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ABSTRACT

Singlet fission (SF) is a process that occurs in some organic semiconductors whereby
the photoexcited singlet exciton (SE) undergoes internal conversion to a multiexciton
triplet-triplet (TT) state, which subsequently splits into two independent triplet excitons.
This process was first observed in crystalline acenes (most notably pentacene) in the
1960s. Renewed interest on singlet fission has been seen dramatically increased in recent
years because of its potential in harvesting charges from the triplet excitons in organic
photovoltaic cells, thereby doubling the photocurrents. It was shown that the cell external
guantum efficiency may exceed 100%, and thus it could potentially overcome the
Shockley-Queisser PV efficiency limit under the sun illumination.

In this work, we used various optical techniques in our research arsenal to uncover
the intrachain singlet fission in a new class of OPV materials, namely low bandgap -
conjugated polymers, which was used as the electron donor in bulk hetero-junction solar
cells. These copolymers produced a record high power conversion efficiency of ~ 8% in
an optimum OPV device. Particularly, we introduced two new novel techniques, the
nanosecond to millisecond transient photo-induced absorption and transient magneto-
photoinduced absorption, dubbed t-PA and t-MPA, respectively, to unravel the
population exchange between the singlet exciton and triplet pair (TT) state, which is a

new quantum state constituted by two correlated triplet excitons. Using the t-PA in



picosecond time domain, we detected the TT state that appears simultaneously with the
singlet exciton SE within 300fs time resolution of our experimental setup. The
picosecond t-MPA technique further elucidates the nature of TT state, showing its
coupling to the SE through their spin exchange interaction with the interaction strength as
large as ~30mT. Using the t-MPA together with the ns t-PA, we found that the TT state
later separates into two uncorrelated triplets in microsecond time domain.

In the copolymers/PC7:BM blend, which was used as the active layer in OPV devices,
the TT state dissociates, by the unique spin conserved process, into one polaron pair in
triplet configuration, PPt ; leaving behind one triplet on the copolymer chains within
20ps. The PP+ could either dissociate into free charges to generate photocurrents in cell
devices or recombine back to triplet excitons. Here we observed the “back reaction”, PP+
- triplets, in nanosecond time regime, which we identify as a loss mechanism for charge
photogeneration in solar cell devices. We also introduce a method to reduce the carrier
loss mechanism by the “back reaction” of PP into triplet excitons on the copolymer
chains, by adding spin % radicals; this method may be especially suitable for copolymer-

based OPV cells.
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CHAPTER 1

INTRODUCTION

Polymeric materials have been used since prehistoric time in the form of wood, bone,
skin, and fibers. These saturated polymers, in which four valence electrons of carbon are
used up in covalent bonds, are insulators. In 1976, the conducting polymers were
discovered by a talented group of scientists, Alan MacDiarmid, Hideki Shirakawa, and
Alan Heeger, who were awarded a Nobel Prize in Chemistry in 2000 [1,2]. The discovery
promised a new generation of photonic materials which possess the electrical and optical
properties of metals or semiconductors, but sustain the attractive mechanical properties
and processing advantages of polymers. Nowadays, the conducting or conjugated
polymers have been applied in a wide variety of optoelectronic applications such as:
organic light emitting diodes (OLEDS) [3,4], organic photovoltaics (OPVs) [5,6], organic
field effect transistors (OFETS) [7], organic spin vaves (OSVs) [8,9], and recently in
biosensing applications [10,11], although their applications are still behind those of their
inorganic counterparts partly due to some issues of stability, scalability, and efficiency.
Despite their shortcomings, the conjugated polymers still attract many researchers around
the world as they try to understand the fundamental chemistry and physics of these

systems.



1.1 n-Conjugated Polymers

Conjugated polymers are n-bonded carbon-based large molecules in which the
fundamental monomer unit is repeated many times. The electronic configuration of
carbon in its ground state is 1s°2s°2p®. To form bonds, one of carbon’s 2s electrons is
promoted to a 2p orbital for hybridization of orbitals which subsequently creates two sp,
three sp?, or four sp® hybrid states. The sp? hybridization configuration in which one 2s
and two 2p eectrons combine to form three sp? hybrid orbitals, leaving the 2p, orbital
perpendicular to them as shown in Figure 1.1a, is typicaly found in the conjugated
polymers. In the case of ethane shown in Figure 1.1b, three sp? orbitals of one carbon
atom overlap with two 2s orbitals of hydrogen and one sp? orbital from a second carbon
atom to form o-bonds lying within the plane of the molecule, while the two remaining
2p; orbitals overlap above and below the molecule plane to form a delocalized n-bond.
In the conjugated polymer, the m-bonding orbitals of successive carbons along the
backbone overlap, leading to electron delocalization along the backbone of the polymer.
This delocalized n-electron system is responsible for the electronic and optical properties
of the polymers. The theoretical formation of molecular orbitals in conjugated polymers
will be discussed in detail in the next section of this chapter. In general, the n-bonds
between carbon atoms in polymers form molecular orbitals; the n-bonding orbital or =
band is the lowest energy state, known as the Highest Occupied Molecular Orbital
(HOMO) while the antibonding "~ orbital or =~ band is the higher energy state, referred
to as the Lowest Unoccupied Molecular Orbital (LUMO). Since each carbon contributes
a single p, electron to the bond and according to the Pauli exclusion principle which

allows only two electrons (spin up and spin down) per quantum state, the « band isfilled



Figure 1.1: Formation of the t-bonding orbital (a) Schematic orbitals of a sp* hybridized
carbon atom (green). Blue represents the p, orbital perpendicular to the plane of the sp?
orbitals. (b) w-bonding in ethene, the p, orbital overlaps above and below the molecular
plane formed by the o-bonding. (c) A conjugated backbone showing the p, orbitals
overlapped.

and the = band is empty. Consequently, conjugated polymers are semiconductors whose
energy gap Eq is the energy difference between the n band (HOMO) and the n band
(LUMO). The size of the energy gap depends on the molecular structure of the unit cell,
and can be easily controlled by design at the molecular level [12]. The typical energy gap

of conjugated polymersisafew eV; 2.1 eV for MEH-PPV, for instance.

1.2 Symmetry Groups
The symmetry of linear polymer chains that possess a 2-fold rotation symmetry and a
horizontal mirror plane is described by the Cy, point group [13]. The overal electronic

wave function of linear polymers may be classified according to the symmetry operators.



If the molecular orbital wavefunctions change (do not change) sign under inversion
operations, then they are named as u (g), and dubbed as B (A) if they change (do not
change) sign under C, rotation operations. The irreducible representations of the Cyp,
point group to which the electronic wavefunctions of r-orbitals along the conjugated
length belong can have either Ay or By, symmetry [14]. Since the n-band (HOMO) in
PCPs are even (under inversion operation), the ground state has Ay character. The next
excited state (LUMO) carries B, character and the state above that (LUMO+1) becomes
Ay again, and so on. The term symbol describing different states of a polyatomic is
n**1", where n is the overall quantum number, (2S+1) is the spin multiplicity (1 for

singlet and 3 for triplet), and I' is the irreducible representations of electronic

wavefunctions. Therefore, the ground state exciton is labeled as 1'A,.

1.3 Optical Selection Rules
An optical selection rule is a condition constraining the physical properties of the
initial and final states of an optical system that is necessary for an optical process (mostly
absorption and emission of photon radiation) to occur with non-zero probability. The
transition probability is governed by Fermi’s Golden rule for the rate of atransition from

aninitial state |¥;>to afina state |[¥;> as:

dP¢i
Ofi— d_: :%lei |28(Ef'Ei), (1.1)

where Hyi = (\Ps|H|¥i), H, = p. E(t) is the interaction Hamiltonian, E(t) is the oscillating

electric field of the light, and p = X;er; is the electric dipole moment operator.



Assuming the oscillating electric field to be E(t) = Eo(€*' + €') where o is the

frequency of the light, we can rewrite equation (1.1) as

w._dei_ZT[
i~ q, “3n2

|Eo [ |usi 8(Es-Eitho), (1.2)
where ps= (Wi|p|¥;) is the transition dipole moment.

The transition dipole operator p is antisymmetric under the inversion symmetry. Thus
for a transition to occur with non-zero probability, the transition dipole moment needs to
be non-zero: the initial [¥;) and final |¥s) states must be of opposite parity. This means
that the optical transitions are only alowed between the gerade, g , and ungerade, u,
states with the same spin multiplicity: singlet to singlet or triplet to triplet, given that the
electric dipole operator conserves total spin[15]. Note that the spin selection rule may be
overrun by the spin orbital coupling which mixes singlet and triplet states and alows a
spin-flip to occur [16].

The term “alowed or forbidden” in the optical selection rule discussed above often
refers to the linear electric dipole transitions which have a much higher probability (or
rate) than the alternative transitions which might be due to magnetic dipole moments,
higher order electric dipole moments, or simply lack of the symmetry of the states caused
by extrinsic factors such as disorder or applied electric field [17]. While those transitions
may violate the optical selection rule, they are much weaker and take place on much
longer time scales than purely allowed linear dipole transitions.

Conjugated polymers have inversion symmetry, which results in electronic states that

possess either even (Ag) or odd (B) parity. If electron-electron interactions are neglected,



excited states with even symmetries are higher in energy than those with odd symmetry

asseenin Figure 1.2, thus the ordering of the first two excited statesis

E(1'By) < E(2'Ay)) (1.3)

The electron-electron interaction may change the order of the first two excited states,
bringing the 2'A, state below the 1'B, state, consequently affecting the optical properties

of the PCP as[18]

E(2'Ag) < E(1'By) (1.4)

Since the optical transition between the 2'A4 and 1'A4 are dipole-forbidden, the
polymers of this type are nonluminescent as in the case of trans-polyacetylene and poly-

diacetylene[19].

