tetracene/CuPc/C60 interface, although absolute 

conversion efficiency remains low. In their multilayer solar cell, triplets from SF must 

first undergo energy transfer at the tetracene/CuPC interface before charge separation 

occurs at the CuPC/C60 interface. Under the founded assumption that competitive electron 

transfer is fast compared to singlet fission it is curious to see photocurrent enhancement 

under these conditions. While the kinetics of singlet fission as a mechanism has received 

much attention, effects of the interface are not well understood. The following chapter 

contains a TR-2PPE investigation of the tetracene/CuPc interface to determine the 
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kinetics and efficiency of charge and energy transfer from the SF donor tetracene to the 

intermediate donor molecule CuPc.  

 

TR2PPE AT THE CUPC/TETRACENE INTERFACE 

Sample Preparation 

Sample films were prepared in-situ in an ultra high vacuum (UHV) chamber with 

base pressure of 3x10−9 Torr. All films were grown starting with a 1cm2 single crystal 

Au(111) surface. Surface preparation involved standard argon sputtering and anneal three 

times (Ar 10μAcm−2 for 20 min, 773K for 60 min). A five monolayer C60 film (Sigma-

Aldrich, 99.9% purity) was prepared as described by Dougherty et al.119 to produce a 

(2x2) R30o super-lattice as confirmed by LEED. This was done to reduce interaction with 

the Au substrate that produces a standing tetracene film. Tetracene (Sigma-Aldrich, 

99.99% purity) was vapor deposited onto the fullerene surface, 23 C, at 1Å s−1. 

Subsequent layers of CuPc (Sigma-Aldrich 99.9%) were vapor deposited directly onto 

the tetracene surface, 25C, at 1Ås−1. Samples were transferred in-situ to a separate UHV 

chamber with base pressure 1x10−10 Torr for all analysis. 

Pump and probe pulses were generated from the output of Coherent Ti:Sapph 

oscillator (Mira-HP, 100fs, 76MHz). The visible (510nm) pump pulses were generated by 

an optical parametric oscillator (Mira-OPO, 85fs). The probe pulses were generated from 

the frequency-tripled output of the oscillator (267nm, INRAD 50-0150, 140 fs). A pair of 

pockel cells (Conoptics 350-160-02) was utilized to reduce the repetition rate to prevent 

the buildup of long-lived trapped excitons/charges. The pump pulse is sent through a 

computer control variable delay stage before being non-collinearly recombined with the 

probe and focused (FWHM 0.35 mm) onto the sample in the chamber. Photoelectrons 
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were detected with a hemispherical electron analyzer (VG-Scienta R3000). Ultraviolet 

photoelectron spectroscopy was carried out with the He-I line (21.2eV) of a differentially 

pumped helium discharge lamp (VG). A small bias of either 2.5 V or 3 V was applied 

between electrically isolated sample and analyzer to aid in collection of the low energy 

electrons. 

 

 

Figure 41:  UPS and 2PPE measurements were combined to determine the interfacial 
energy alignment for 20nm tetracene with increasing coverage of CuPc 
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Figure 42:  Final energy alignment of the CuPc/tetracene interface showing the pump 
photon energy with a dashed line 

Interfacial Alignment 

To determine the interfacial energetic alignment at the tetracene/CuPC interface, 

combined UPS and TR-2PPE measurements were performed for a 20nm tetracene thin 

film and with a series of increasing CuPc overlayers (Figure 41). Combining the valence 

features from UPS and the excited state positions determined through TR2PPE we 

determine the interfacial energy alignment (Figure 42). The result is a quasi type-I 

interface with a high level of overlap between tetracene and CuPc for both the HOMO 

and T1 levels. From the energy alignment, both energy transfer and electron transfer from 

tetracene S1 to CuPC LUMO is favorable.  

To determine the transfer kinetics, TR-2PPE was performed for 2 nm overlayer of 

CuPc on both 2nm and 20nm tetracene film. The pump photon energy, 2.4 eV, is chosen 

such that there is a high absorption cross-section for tetracene but not CuPC. 