1.4 Frank-Condon Principle
The transition dipole moment matrix element, u;= (Ws|p|¥i), governs the optica
properties of conjugated polymers, including absorption, emission, etc. The Frank-
Condon principle, a restatement of the Born-Oppenheimer approximation, provides a
simple way to calculate it. Due to strong electron-phonon coupling, the wavefunctions

describing the states which are dipole-connected are dependent on the electronic and

nuclear (or vibrational) degrees of freedom, |¥;)= |chffc)|y)jiff). The nuclear

wavefunction | Y)f’_.if’ ) defines the motion of the nucleus in the electronic adiabatic
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Figure 1.2: The excited state ordering of (a) E(1B,) <E(2Ay) which allows the polymer
fluorescence. (b) E(2Ag) < E(1By) for which fluorescence is forbidden.

potential energy surface. Since the nuclear Hamiltonian is coordinate-dependent and
nuclear motions involve a different coordinate system, the normal coordinate [Qx] is
being used to describe their motion [20]. In that system, each vibrational mode has a
coordinate and can be treated as a harmonic oscillator as displacements of the nuclel from
their equilibrium positions are small. As seen in Figure 1.3a, the initial (ground) and final
(excited) states have a shift in potential energy minimum in normal coordinate space.

The Frank-Condon principle assumes that electron transitions occur so fast that the
heavier nuclei remain stationary. After the electronic transition takes place, the nuclel
respond by moving along the adiabatic potential energy surface of the excited state to a
new equilibrium position, bringing about a change of the molecule to the excited state
configuration. This configurational change is known as relaxation (or reorganization) and
the energy involved is known as the relaxation energy, E;q. Emission follows the same
route but in reversed order. In the potentia surface energy diagram, the electron
transition is vertical as shown in Figure 1.3b. The vibrational relaxation of the nuclel

towards the bottom of the excited state' s adiabatic energy potential leads to the so-called
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Figure 1.3: The Frank-Condon principle (a) Potential energy surface of the ground and
excited states with the vibronic modes of wavefunctions plotted in the nuclear coordinate
Q. The absorption and fluorescence electronic transitions are vertical according to the
Frank-Condon principle. (b) Vibrational relaxation to the bottom of the potential surface
upon the absorption and fluorescence, each with relaxation energy A. () A mirror image
of absorption and emission spectrum shows a stokes shift of 2\ (adapted from
http://web.mit.edu/5.33/www/lec/spec6.pdf).

“Stokes-shift” between the absorption and emission spectra (Figure 1.3c). In generad, the
“Stokes-shift” can be attributed to the combined effect of vibrational relaxation of nuclei
and exciton migration to longer and lower energy sites; the latter results in sharper
emission spectra than absorption spectra.

The Frank-Condon principle alows the separation the nuclear and electronic parts of


http://web.mit.edu/5.33/www/lec/spec6.pdf�

the wavefunction |[¥;;)= I??lf C(Qk))l?’]ﬁfl.b ) , where the |¥f;ffc(Qk)) represents the
electronic part in the normal coordinate Qx, and |5’¢‘f’ ) represents the nuclear part

associated with the | Yf;ffc(Qk)). The transition dipole moment then becomes

i (I = (1P QIPI Y710 (@) 170 = (#7*° (@ lp1 (@)

ui = (P12 = 1 QO (P 1) (15)

(Yf;ib | ?’i’ib ) is the overlap integral of nuclear wavefunctions, and uf;(Qx) is the electric

dipole moment evaluated at the equilibrium value of Qx in theinitia state.

The intensities of a given transition are proportional to the amplitude square of its
dipole moment matrix element: sl =| 1% (QF K sﬂ;“’| %) |%. The set of al vibrational

transitions belonging to a given electronic transition is caled a band system. The
intensities of various vibrational bands are governed by the sguares of the vibrationa
overlap integral, which is called the Frank-Condon factor.

Ideally, an optical band, either absorption or emission, contains a series of sharp lines
with spacing gap of No.i, and with weighting factors governed by the Frank-Condon
factor. In reality, the line shape of transitions will have some broadening which is due to
1) inhomogeneous disorder (Gaussian lineshape) in which along polymer chain can have
defects along the chain such as twists or kinks, resulting in conformational disorder [21-
23]; 2) homogeneous disorder (Lorentzian lineshape) in which there are fluctuations in
site energy due to the changes in geometry associated with the torsions within

conformational sub-units [21-23].
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1.5 Low Bandgap Copolymers

Low bandgap copolymers form a new class of w-conjugated polymers which promise
a breakthrough in power conversion efficiency (PCE) of OPV solar cells. Two excellent
candidates, PDTP-DFBT and PTB7 (shown in Figure 1.4), which show a record PCE of
~ 8% are the main focus of my PhD dissertation work. While PTB7 is commercialy
available, the PDTP-DFBT was solely synthesized by our collaborators at the University
of California-Los Angeles. The synthetic route, chemical structure, BHJ solar cell device
fabrication, and PCE measurements are described in refs. [24,25]. The backbone structure
of the low bandgap copolymer is different than that of the homopolymer (PCP) in that the
unit cell of the copolymer is composed of two intrachain moieties with different electron
affinities, an intrinsic donor-acceptor structure (Figure 1.4). The “D-A” structure of the
low bandgap (LBG) copolymer makes its optical and electrical properties distinct among
the m-conjugated family such as low optical gap extending to the NIR spectral region,

strong singlet fission yield, and unique charge dissociation in polymer/fullerene blends.

1.6 Theoretical Models for n-Conjugated Polymers
The electrica and optical properties of n-conjugated polymers originate from their
unique quasi-1D geometry. Various theoretical models have been developed in
accordance with experimental studies to provide more insights into their electro-optical
properties. Starting from the simplest form of molecular orbital theory developed by
Mulliken in the 1940s, the Huckel model considers only the nearest molecular sites and
ignores all electron-electron interactions, electron-nuclear interactions, and nuclear-

nuclear interactions. The e ectron-phonon interactions were added in the SSH model,
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Figure 1.4: Chemical structure of three low bandgap copolymers () PDTP-DFBT, (b)
PTB7, and (c) Si-PCPDTBT.

assuming that only one mode couples to the n-electrons. Including the el ectron-electron
interactions leads to the Hubbard model. Finally, the PPP (Pariser-Parr-Pople) model
expands the Huckel and Hubbard models to incorporate intersite interactions.

The Schrodinger equation for the spatial part of the molecular wave function ¥(r,R)

takes the form

H¥(r,R) = E ¥(,R) (1.6)

where r and R are sets of electronic and nuclear coordinates, respectively, W(r,R) is the

molecular wave function, E is the energy eigen-value, and H is the molecular

Hamiltonian given by

H= Hg-a(r) + He-nue (1R) + Hiue-nue(R) (1.7)

where the electronic part includes the kinetic energy and Coulomb potential energy,
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_ p? 1 e?
Haa(r) = Ligm + 5 2w iy (1.8)

the nuclear Hamiltonian also including the nuclear kinetic energy and potential energy

contribution

ZgZge?
|Ra_Rm

2
Hnue-nuc(R) = Zaz%a + %Zaiﬁ (1.9)

and the potential energy arising from the Coulomb interactions between the nuclei and

electrons

2
He-nue (r,R) = - %Za,iza_e (1.10)

[Ra—Til

It is impossible to solve the full Hamiltonian exactly except for the case of the
Hydrogen atom. Therefore, several approximations have to be made. Because the mass of
anucleus is much larger than that of an electron (Mn./ma >10%), its acceleration is much
smaller compared to electronic dynamics due to the electron’s acceleration. Because of
this, two simplifications within the Born-Oppenheimer approximation can be made: 1)

the kinetic energy of the nuclear Hamiltonian can be ignored

ZgZge?

Hruenue(R) = %Zaiﬁ |RTRB| = Vnuenue (R) (1.11)

and 2) the electronic wave function can be separated from the nuclear component,
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depending parametrically on a set of static nuclear coordinates, R.

W(r,R) = e (r, R) i (R) (112)
where a denotes a particular electronic state and M is the set of vibrational quantum
numbers corresponding to the electronic state a.

The molecular Hamiltonian then becomes

Hgo = Hel—el(r) + Hal-nue (r,R) + Vnuc—nuc(R) (1-13)

=20 & Ay Xyl + 1y XD + i Vija 1v wi X Vo ¥l + Vauc—nue, (1.14)

where

by = [ Vi[5 - Sam] vy ), (1.15)

is aone-electron transfer integral and

Vijiw = J ;) y ,|w(r)wl(r)dr3dr (1.16)

isatwo-electron integral representing the electron-electron interactions.
Further simplifications can be made by considering only the more mobile =-

electrons. The c-electrons do not participate in optical and electrical operations of
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conjugated polymers because the o to ¢~ transition requires much higher energy than the
n to n transition. Thus they only play a role of screening the Coulomb interactions
between the n-electrons and nucleus, usually modeled as a static dielectric function and

embedded in the effective interaction between nuclel and rn-electrons, Vp, and the

effective electron-electron interactions, V.5/7 (r — ).
2
fy = [ V@) [2+ %0 R vy (mar (L.17)
Vi = I v, @)y W (r = )y, @)y ) dridr', (1.18)

Theintegra in equation (1.18) is dominated by the diagonal terms which isthe

interaction between electrons in the same orbital
Ui = Vi = I v; 0, @Wllyr =)y, @) wrdrdar®, (119)
and the interaction between electronsin orbitals ; and ;.
Vij = Vij; = [ v, @y, WL r =)y, )y, () drddr?, (1.20)
More simplifications can be made by including only nearest neighbor interactions

withe = Eil’ andt = fl’,i+1

The Born-Oppenheimer (BO) Hamiltonian in the simplest formis
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HBO:ZiE (ll//l )( l//ll + Zit(ll//i )( l//i+1| + |l//l'+1 )( '//ll) +Zi Ui |l//l>< l//ll +

Zi;tj Vij | Vi V/]M Vi V/]l +  Vuc—nuc (1.22)

1.6.1 The Huckel Mode

Considering a periodic linear chain of N identical sites (each site is a carbon atom
with the 2p, electron wave function in the simple case of polyacetylene, for instance), the
BO Hamiltonian that describes this system in the Huckel model which assumes U=V=V,

=V nuenue=0 has the following form
Hgo = Zi € (I v, )( V/il + Zi t (I Y )( V/H.ll + IV/i+1 )( Wll) (122)

where g isthe energy of asingle site and t is the interaction energy between two

neighboring sites.

e= [y [+ V0, B)] y,mdr® (1.23)

t= @) [Z+ %0, R)| vy, (dr? (1.24)

The wave function of this system isalinear combination of 2p, wave function of each

carbon atom which takes the Bloch form

v (x) = X, e g(x — na) (1.25)
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where ais the lattice constant and ¢(x-na) represents a carbon 2p, orbital on the n-th site.