Furthermore, we note that photoemission experiments are intrinsically surface sensitive, 

e.g. for coverage of only 2nm the valence features of CuPc dominate the photoemission 

signal in UPS measurements. This surface sensitivity combined with low absorption from 
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CuPc enables selective excitation of the tetracene under layer while monitoring 

electron/energy transfer at the CuPc interface through photoemission.  

 

 

Figure 43:  TR-2PPE for 2nm CuPc on 2nm tetracene b) TR-2PPE for 2nm CuPc on 
20nm tetracene c) Pure CuPc d) Kinetic traces comparing showing 
integrated intensity from the observed interfacial CTE (blue) and the 
tetracene underlayer (red) 

 

Charge Transfer 

Figure 43 shows the 2PPE spectrum for the 2nm CuPc/2nm tetracene and 2nm 

CuPc/20nm tetracene, which produce nearly identical spectra over the first 10ps. The 

collected spectrum is a sum of dynamic contributions from excitations contained within 

the tetracene underlayer, within CuPc, and transfer to CuPc at the interface. To 

qualitatively isolate the contribution from electron transfer, the components of the 

spectrum from isolated tetracene and CuPc films were determined and removed (Figure 

44). To accomplish this, the initial population upon excitation was matched using a 

combination of signal from pure tetracene and pure CuPc. Tetracene background was 



 91 

easily identified and subtracted by the high-energy S1 tail leaving the remainder as 

contribution from CuPc. The combined background signal from pure tetracene and CuPc 

was subtracted for each pump-probe delay to produce a difference spectrum consisting of 

positive populations only present at the interface.  

 

 

Figure 44:  Underlayer subtraction showing a) the as collected TR2PPE spectrum for 
2nm CuPc/20nm tetracene interface b) the features in the spectrum from 
only the interface c) photoemission cross section of the subtracted 
components from pure CuPc and tetracene 

After isolating the interfacial features the observed dynamics can be easily assigned. 

Immediately upon excitation the tetracene S1⇔ME superposition is populated creating 

photoemission intensity at the tetracene T1 and S1, -4.35eV and -3.2eV respectively, as 

expected by previous measurements. Contribution from directly excited CuPc produces a 

small enhancement at the CuPc S1 position, -3.85eV, that is greater for the thicker film 

due to small variations in pump wavelength. The direct excitation was extremely 

sensitive to the wavelength of the pump pulse and with a pulse bandwidth of 10-15nm the 

center wavelength was not rigorously kept in tune by the control electronics, resulting in 

slight differences in the level of direct excitation of CuPc, however this does not change 
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the transfer dynamics in any way. Dominant in both acquired spectra is a broad new peak 

centered at -3.6eV (within the blue lines in Figure 43a) attributable solely to the interface. 

Analysis of the peak onset indicates that the new feature is delayed by approximately 

400fs from that of initially populated tetracene S1. This can be assigned to a charge 

transfer exciton residing at the CuPc/tetracene interface consistent with the energy offset 

of the tetracene and CuPc S1 excitons. The CT state quickly recombines completely 

disappearing within 10ps and further residual emission intensity at this energy is 

dynamically consistent with background from the tetracene under layer. This shows 

direct evidence of competitive electron transfer from the S1 of tetracene to CuPc 

occurring well within the fission timescale of 7 ps.  

 

 

Figure 45:  TR-2PPE for 2nm CuPc on 2nm tetracene b) TR-2PPE for 2nm CuPc on 
20nm tetracene  c) background d)Kinetic traces comparing the overlapping 
triplet intensity for pure CuPc, pure Tetracene, and CuPc/tetracene interface 

 

Energy Transfer 

Examining a longer timescale we see a stark contrast between the 2nm and 20nm 

tetracene underlayer in Figure 45. A steady triplet population is observed for the 2nm 
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underlayer corresponding to a simultaneous sampling of both the tetracene and CuPc T1. 

Electron transfer to either CuPc S1 or triplet transfer from tetracene ME/T1 cannot be 

distinguished. In contrast the 20 nm tetracene interface shows a large T1 population 

increasing over a period of 150 ps. Again we use the background-subtracted spectrum to 

highlight the magnitude of the interfacial components. The increased T1 signal is due to 

Dexter energy transfer from excitons diffusing to the interface from deeper within the 

tetracene under layer.   

Kinetic Model 

We apply a simple kinetic model to determine the relative rates of charge and 

energy transfer at the interface. We consider the directly excited S1⇔ME coherent 

superposition as a single entity with equal contribution from [S1] and [ME] as 

determined in previous experiments54. The competitive rates of singlet fission, kSF, and of 

charge transfer, kCT, draw from this shared population. Singlet fission leads to population 

of the tetracene T1 which acts as a reservoir for energy transfer to CuPc T1 with rate kET. 

Charge transfer results in population of the CT state, which decays with recombination 

rate kRC. Writing out the populations we have, 

 
𝑑 𝑆1⟺ 𝑀𝐸 𝑑𝑡

𝑑𝑡 = 𝐼!!! 𝑡 − 𝑘!" 𝑆! ⟺ 𝑀𝐸 − 𝑘!" 𝑆1⟺ 𝑀𝐸  

 
𝑑 𝑇1!"#

𝑑𝑡 = 2𝑘!" 𝑆1⟺ 𝑀𝐸 − 𝑘!" 𝑇1!"#  

 
𝑑 𝐶𝑇
𝑑𝑡 = 𝑘!" 𝑆1⟺ 𝑀𝐸 − 𝑘!"[𝐶𝑇] 

 
𝑑 𝑇1!"#$

𝑑𝑡 = 𝑘!" 𝑇1!"#  
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where 𝐼!!! 𝑡  is the optical Gaussian pulse initially populating the tetracene  

superposition state.  

 

 

Figure 46:  Normalized intensity showing the interfacial CTE and CuPc T1 (red dots) 
compared with fits to the model (black lines) 

 

The rate of singlet fission is fixed at 7ps-1
 from previous measurements. We fit the 

parameters kCT and kRC to the delayed rise and fast decay of the isolated CTE state (Figure 

46). The recombination rate is found to be 2.6ps and is greatly enhanced due to the 

confinement of the CTE to the interface. More important is the crucial rate of charge 

transfer is found to be just 400fs. This timescale is consistent with previous studies of 

charge transfer at both CuPc/ C60
124 and Tetracene/ C60 interfaceS1. Electrons transferred 

at the interface yield from the same population needed for singlet fission. The large 

difference in the two competing rates (fission rate and the charge transfer rate) results in a 
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branching ratio with singlet fission accounting for just 11% of total transferred electrons 

at the interface. Most excitons at tetracene/CuPC will, therefore, undergo single electron 

transfer resulting in a significant energy loss channel.  

We also fit the slow rise of the triplet population in to a single exponential rise. 

We assigned that to the rate of triplet energy transfer kET. This rate is found to be 45ps, 

which is uncompetitive with either singlet fission or charge transfer. Therefore, the total 

growth of the CuPc T1 for the 20nm tetracene underlayer cannot be attributed to 

contributions solely from the interface. In addition, the experimentally observed intensity 

of the CT state is less than 10% of the CuPc T1 population growth for the 20nm tetracene 

sample, nearly opposite of expectation from charge transfer dynamics of the interface. 

Precise quantitative populations are difficult to determine as photoemission cross-

sections may vary between the CT and T1 state, but the scale of the observed difference 

suggests a simple explanation. The substantial T1 growth is from tetracene T1 excitons 

generated away from the interface therefore unable to participate in competitive charge 

transfer before SF occurs. Indeed if we assume a uniform production of triplets in the 

tetracene underlayer and model triplet population diffusing from the tetracene layer to the 

probed region starting one nanometer away the obtained diffusion coefficient is 1.7x10-4 

cm2/s, nearly the previously reported average value for tetracene triplet diffusion of 1x10-

4 cm2/s 43. 

 

CONCLUSION 

To conclude, we used TR2PPE to observe the competitive charge and exciton 

transfer at the CuPc/C60 interface. We observe electron transfer is dominant at the 

interface significantly reducing singlet fission efficiency in tetracene. While 
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uncompetitive with charge transfer, singlet fission within the bulk leads to significant 

triplet exciton transfer limited by triplet diffusion within the donor to the interface.  

Reducing donor-donor interfacial area should produce improvements in collection of 

charges from singlet fission until limitations of film morphology, hole transport, and 

triplet exciton diffusion rates become dominant. 
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