The eigenvalues of this Hamiltonian are given by [26]:

E(k) = € £ 2tcos(ka) (1.26)

The lower energy = band corresponds to the dispersion relation:

E(k) = € — 2tcos(ka) (2.27)

where k = %With nisan integer taking values between —N <n < N

Filling the states with & electrons, one for each carbon atom, the n-band is half filled
and thus the Fermi level is located at k=n/2a, as shown in Figure 1.5a. Under these
approximation the material based on this structure, such as an individual chain of neutra
polyacetylene would be a metal. However, experimental studies have shown that neutral
polyacetylene is a semiconductor. This discrepancy can be resolved by the Pelerls
theorem. It states that a 1D metal is unstable with respect to a lattice distortion which
opens an energy gap at the Fermi level [27]. The Peierls distortion results in the bond
alternation of double (shorter) and single (longer) bonds, doubling the unit cell size from
a to 2a to include two atoms and therefore lowering the energy of the system. This

process is called dimerization. The energy spectrum for alinear dimerized chain becomes

E(k) = € +\/t2 + t3 + 2t t cos (2ka) (1.28)
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Figure 1.5: Energy band structure of (a) undimerized and (b) dimerized linear chains of

conjugated polymers. (c) polyacetylene: the energy gap opens at k=rn/2a as aresult of the
Pelerls distortion (adapted from ref. [31]).

where ts and ty are the single-bond and double-bond transfer integrals. We can rearrange
ts and ty to have the form of ts =t (1+ 8) and ty =t (1- 3), where & is the distortion

parameter [18]. Then the energy dispersion relation takes the form

E(k) =€+ 21:\/sin2 (2ka) + 62 cos?(2ka) (1.29)

At the new zone boundary edge k=n/2a, the energy is E = ¢ + 25t, opening a bandgap of
2A =45t (see Figure 1.5b).

The resulting band structure is shown in Figure 1.5c. Since the lower band (the
valance band in semiconductor terminology) is fully occupied and the upper band (the
conduction band) is empty, then a linear chain of © conjugated polymers is therefore a

semiconductor.
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1.6.2 SSH Model

In the SSH model, Su, Schrieffer and Heeger introduced el ectron-phonon interactions
to the Huckel model for understanding more clearly the role of vibrations in the
dimerization process. The SSH description of the electronic structure was proposed based
on the simple molecular structure of polyacetylene, repeated -CH- units (Figures 1.6a
and 1.6b) [28]. The construction of the SSH Hamiltonian was based on two assumptions:
1) The w-electronic structure can be treated in the tight-binding approximation, and 2) the
electron-phonon interaction couples the electronic states to the molecular geometry so
that the bond length-dependent transfer integral can be linearly corrected up to the first

order Taylor expansion about the undimerized configuration as

thnt1 =T+ OC(Un+1'un) (1.30)

where ty 141 1S the bond length-dependent transfer integral from site n to n+1, tp isthe first
order transfer integral of the undimerized chain, a is the electron-phonon coupling
constant, and uy, is the displacement of the n-th carbon atom from equilibrium.

The resulting SSH Hamiltonian is the sum of three terms [28]

Hssh=Hd-a+Hnuc-nuctHe-nue (1-31)

where

Hep—er = —tp Zn(cr—hlcn + C£Cn+1) (1-32)
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representing the hopping of m-electrons to the nearest neighboring sites in which c;[ and

c,, are electron creation and annihilation operators;

2 1
Hyye—nuc = Zn;)_M + EKn(un+1 - un)z (1-33)

is the sum of the kinetic energy of all carbon atoms with mass M and the potentia energy

which results from their displacements from the uniform ¢ bond length; and

Hepnyc = aZn(un+1 - un)(cl+1cn + Crtcn+1) (134)

is the electron-phonon coupling term which arises from the ¢ bond length alternation.
The bond alternation in the ground state may be approximated as (u,) = (-1)" up where
Up is the displacement position which minimizes the energy of the system. One can see
that both ug and —uy minimize the energy for trans-polyacetylene because of the bond
symmetry along the chain axis. Thus the ground state energy of trans-polyacetylene has a
double minimum at +up, as shown in Figure 1.6d, which corresponds to two degenerate
ground state structures as seen in Figure 1.6¢. If the two degeneracies co-exist in one
polyacetylene chain, then at the boundary between the two ‘phases’, there is a defect,

known as soliton with associated mid-gap el ectronic states.

1.6.3 Hubbard and PPP Moddls

The Hubbard and PPP (Pariser-Parr-Pople) model s take into account el ectron-electron

interactions. While the Hubbard model assumes that the most important interaction
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(d)

Figure 1.6: Polyacetylene (a) undimerized structure; (b) dimerized structure due to the
Pelerls instability; (c) degenerate A and B phases in trans-polyacetylene; (d) total energy
of the dimerized polyacetylene chain with the double minimum associated with the
spontaneous symmetry breaking and two-fold degenerate ground state. (Adapted from
ref. [31]).

occurs between two electrons on the same site, the PPP model extends it to account for

the intersite contribution. The on-site Hubbard Hamiltonian is

Hyup = Ui chreine] ey (1.39)

where T and | specify electrons with spin up and spin down, respectively, and

U = {(p()p@)VL | (D (2)) (1.36)
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where U can be interpreted as the repulsion energy between two electrons on the same
orbital.
The PPP model generalizes the Hubbard model to account for most electronic

correlations. Its Hamiltonian includes an intersite contribution given by

where V;;is the electron-electron interaction between sitesi and j

Vi = (i (D, DIV 1 (D (2)) (1.38)

The PPP model has been used to analyze excitons in conjugated polymers both in weak

and strong coupling limits [29,30].

1.7 Mg or Photoexcitationsin n-Conjugated LBG Copolymers
The optically excited states, or photoexcitations, which determine the electrical and
optical properties of conjugated polymers are electrically classified into two categories,
these are charged and neutral photoexcitations. Here, | present the most critical
photoexcitations which lay a foundation for understanding the charge photogeneration
process in OPV devices and severa spin-related physica phenomena in the field of
magnetic field effect. These are polarons and polaron pairs (charged photoexcitations),

and singlet, triplet excitons, and triplet pairs (neutral photoexcitations).
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1.7.1 Charge Photoexcitations

1.7.1.1 Polarons and Polaron Pairs

By definition, the quasi-particle polaron is the combination of a charge carrier, either
an electron or ahole, with its associated strain field [32]. In disordered organic materials,
the polaronic effect originates from the local lattice deformation that occurs upon putting
a charge carrier on a certain molecular site. When taking an electron away from the
HOMO or adding it into the LUMO of a molecule, the electron-lattice interaction relaxes
the molecular orbitals and the nuclel to a new position of minimum energy, creating
states within the energy gap ( between HOMO and LUMO) where polarons are
populated. The “mid-gap” states, as shown in Figure 1.7, are symmetrically located about
the center of energy gap and alternate in parity with respect to the HOMO level which is
gerade.  Unlike in crystalline inorganic materials where the lattice structure is rigid
leading to a small polaronic effect and highly mobile charge carriers [32], in the organic
counterpart, charge carrier polarons are more localized and their mobility is much lower
than that of the inorganic counterpart [33].

Polarons can be positive (P*) or negative (P) charges with spin Y. They can be
created by chemically doping [34] with strong electron acceptor materials or optically by
photon absorption; or by electrically injecting electrons and holes into organic layers in
OLEDs [35]. They can be detected optically by observing their absorption signature
transitions, P, and P, (Figure 1.7), using the photoinduced absorption technique (see
experimental section); or magnetically by measuring the magnetic field response on
conductivity, MC [36].

A polaron pair PP isloosely bound, subjected to Coulombical attraction of two
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Figure 1.7: Band diagrams showing the mid-gap state occupations associated with
polarons and the allowed optical transitions related to them; u and g represents the parity
of the states. In the structural schematics, black dots represents spin while + and — signs
indicate charge.

oppositely charged polarons, P* and P, on adjacent chains [37] . Like the exciton
(discussed in the next section), the PP can be formed in spin singlet (spin 0) or triplet
(spin 1) configuration depending on the spin alignment of two composites P* and P'. The
energy difference between the singlet and triplet PPs is small, within the order of the
hyperfine coupling constant, given that their binding energy is mainly Coulombic and
because of their large spatia extent [38]. PPs can recombine into singlet or triplet
excitons depending on their initial spin state. In OLEDSs, due to the spin statistic, the

recombination ratio between singlet and triplet is 1:3.
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1.7.2 Neutral Photoexcitations

1.7.2.1 Singlet and Triplet Excitons

An exciton is a Coulombically bound state of electron-hole pairs that can move
together and remain associated as a quasi-particle. Taking electron-electron interactions
into account, excitons in conjugated polymers can be modeled successfully by the
Hubbard and PPP models. Excitons can be generated by photon absorption, exciting
electrons from the HOMO to the LUMO, or by capture of PPs. The exciton binding
energy is lower than the HOMO-LUMO difference partly due to the attractive Coulomb
interaction and the structural relaxation. Depending on the strength of the Coulomb
interaction between electrons and holes, excitons can be generaly described as a
Wannier-Mott or Frenkel type. The Wannier-Mott exciton is often found in inorganic
crystalline semiconductors where they are weakly bound with a small binding energy on
the order of E,~50meV and therefore delocalized over many atoms or molecules because
of a large dielectric constant. On the other hand, the Frenkel exciton is a molecular
exciton that is localized to a single molecule or atom, although it can hop from one
molecule to another by virtue of coupling between neighboring monomers. The binding
energy of Frenkel excitonsison the order of E,~1eV.

The excitons in conjugated polymers often fall into the intermediate regime between
the Frenkel and Wannier-Mott types in which they can be spatially extended along
sections of polymer backbone (intrachain excitons) or stretch across different chains or
folded sections of the same chains (interchain excitons). Their binding energy has been
reported experimentally in awide range from 0.1eV [39] to 1eV [40,41].

Theinitial photoexciton in conjugated polymers should be in the singlet configuration
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S=0, namely a singlet exciton which is considered to be the primary photoexcitation in
these compounds. The singlet exciton might convert at a later time to the spin triplet
manifold having total spin S=1, namely a triplet exciton. This occurs via intersystem-
crossing due to the spin-orbital coupling, or by the recently investigated phenomenon of
‘singlet fission’ in which one singlet exciton dissociates into two separated triplets viathe
coherent triplet-pair state (discussed in the next section). The overall wavefunction of
two fermions, singlet and triplet excitons, must be antisymmetric in spin and electronic

coordinates as follows:

PImatet = ~ 3y (DP2(2) + P (D 2T (D L -1 () L (1)) (2.39)
Prriptet = 2 (yy (DY, (2) — P (D2 (D)(T (D L )+ () L (1) (1.40)
PIIPet = = (3 (DP2(2) — 2 (P (2)(T (D) 1 (2)) (1.42)

PIIPet = = (3 (DP2(2) — P (D (2) (A (D) L (2)) (1.42)

where ; is the electronic part of the wavefunction and T and | are the spin up and spin
down projection of the spin part.

The singlet and triplet energy levels are degenerate in the noninteraction case. Taking
electron-electron interactions into account splits the energy levels between the lowest
singlet 1'B, and triplet 1°B, states with the triplet taking the lower energy. The lower
energy triplet is due to the antisymmetric nature of the spatial part of the triplet
wavefunction, resulting in electrons that are more tightly bound to nuclei and thus a

lower energy. The splitting energy between 1'B, and 1°B, state is sensitive to the
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exchange interactions that scale with the electron and hole wavefunction overlap.
Experimental results showed that the triplet 1°B, state is 0.7+0.1eV below the singlet
1'B, state in most conjugated polymers [16].

Figure 1.8 shows the picture of exciton bands with various possible optical transitions
in singlet and triplet manifold. To conclude, we list severa possible decay paths of
singlet excitons; these are :1) recombine radiatively via fluoresce emission for singlet and
phosphoresce emission for triplet; 2) recombine nonradiatively by emitting phonons; 3)
experience intersystem crossing to atriplet via spin orbital coupling; 4) fission into two

coherent triplets; 5) dissociate into polaron pairs at the donor-acceptor interface.

1.7.2.2 Singlet Fission and Triplet Pairs

A triplet pair (TT) isapair of two correlated triplet excitons which are formed viathe
singlet fission (SF) process. Singlet fission has been identified in severa organic
compounds such as crystalline tetracene [42], crystalline pentacene [43,44], 1,3-
diphenylisobenzofuran (DPIBF) [45], zeaxanthin [46], and more recently also in low
bandgap copolymers [47]. Singlet fission is a spin allowed process in which a singlet
exciton dissociates into two separated triplets via the intermediate TT state. The
intermediate TT state is initially an overall singlet S=0 *(TT) state. However, the TT
state might also be in spin triplet, S=1 3(TT) or quintet S=2, °(TT) configuration, resulting
from the dipole coupling of two triplets. If the interaction between the two adjacent
chromophores is weaker than the coupling of two triplets, then the singlet }(TT) state is
almost degenerate with the triplet 3(TT) and quintet >(TT) states. In this case magnetic

field effects can be observed based on the SF process. If the interaction is strong enough
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Figure 1.8: Neutral photoexcitations in conjugated polymers with nondegenerate ground
states. Various optical transitions associated with the absorption and fluorescence in
singlet and triplet manifolds. Formation of triplet exciton through intersystem crossing
(ISC) (broken line arrow).

to lift the degeneracy of the }(TT), 3(TT), and >(TT) states beyond the dipole coupling, a
pure singlet (TT) state is generated in the SF event. While the former Y(TT) state can
efficiently separate into two free triplet excitons, resulting from the gradual loss of its
spin coherence, in the latter case of a pure singlet Y(TT), two triplets might not be
generated on the equivalent timescale [48].

The SF reaction can occur in sub-picosecond timescale. This process can be
isoenergetic, E(S;) = 2E(T1); exoenergetic, E(S:) > 2E(Ty); or even endoenergetic, E(S)
< 2E(T,). Of the three, the isoenergetic or resonant SF is the most efficient route and this
isthe case in the low bandgap copolymers that we studied (see Chapter 3). When SFis
endoenergetic, then the process depends on temperature and excitation energy. In
crystalline tetracene, SF was first believed to be endothermic and absent at temperatures

below 160K [49-51], but later results showed that this is not true [42]. High energy
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photons can also be used to put singlet excitons into higher energy sates or vibrational
levels, in this case, SF has to compete with the ultrafast internal conversion and
vibrational relaxation and isfar less efficient but is nevertheless still possible.

Finally, SF can be a one-step mechanism [42,52,53], which proceeds directly from
the singlet exciton state to the (TT) without going through an intermediate charge
transfer CT state, or a two-step process [52,54,55], in which the initial singlet exciton is
first transformed into a CT state by electron transfer and then to Y(TT) by a back electron
transfer (Figure 1.9b). SF can be intrachain (intramolecular) [56], resulting in two
separated triplets on the same chain; or interchain (intermolecular), in which two triplets

are coherently formed on two adjacent chains (or molecules) from one singlet exciton.

1.8 Organic Photovoltaic

The photovoltaic effect observed in organic materias dates back to the 1950s with
devices fabricated from a single layer of organic materials sandwiched between two
metallic electrodes [57,58]. The organic layer absorbs light to generate excitons which
are then gplit into electrons and holes by an internal electric field built up from the
difference in work function of two electrodes. The interna field subsequently attracts
electrons to the positive electrode and holes to the negative electrode. The single cell
OPV has very low power conversion efficiency (PCE) (<0.1%) because of the extremely
low efficiency of the exciton ionization process, given the large exciton binding energy of
~1eV, insufficient built-in electric field, and the short exciton lifetime (~ps).

The second generation, bilayer OPV was first implemented by Tang in 1986 [59]. In
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Figure 1.9: The singlet fission process (d) An expanded Jablonski diagram depicting
singlet fission from the lowest excited state S; of singlet exciton following ground state
excitation; an initially formed triplet pair }(TT) dissociates into two independent triplets.
(b) One-step (blue) and two-steps (purple) mechanism in singlet fission (adapted from
ref. [54]).

his patent filed in 1979, a bi-layer PV device consisting of copper PC (acting as electron
donor and hole transporter) and perylene derivative (acting as electron acceptor and
transporter) achieved a PCE of 1%. The exciton is first created in the donor and then
diffuses to the D-A interface where it can dissociate into a “free” electron and hole that
are transported to the metal electrodes. The exciton dissociation at the heterojunction
interface was aided by the local field originating from the lower acceptor's LUMO level
compared to that of the donor. Since the diffusion length of excitonsin PCPs are ~10 nm

[60,61], only a small fraction of excitons generated in the typical ~100nm film thickness
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reach the interface and dissociate, leading to loss of absorbed photons and consequently,
aso the OPV cdll efficiency is low. This problem can be overcome using the bulk
heterojunction (BHJ) cells based on blends of donors and acceptors.

The third generation BHJ cells were reported independently by Yu et a. [62] and
Hals et a. [63] in 1995. In this cell (see Figure 1.10), the blend of donor and acceptor
materials formed an interpenetrating network of a microphase-separated blend with
typical domain size of ~ 10nm, which is within the exciton diffusion length, leading to
much higher quantum efficiency of charge separation. Today, 8% PCE of BHJ OPV cells
was realized with the m-conjugated low bandgap (LBG) copolymers (PDTP-DFBT and
PTB7 in blend with the C7;-PCBM fullerene) which are the main subject matter of this
dissertation work [24,25]. In these OPV devices, the charge dissociation dominantly
originates from a new TT state which forms through the singlet fission process (see

Chapters 3 and 4).

active layer
donor / acceptor blend
PEDOT:PSS

light

Figure 1.10:Typical device structure of bulk hetero-junction solar cell with ITO and
aluminum are two electrodes. PEDOT:PSS acting as a buffer layer for hole transport
(adapted from http://www.uni-ol denburg.de/en/physi cs/research/ehf/ohpv/research/).
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1.9 Magnetic Field Effect

The magnetic field effect in organic semiconductor (OSEC) devices, such as magneto
conductance (MC) and magneto electroluminescence (MEL) in organic light emitting
diodes (OLED), and magneto-photoconductivity (MPC) in organic photovoltaic (OPV)
solar cells, has been intensively studied in recent years. Various models have been
proposed for explaining the magnetic field response including the field response of
carrier mobility and carrier density [38,64-76]. Recently, magneto-photoinduced
absorption (MPA) and magneto-photoluminescence (MPL) have also been applied to
OSEC thin films; it has been realized that these effects are related to the photoexcitation
spin density that is modulated by the applied field [77,78]. This finding has unified the
explanations for the organic magnetic field effect in both devices and thin films. A
number of mechanisms that have been advanced for explaining the spin-mixing that
figuresin MPA(B) response include: (i) the hyperfine interaction (HFI) that mixes singlet
and triplet polaron pairs; (ii) the zero-field splitting interaction for spin triplets; (iii) the
difference in g-factor of the photogenerated electron and hole polarons in
polymer/fullerene blend used as the active layer in OPV cells. In contrast, the MPL
originates indirectly through the collision of singlet and triplet excitons which causes an
increase of nonradiative decay channel and consequently decreases the luminescence
emission.

So far the magnetic field effect has been applied at steady state conditions, in which
the spins of the long-lived excitations approach equilibrium. Since the discovery of
singlet fission in some n-conjugated polymers, we have searched for a new experimental

technique for studying this ultrafast, spin-dependent physical phenomenon in which the
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spin photoexcitations are not in therma equilibrium. With our long-accumulated
experience in the field of magnetic field effect and transient dynamics, coupled with the
unigque capability to probe the dynamics of photoexcitations in the time domain from
picoseconds to milliseconds in the spectral range from mid-IR to UV/VIS, the time-
resolved magnetic field effect, dubbed transient magneto-photoinduced absorption (t-
MPA), has emerged as the most suitable experimental technique. The t-MPA technique
will be discussed in more detail in Chapter 2, Experimental Setup.

The t-MPA has been used to study the singlet fission process in low bandgap
copolymers that can occur in sub-picoseconds time scale and form an intermediate TT
state. The intermediate TT state, which might dissociate into two separated triplets at a
later time, or recombine to the ground state, appears instantaneously with the singlet
exciton within our experimental time resolution of 300fs. The observed t-MPA(B)
response on the TT pair in the ps time domain can be generally explained as follows: In
the absence of a magnetic field, three of nine TT states have a singlet character. The
magnetic field, B can redistribute the singlet character among the nine states, leading to
changes in the initially populated levels by the fission process (see Appendix). As time
progresses, the total population of the SF-born TT pair becomes magnetic field-

dependent through the spin-dependent decay rate of each level.
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EXPERIMENTAL SETUP

2.1 Overview of Optical Processes

2.1.1 Linear Absorption

When light passes through materials, it can be transmitted, absorbed, reflected, and

scattered. Thus the intensity of incident light on materialsis atotal sum of

|0:|t+|a+|r+ls. (21)

Experimentally, we can measure the transmission and use it to calculate the amount of
light that has been absorbed. Assuming that no light is scattered, and that the incident
light is not strong enough for nonlinear effects to occur, and that there is no emission in

the direction of detection, the transmitted light is described by the Beer-Lambert law as

=l (1-R) €*° (2.2)

where R = (I,/1p) is the reflection coefficient, o is the absorption coefficient, and d is the

sampl e thickness.

The absorption coefficient is defined as



o(m) =N o(w), (2.3)
where N is the optical density of absorbers and o(w) isthe optical cross-section, whichis
frequency-dependent.

The measurable quantity defining absorbance, A, measured through the transmittance

loss through a sample at a given wavelength is defined by
A =-In(T) = —In (j—: (2.4)
Equations (2.2) and (2.4) can be used to obtain A as
A=ad-In(1-R) (2.5)
If the reflection R issmall, then A = ad, which is defined as the optical density (OD).

2.1.2 Photoinduced Absorption

Photoinduced absorption (PA) is the change in the absorption of materials under
illumination. A light source that is called the ‘pump’ beam is used to excite the material,
populating the excited states with neutral and charged photoexcitations. Then a second
light source called a ‘probe beam is designed to monitor the absorption of the
photoexcitations. This would be done by measuring the transmission of the probe beam
with (T.) and without (Tp) the pump beam. Using modulation spectroscopies, the PA is

obtained by modulating the pump beam with a mechanical chopper or an acousto-optic
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modulator at a specific frequency, f that is also used as the reference source for alock-in
amplifier (see section 2.4.2). If the change in reflectivity is small, then the PA is obtained

asfollows:

PA =- AT/TD =- (TL-TD) / Tp (26)
T, =Tp ™™ (2.7)
Ip#AT _ 1 420 = o-bad (2.8)
Tp Tp
Aad = —In (1 +25) (2.9)
Tp

When AT << Tp, we then can write

Aad ~— ﬁ—T = PA (2.10)

D

2.1.3 Recombination Kinetic Analysis

In photomodulation spectroscopies, the PA signal is proportional to the

photoexcitations density, N(t) asfollows

— = Aad = Nod (2.11)

The photoexcitation dynamics in the time-domain is described by a single rate

equation for the photoexcitation density



36

S =G(t) —R(V) (212)

where G(t) is the photoexcitation generation rate that is proportional to the pump
intensity I, G(t) = al, and R(N) is the recombination rate.
Under steady state conditions, eg. in CW measurements at small f, the

photoexcitations density is constant with time, leading to:

HN . =0andG=R. (2.13)

In transient spectroscopy, N=N(t) and N(0) is the photoexcitation density following
compl ete absorption of the pump pulse.

The photoexcitations kinetics depends on various generation and recombination
conditions. The recombination process may be monomolecular, where only a single
excited speciesisinvolved, bimolecular which involves two excited species, or dispersive
kinetics in which there is a distribution of photoexcitation lifetimes. Each recombination
process carries its own signature in the steady state as well as in the transient excitation

conditions.

2.1.3.1 Monomolecular Recombination

The monomolecular recombination rateis

1=

(2.14)
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Under transient excitation condition: G = 0 then equation (2.12) becomes

L=-2 (2.15)
which has the solution
N(t) = N(0)e~t/* (2.16)
Thus a single exponential decay is the signature of the monomolecular process.
Under steady state excitation condition: i—IZ |ss = 0. Equation (2.12) becomes
G NT =0 (2.17)
with the solution
Ny, =Gt =al;T (2.18)

Therefore, a linear dependence of the PA signal on pump laser intensity signifies the

molecular recombination in CW spectroscopy.

2.1.3.2 Bimolecular Recombination Dynamics

The bimolecular recombination rate has the form of
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R = bN? (2.19)

Under transient condition, equation (2.12) becomes

— 2
i bN (2.20)
with the solution of
_  N(0)
N(t) = TIONO)C (2.21)

In the steady state, equation (2.12) and its solution are

G —bNZ =0 (2.22)

Ngs =+/G/b = /al,/b (2.23)

The %2 power law dependence of the PA signal on the laser intensity shows the

bimolecular process in CW spectroscopy.
2.1.3.3 Dispersive Recombination Dynamics

In disordered materias such as polymers, there is a distribution of recombination

times. Thus the photoexcitation density, N(t), generally has the form

N(t) = [ e t/*G(D)dr (2.24)
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where G (1) isthe distribution function of lifetimes. We summarize here several cases.

Case 1: A bi-exponential decay in which the distribution function is
G(T) = N15(t - Tl) + N26(t - Tz)
Then

N(t) = Nye~t/™1 + N,e~t/%

Case 2: A power law decay occurs when

with o < 1. Equation (2.24) then becomes

N & ()7

Case 3: A stretched exponentia decay arises when the distribution function is:

G(T) — e_(T/TO)U

The solution for N(t) is

- B
N o« e TG

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)
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2.1.4 The Analysis for the Background in the Ultrafast

Pump/Probe Technique

When using pulses at 80 MHz repetition rate in the ps pump-probe experiment from a
Ti-Sapphire laser as pump excitation (having 80 MHz rep. rate), the time elapsed
between successive pump pulses is ~12.5 ns. In this case, some of the long-lived
photoexcitations generated from one pulse do not completely recombine until the arrival
of the next pulse, and thus contribute to a background PA signal [79,80]. In fact, the
transient PA rides on top of a ‘background PA’ as seen in Figure 2.1. The accumulation
of the background photoexcitations from many pulses generates a steady state
‘background PA’. This ‘background PA’ is in fact modulated at frequency, f= 50 kHz,
which is the pump modulation frequency in the ps setup and thus can serve as a
convenient way for measuring the ss-PA at fast modulation frequency.

We measured the ‘background PA’ in the present study of pristine PDTP-DFBT
(isolated chains) at f=1 kHz. The pump in this case was the Ti-Sapphire laser beam, and
the probe originates from the OPO ‘signal’ and ‘idler’ beams. This probe beam is much
stronger than the probe beam from an incandescent light source, especialy in the mid-IR
gpectral range. The combination of strong probe beam and fast modulation frequency
(away from 1/f noise) is ideal for measuring weak ss-PA that originates from
photoexcitations that decay in the pusec time domain. As a matter of fact, the * background
PA’ in the pump-probe experiment is the only way of measuring weak ss-PA in the mid-

IR, and we used it here for measuring the triplet PA spectrum at room temperature, since
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Figure 2.1: An example of the ps pump-probe measurement in the mid-IR spectral range
of pristine PDTP-DFBT film using the pulsed laser setup having 80 MHz repetition rate
that shows the transient PA response at t>0 and the background PA for t<0. The
background PA results from the accumulation of many pulses; it originates from the
long-lived photoexcitations, of which lifetime is longer that the time interval between
successive pulses (or 12.5 ns).

the triplet density at room temperature is quite small, due to their relatively short lifetime.

2.2 Transient Pump-Pr obe Spectroscopies

2.2.1 Femtoseconds MIR OPO System

The femtoseconds OPO system, bought from Spectra Physics, is composed of a series
of commercia lasers to pump an optica parametric oscillator (OPO), which uses a
lithium triborate (LBO) nonlinear crysta to generate new infrared wavelength
frequencies. A pair of 980 nm laser diodes was used to pump a solid state laser

(Millennia Prime) to generate a 10 Watts, 532 nm laser beam. The Millennia then pumps
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the Tsunami, a 150fs titanium-sapphire pulsed laser with the repetition rate of 80 MHz,

which in turns pumps the OPO system.

2.2.1.1 Experimental Methods

The transient picoseconds experimental setup is depicted in Figure 2.2; it isaversion
of the well-known pump-probe correlation spectroscopy. The pump excitation beam was
composed of pulses of 150 fs duration, 0.1 nJ/pulse, at 80 MHz repetition rate from afs
Ti:sapphire laser that was set at 1.55 eV photon energy. A pump excitation at 3.1 eV was
generated by doubling the 1.55 eV beam using a second harmonic generation crystal. The
pump beam was focused on the sample with a diameter of ~300nm in order to generate
an initial photoexcited exciton density of the order of 10' cm™®/pulse. The photoexcited
species were monitored by the changes, AT of the probe transmission, T (i.e. PA) that
was produced by the pump excitation. The probe spectral range was extended from 0.55
eV to 1.05 eV that was generated from an OPO Ti:sapphire based laser from Spectra
Physics that gives both ‘signal’ and ‘idler’ beams. We also extended the probe spectral
range from 0.25 eV to 0.43 eV by phase matching the “signal” and “idler” beams in a
differential frequency crystal (AgGaS,) [81]. The probe beam with a beam diameter of ~
100nm was kept inside the larger pump beam.

The pump beam was modulated at frequency f=50 kHz using an acousto-optic
modulator (AOM), and changes in transmission, AT were measured with an LN-cooled
InSb detector (Judson IR) and a lock-in amplifier (SR830) set at f. An optical chopper
operating at 300Hz was used to modulate the probe beam for measuring its transmission

through the sample, T. The PA signal (-AT/T) was calculated and recorded on the
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Figure 2.2: Experimental setup of the femtoseconds mid-IR OPO system. The Millennia
and Ti:sapprire Tsunami are hidden from this diagram.

computer. A tranglation stage was introduced to the probe beam that could delay the
probe pulses mechanically (1 ps=300 um mechanical delay) thereby measuring the PA at
time, t set by the delay line. For each probe wavel ength, we swept the delay line back and
forth severa times until a reasonable S/N ratio was achieved. The t-PA spectrum was
then constructed from the t-PA at ~50 different wavelengths.

For a weak probe beam at 1.24 eV used to monitor the PP dynamics in the PDTP-
DFBT/C;-PCBM blend, we used a ‘double frequency’ NLO crystal to generate the
second harmonic from the 0.62 eV idler beam. We aso used a 1300 nm ‘ short-pass filter’
before the sample to block the 0.62 eV fundamental beam and a ‘band-pass filter’
centered at 1000£10 nm in front of InSb detector.

Because the lock-in amplifier is synchronized to detect the phase of the pump pulse,
the in-phase signa corresponds to the transient absorption of the short-lived
photoexcitations induced by the pump pulse whereas the out-phase signa carries

information about the long-lived photoexcitations, and thus should be flat in the
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measuring time interval up to 12.5 ns. Therefore any step-like feature in the out-phase
signal at t=0 suggests that the lock-in phase is not synchronized properly to the pump
pulse. Moreover, a linear slope in the quadrature signa signifies that there is a “beam
walk” issue in the pump-probe optical pass. The “beam walk™ is a ‘wandering’ of the
probe beam on the sample when the stage trandates to generate a time delay, t. This
problem may originate from a combination of improper position of the “collimated lens’
and/or the misalignment of the “critical mirror” sitting right before the stage. The beam
wak must be corrected physically by realigning the “mirror” and repositioning the
“collimated lens’ or at least (in the exhausted case) adjusted (divided the transient in-
phase signal by the out-phase response) using software to retrieve the true ultrafast
dynamics.

The samples were thin films deposited on CaF2 substrate, which were placed in the
cryostat (Montana Instrument) with a built-in electromagnet so that it can be measured at
any temperature between 3K and 300K. The bipolar magneto-optic option makes the
magnetic effect measurement possible at the maximum B field up to 800 mT with a pole
gap of 12mm. This cryostat is state-of-the-art equipment that features low vibration (<5

nm) and stable thermal performance (£5mK).

2.2.1.2 Optical Parametric Oscillator

The Optical Parametric Oscillator (OPO) operates in a very different principle than
that of a conventional laser in that it deduces its gain from a nonlinear frequency
conversion process which can be viewed as sum frequency mixing. An input pump

photon impinging on the Brewster-cut lithium triborate (LBO) nonlinear crystal is
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converted into lower energy “signa” and “idler” photons, which satisfy the energy and

momentum conservation as

Op = Ost O (2.31)

ko= ke+ ki (2.32)

Signal and Idler wavelengths can be turned by varying the temperature of the LBO
crystal. The high conversion efficiencies in OPOs can be achieved by a synchronous
pumping scheme, which matches the cavity length of the OPO to that of the Ti:sapphire
pump laser so that the signal and pump pulses arrive on the crystal at the same time. The
OPO was pumped by Ti:sapphire laser with 2 Watts of average power at pump
wavelengths of 775nm or 810nm. When pumped at 775nm and 810nm, the OPO was
configured to adapt the 1.3um and 1.5um optical sets, respectively, the full probe spectra

capability would be obtained, ranging from 0.53eV to 1.07eV.

2.2.1.3 Polarization Memory

Since the pump and probe beams are linearly polarized, we could also measure the
polarization memory and its dynamics as a function of the probe photon energy. For the
transient polarization memory, we measured AT(t) where the pump/probe polarization
were parallel, ATpaa Or perpendicular AT, to each other. The polarization memory, P(t)

is defined as:

P(D) = [ATpara(D)-AT per(D]/[ATpara( 1) +AT per(1)] (2.33)
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for filmsand

P(t) = [AT para(t)-AT per (D] /[ AT para(t) +2AT per(1)] (2.34)

for solutions (because of another degree of freedom normal to the plane)

A haf-wave plate was used to rotate the vertically polarized pump beam 45°. It is
better to place the half-wave plate as close to the sample as possible to avoid any circular
components induced by mirror surfaces to the “not purely vertically or horizontally”
polarized lights. The broadband polarizers were placed in front of the detector to measure
the changes in transmission AT for both parallel, ATpaa, and perpendicular, ATpe,

polarizations with respect to the pump beam.

2.2.2 Femtoseconds VIS-IR OPA System

The high intensity, low repetition rate OPA is a home-built system, consisting of a
Ti:sapphire oscillator and a Ti:sapphire amplifier. The oscillator pumped by a CW 5W,
532nm Millennia Pro from Spectra Physics is a passively mode-locked Ti:sapphire laser
with an output power of 350mW at 800nm central wavelength, 76MHz repetition rate,
and less than 100fs pulse duration. The low intensity pulse train from the oscillator was
used to feed into a regenerative amplifier cavity. The Ti:sapphire regenerative amplifier
was constructed based on the configuration from Positive Light Inc. [82]. It generates a
train of pulses with 1kHz repetition rate, 800nm wavelength, and 150fs pulse duration.

The experimental arrangement is shown in Figure 2.3. The output of amplifier is split

by a 90/10 beam splitter into two beams that were respectively used to pump samples



a7

(@)
. Ti:Sapphire Ti:Sapphire
regen.ampl. oscillator
f=1KHz
T=150f= PROBE
—— |
PUMP ¥ i
WLC
SHG __| 5 le
BBO — T \ H.D|_|]p Monochr
- U omator
- r -
L (" Loas |
Lock-n
chopp ref  out in
L 9 -7
E compter
(b)
T T I T T T T | T T T T I T T I T T T T | T T
Low Intensity High Intensity
A A
. R ™
B 1 BN N |
\ﬂ(_/ \ J S
N v
DFG OPO WLC
TR T NI N SN AN SN S T S TN TN NN SN T TN S AN TN S S SN N N |
0 0.5 1 1.5 2 2.5

Photon Energy (eV)

Figure 2.3: The femtosecond VIS-IR OPA system a) Experimental setup; b) The probe
spectral range of both systems.

(90% power beam) and generate the broadband 400nm-1000nm white light continuum
(used as the probe source WLC) by focusing a 10% power beam onto a 1mm thick
sapphire plate. The pump beam is delayed with respect to the probe beam by a computer-
controlled tranglational stage with an accuracy of ~ 100 um (or 30 fs). A nonlinear BBO
crystal was introduced to generate the pump excitation at 400nm (3.1eV). The probe

WLC was collected into 0.6mm entrance and exit dits of CM-110 Digikrom
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monochromator (4nm resolution). The pump beam was modulated by a mechanica
chopper at 500Hz, and changes in transmission of the WLC probe, AT, were monitored
by the Si photodiode with a phase-sensitive technique provided by the SR830 lock-in
amplifier. The pump intensity was usually kept lower than 0.3 mJcm? to avoid any
nonlinear-induced optical transition. Both pump and probe beams were focused onto
samples so that the pump beam contains the probe beam inside its beam diameter of
~300nm.

It is critical that when measuring the PA spectrum, the chirp of WLC which is due to
group velocity dispersion presenting at a different frequency part of its spectrum must be
taken into account. Calibration of the WLC chirp was done by a cross-correlation or two

photon absorption (TPA) of aknown material.

2.2.3 Nanosecond-microsecond VIS-MIR OPO System

The block diagram of the system is shown in Figure 2.4. Thisisa*hybrid” version of
the previous optical pump/probe spectroscopies in which the probe beam is a steady state
source and the pump beam is a pulsed excitation. The pulsed excitation for this time
domain was an OPO laser (Quantaray Indi model) operating at 10 Hz repetition rate
having 10 ns pulse duration. The OPA pump at 355 nm ‘center-wavelength’ excited a
basiScan OPO for generating pulses that are tunable across a broad spectral range from
410 nm to 2500 nm. The probe beam was an incandescent Tungsten/Halogen lamp at 1
kW power or alaser diode with specific wavelength. The experiment was designed for
measuring small changes, AT in transmission, T of the probe beam induced by the pump

pulse. In this case, the probe intensity seen at the detector is composed of asmall AC
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Figure 2.4: Experimental sketch of the nanoseconds VIS-MIR system.

component, AT, riding on the large background T. The transient part that can be easily
separated and independently measured from the large DC signal represents the dynamics
of photoexcitations generated by the pump pulse a particular probe wavelength.
Therefore, the time resolution of this system is limited by: 1) 10ns pulse duration of the
pump in convolution with the detector’s electronic response; and 2) the bandwidth of the
data acquisition module or digital oscilloscope.

We used three fast detectors which cover the probe energy from visible to mid-IR
range; these are: the ultrafast Thorlabs Silicon DET25AL model, the ultrafast Thorlabs
InGaAs DETO8CL model, and the LN2 cooled InSb. The Thorlabs models, which are

good for the wavelength range from 400nm to 1700nm, operate in photoconductive mode
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with the rise and falling time within the picosecond time range at 50Q load resistor as
specified. We used a potentiometer to set the detector gain which can be changed from
50Q2 to 10kQ.

The InSb detector that covers the probe wavelength ranging from 1um to 5um works
in ‘photovoltaic mode' of operation, which requires afast preamplifier to interface with.
For some reason, the commercial preamplifier built specifically for this detector does not
work nicely in the transient mode, showing a “ringing” pulse response in microseconds
time domain. As a result, | designed and built a high-gain (up to 100kQ) ringing-free
preamplifier shown schematically in Figure 2.5. Figure 2.6 summarizes the time response
of the system with 10ns pump pulse for three different detectors.

The heart of this nanoseconds setup is the data acquisition module ATS9462 (from
AzaarTech) with 100MHz bandwidth which is broad enough to accommodate the 10ns
pulse duration of the pump. The signa detected at the detectors was fed through the
potentiometer to the channel 1 or 2 of the ATS9462 module where it will be digitized
with the maximum sampling rate of 180M S/s. The input channel was set at IMQ input
impedance and AC coupling to detect only the transient signals which carry the dynamics
of the photoexcitations in nanoseconds to milliseconds time scale.

For monitoring the transient AT, we used severa band-pass filters on the probe beam
as needed, or alaser diode with specific wavelength. For this project, the pump was set at
680 nm and AT(t) was measured at 1300 nm using a laser diode. This wavelength was
chosen because it is possible to detect both triplet and ‘triplet pair’ species in the PDBT-
DFBT copolymer. A potentiometer was set to 1 kQ to establish the detector gain. The

time response of this setup was <0.5 psec. The thin films were mounted in a closed cycle



51

T ) T ] [

A‘i a2Na4m
&
"] i

{em)

PARAMETERS:
F1=3m

Rk = 2
R21= 10k
cd=zip

R24 = 1k
Rak= &7k
RaT=
R =
Rd = 100%
Ri = 00k

cr=22p

Abi = 2
Rb2 = 026
RED =33

Qzbdan:
bz @5

B2
e

Ryos

A

i} D__,_Kafb Q55
LD
fazhieant
OFHAOT D45
[+ ¥
Ab3 =17
AZT =100

Cm=2.2p

lo

R1
{Ri}

QINAADY
ey [

ant
[ELEEL)

Q57
[FELEERY)

PR} {RI7}
R78 R108

]

ca
Ib

oz

R103

e piNdDoz g

v
i O N2
=0

i Red

2]

[ [0

fues)
10 Cg o

L 1om [T

?U

o7
T e
o

Titkem

e
A

Docurment humbar
<Doc»

e

Wianday, Jaruary 18,3678 Efoat T o1
F]

Figure 2.5: Schematic of the fast preamplifier used to interface with InSb detector.
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He refrigerator cryostat for low temperature measurements.

2.3 Magneto-Photoinduced Absor ption and M agneto-
Photoluminescence Spectr oscopies

The sssMPx stands for steady state magneto photoinduced absorption (ss-MPA) or
steady state magneto photoluminescence (sssMPL). The ssMPx(B) response is defined
by the relation, sssMPx(%) = (Px(B)-Px(0))/Px(0), where Px(B) is either the PA or PL at
field B [77,83]. It shows the percentage change of the ss-Px under the influence of a
magnetic field. For measuring the ss-MPx(B) response, we used the same setup as for the
ss-PA experiment described above (section 2.4.2) except for the magnetic field. The
samples were mounted in the He cryostat and placed in between the two poles of a
bipolar electro-magnet. With the limit of 2.8 Amp feeding current and the gap between
the poles of 5 cm, a maximum B field that is achieved is ~180 mT (as measured by a
magnetometer). For measuring the ss-MPx(B) response, we swept the feeding current of
the magnet from 2.8A to -2.8A several times until a satisfactory S/N ratio was obtai ned.

t-MPx stands for transient magneto photoinduced absorption or transient magneto-
photoluminescence, which is dubbed either t-MPA or t-MPL, respectively. Similar to ss-
MPx(B), the t-MPx(t,B) response is defined as t-MPx(%) = (t-Px(t,B) — t-Px(t,0))/t-
Px(t,0), where t-Px(t,B) is either the t-PA or t-PL at field B and time t. The t-MPx(t,B)
response in the psec time domain was measured using the same electromagnet as in the
ssMPx. In the t-MPx technique which is based on the nanosecond transient
spectroscopy discussed in section 2.2.3, the time degree of freedom must be however

taken into account. The absolute time delay in the recorded Px dynamics with respect to a
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trigger event initiated by a pump pulse, which is considered to be at t=0 time, is
indentified by the relation ty = N,/ vs, Where Ny is the number of recorded samples and
vy IS the sampling rate. To measure the t-MPx(t,B) response, we first streamed several
records of the t-Px(B) dynamics into the computer, averaged them, and then selected the
specific data samples at the corresponding delay times for recording. This response was
compiled from PA(B,t) dynamics at about 100 different field values from -180 to 180 mT
and therefore, the S/N rétio isinferior to that of the sssMPA.

In the picosecond time domain, the time degree of freedom was easily controlled by
the mechanical delay stage (see section 2.2.1.1). However, in this time regime, there is a
complication due to the background PA. Under these conditions the t-MPA(B) was
obtained by subtracting the MPA(B) response of the background PA that was measured
separately at t=-10 ps. Thisresponseis similar to the sssMPA(B) response. The procedure
to obtain the t-MPA is therefore the following: t-MPA(t,B)=[APA(t,B)-APA(t=-
10ps,B)]/[(PA(t,B=0)-PA (t=-10ps,B=0)], where the terms APA(t,B)= PA(t,B)-PA(t,B=0);
PA (t=-10ps) is the background PA component; and PA(t) is the total PA signal, namely

the summation of the transient PA and background PA.

2.4 Other Optical Spectroscopies

2.4.1 Linear Absorption Spectroscopy

The linear absorption measurement was conducted with the UV-VIS-NIR absorption
CARY 17 spectrophotometer in the spectral range 300nm-2400nm at ambient conditions.
For lower energy range, it was carried by the FTIR spectrometer (see next section). The

absorption spectrum reveals general information about the absorptivity of materials such
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as the energy bandgap, vibronic sidebands, and electronic excited states of materials. To
eliminate the substrate effect, mainly reflection, the spectrum of a blank substrate was
measured and then subtracted from the absorption spectra. There is no correction for
reflection and scattering from samples, assuming they are negligible. Absorption was
measured in units of optical density (OD) by the relation, A = ad = log(To/T), where Tg
and T are the transmission through the blank substrate and samples, respectively, d is

sample thickness, and o is the absorption coefficient.

2.4.2 Steady State PA and PL Spectroscopies

The experimental setup for the steady state photoinduced absorption and
photoluminescence is schematically shown in Figure 2.7. Samples were placed in a
closed cycle He refrigerator cryostat operating at low temperatures. Various laser
sources, such as a 488nm Ar" laser, a 488nm solid-state laser, or diode lasers with
changeable laser diodes from Thorlabs (the LTC100 series), were used as a pump
excitation and an incandescent tungsten/halogen lamp was used as a probe source. The
pump beam was modulated at frequency =310 Hz with a mechanical chopper. The
changes of the probe transmission, AT induced by the laser pump excitation, were
measured using an Acton 300 monochromator, various combinations of gratings, filters,
and Si, InSb photodetectors spanning the spectral range 0.3<wfh probe) <2.3eV. To
increase the S/N ratio, the detector preamplifier (the PA-7-60 model from Teledyne
Judson) was connected to a lock-in amplifier (SR830) referenced at f. It is noteworthy
that the preamplifier was adjusted to high gain when using the Si detector and medium

gain for the InSb detector. Before taking any measurement, it isimportant that the phase
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Figure 2.7: Experimental setup for steady state PA and PL measurements.

of the lock-in should be synchronized with the phase of the pump laser by blocking the
probe, scattering the pump beam into the detector and auto-phasing the lock-in. By doing
that, the PA signal is completely in the in-phase component.

The PA measurements were conducted in three subsequent steps: 1) Measuring the
transmission of the probe beam without the pump beam, Tp; 2) Measuring the
transmission changes of the probe beam, AT under illumination of the pump beam; and 3)
Measuring the sample emission PL spectrum and subtracting it from the resulting spectra

from step 2).

2.4.3 Electro-Absorption Spectroscopy

2.4.3.1 Overview of Electric Field-induced Absorption
The electric-field induced absorption (or EA) comes from two basic manifestations:

the Stark effect, which is due to the mixing of discrete states by changing the
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polarizability of excited states, and the Franz-Keldysh (FK) effect [84], which originates
from acceleration of a free charge by the electric field through a continuum of states.
While the FK effect is usually observed in inorganic materials in which the charged
carriers electrons and holes are free and acquire large spatial coherence over tens of unit
cell, the Stark effect is often occurred in organic counterparts such as conjugated
polymers as aredshift of then-n transition.

Generaly, the applied electric field mixes eigenstates to create new states, described

v =a {l/,]q . Zlijwlpg}, (2.35)

0 0
EJ—Ej

where 1,0}) is the zero field wavefunction, and fi; is the transition dipole to the state Yo

Applying second order perturbation theory results in the energy shift, which is

proportional to the quadratic in the electric field

2
[Py Flw))| P
ot = 5., L T ALy, 7 (230

The polarizability p; comes from virtual optical transitions to all states with non-
vanishing dipole matrix elements.
The EA signa for n-conjugated polymers is proportional to the imaginary part of the

third order nonlinear susceptibility, and can be written as
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EA = _g = Aad = Im {X(g)(—a);a), 0,0)}.Fz, (2.37)

where the EA signal scales with F?, exhibiting a quadratic Stark effect.

The linear Stark-shift signal is absent in films in which the polymers are randomly
oriented because there is no preferential dipole orientation that cancels the effect [85,86].
The EA technique helps to reveal forbidden optical transitions between two states with
the same parity which are hidden from the linear absorption spectrum. The applied
electric field breaks the spatial symmetry of electronic wavefunctions and hence relaxes
transition restrictions. In general, the EA spectrum consists of two dominant optical
features. a derivative of the linear absorption with respect to photon energies (da/dE) and

afield-induced absorption which is absent from the absorption spectrum.

2.4.3.2 Experimenta Setup

Figure 2.8 shows the experimental setup for EA measurements. A “200V-300V at
500Hz" AC dlectric field, generated using a signa generator and transformed using a
step-up transformer, is applied to an EA substrate with deposited films in the form of an
interdigitated gold electrode array pattern with a 40um gap between the adjacent
electrodes fingers as aso shown in Figure 2.8. To minimize the effect of carrier injection
into the organic layer from the applied electric field, which might contribute some
unexpected absorptions to EA spectrum, the resistance of the EA substrate should be
checked to make sure it is as large as possible, say in MQ range. A xenon or tungsten
light source was used as the probe light which was dispersed through the grating

monochromator and guided through the sample onto detectors as described in section
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2.4.2. The sample was mounted on the cold finger cryostat. Using the phase-sensitive

modulation technique, a reference signal was taken from the signal generator and the

detectors were connected to an input of the SR830 lock-in amplifier. The EA spectrum

was detected at the second harmonic 2f, indicating a quadratic EA signal is generated.

2.4.4 FTIR Spectroscopy

The working principle of Fourier Transform Infrared spectroscopy (FTIR) is based on

the Michelson interferometer in which an input beam I, is split by a beam splitter into
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two beams, I; and I, which are subsequently reflected from a fixed mirror and a moving
mirror, respectively. The moving mirror can change optical path length of the I, beam by
X. The two reflected beams are combined at the beam splitter and then pass through

samples to generate an interferogram spectrum described by
Lye(x) = %fj;o Io(V)[1 + cos (2nvx)]dV = constant + %f::) I,(V) cos(2mvx) dv, (2.38)
where 1,,,:(x) is the interferogram spectrum as function of displacement x. The inverse

Fourier transform of the second part of the equation (2.38) describes the interference

spectrum as function of wavenumber v as

I,(¥) = %f_t: I, (x) cos(2mvx) dx, (2.39)

The FTIR spectrometer was mainly used to measure the linear absorption in the
optical range from mid-IR to far-IR for which a Globar lamp is used as the input beam Io.

Alternatively, we also used it to construct the mid- to far-IR PA spectrum as follows:

T T (Ton — Toff)/Toff’ (2.40)

where T,,, and T,¢; are the spectrum with and without illumination by a pump laser,

respectively. The PA-FTIR experimental setup is outlined in Figure 2.9. The pump laser

passes through a shutter switch controlled by the FTIR computer. An IR beam from the
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Globar lamp used as the probe is split by the KBr beam splitter. The probe beam passes

through samplesto aMCT detector that is cooled by liquid nitrogen.



CHAPTER 3

PHOTOPHYSICS OF LOW BANDGAP COPOLYMERS

FOR OPV APPLICATIONS

3.1 Introduction

With the introduction of the low bandgap (LBG) copolymers, PTB7 and PDTP-DFBT
(see Figure 1.4 for their chemical structure), by researchers at the University of Chicago
and the University of CaliforniaLos Angeles, a new obtained record PCE of ~8% for a
single layer BHJ OPV cell was reported[24,25]. Other LBG copolymers with similar D-A
structure in the unit cell have also been recently reported having a comparable or even
higher PCE value of ~ 10% [87]. These copolymers exhibit smaller energy (or optical)
gap compared to the homopolar polymer counterparts, extending the absorption of the
solar spectrum beyond 600 nm into the near-IR spectral range [88]. There were severd
explanations given for the high PCE of the LBG copolymer OPV [24,88,89]. Among
them, the ability to absorb more solar irradiation has been the principal explanation.
However, because of the lower bandgap, there is more energy dissipation following the
photon absorption and, in addition, the polymer donor does not absorb light at high
photon energies; these cast doubts on the previous explanations given for the high PCE in

OPV cells based on the LBG copolymers.
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Despite the promise for a novel class of OPV materials, there is still a lack of
thorough spectroscopic studies on the LBG copolymers, probably since the optical probes
should cover the mid-IR spectral range that is not accessible with standard, commercially
available pump-probe setups. The motivation behind the present work is to better
understand the charge photogeneration dynamics in this new class of OPV materials
compared with the basic model for charge photogeneration in more regular nt-conjugated
polymers [90-93]. The OPV fundamental operating process is the photogeneration of
singlet excitons in the donor polymer chains followed by their separation into electron-
hole polaron pairs at the D-A interfaces. Thus understanding the kinetics of different
photoexcitations in the pristine copolymer donors and their blend with fullerene acceptors
(PCBM) is a crucia step for eucidating the mechanism for charge carrier
photogeneration in the BHJ OPVs. In this chapter, we thoroughly study the optical
properties of two LBG copolymers, namely PTB7 and PDTP-DFBT, and their blend with
PC1BM that gives a record high PCE of 8% in the optima BHJ solar cell. The
photophysical studies have revealed an interesting physical phenomenon, dubbed ‘ singlet
fisson” (SF) and its crucia role in the charge photogeneration process. This
understanding may shed light on the possibility of designing new organic compounds that
may be used in various device fabrication techniques for extracting two electrons and two
holes from one absorbed photon, thereby doubling the photocurrent.

Various optical spectroscopies that include transient photoinduced absorption (t-PA),
steady state photoinduced absorption (ss-PA), electro absorption (EA), and doping-
induced absorption (DIA) have been used to study the photophysics of the thin film

copolymers and their blend with PC7:BM (see Chapter 2, Experimental Setup for detailed
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description).

3.2 Materials

The PDTP-DFBT copolymer was synthesized at the University of California-Los
Angeles. The synthetic route, chemical structure, BHJ solar cell device fabrication, and
PCE measurements were described in refs. [25,47], respectively. For the PTB7
copolymer, it was either synthesized at the University of Chicago [24] or bought from
SigmaAldrich. Neat films were prepared by drop casting or spin coating from a solution
of pristine copolymers (or copolymers/PC71BM blend with mixing ratio 1:2 by weight)
dissolved in dichlorobenzene (7mg/ml for PDTP-DFBT or 10mg/ml for PTB7) on CaF;
substrates for t-PA measurements, and on sapphire substrates for all other optical
measurements. Thin films of isolated chains of pristine copolymers were also prepared by
drop casting from a dilute solution of pristine copolymers mixing with polystyrene in
dichlorobenzene with mixing ratio 1:1000 by weight. The PC7z;BM, [6,6]-Phenyl
Cs, butyric acid methyl ester > 99% fullerene powder were bought from Sigma Aldrich
and used asreceived. All solutions and films were prepared in aglove box filled with No.

For the doping-induced absorption measurements, a pristine PDTP-DFBT film was
doped with HAuCl,4, which is known to be a strong acceptor. The HAuCl, powder was
first dissolved in acetonitrile at 0.01M concentration, and stirred overnight to mix
uniformly. The film was then dipped in the solution for ~1 minute. For the PTB7, a
pristine film was exposed to iodine vapor for 1 minute, and the linear absorption was

measured before and after the iodine exposure.



3.3 Photophysics of Pristine Copolymers

3.3.1 PDTP-DFBT Copolymer

The PDTP-DFBT copolymer absorption and photoluminescence (PL) spectra are
shown in Figure 3.1a. The Stokes shifted 0-0 PL band peaks at 1.38 eV, considerably
lower than in any traditional PCP. This enhances the absorption from the solar spectrum,
which may contribute to the high efficiency OPV performance of this compound [94]. In
order to more precisely determine the energies E(1'B,) and E(m*Ay) in this copolymer,
we measured the electro-absorption (EA) spectrum of pristine PDTP-DFBT film
deposited on an inter-digitated electrode substrate subjected to a modulated voltage at
frequency f (see Chapter 2, Experimental Setup). In general, the EA spectrum of PCPs
shows two dominant optical features; a derivative-like Stark effect feature at E(1'By), and
a field-induced absorption at E(mlAg) due to the partia symmetry breaking associated
with the applied field [17,95]. The EA spectrum of PDTP-DFBT (Figure 3.1b) exhibits a
derivative-like feature with zero-crossing at ~1.55 eV, which we identify as E(1'B,); and
apositive band with 0-0 at ~1.95 eV, which we assign as E(mlAg) (see Figure 3.2b). The
energy difference, AE= E(m'Ag)-E(1'B,) ~0.4 eV, is an estimation of the exciton binding
energy in PDTP-DFBT, which is considerably lower than that in traditiona
homopolymer PCPs[96,97]. The low exciton binding energy may also be behind the high
efficiencies of OPV cells based on this copolymer. We note that AE is also expected to be
the transition energy of the photoinduced absorption (PA) band from the photogenerated
1'B, into the m'A4, namely PAs: (Figure 3.2b) [97,98].

Figure 3.2a depicts the steady state PA (ss-PA) spectrum in a film of solid state

solution, in which isolated pristine PDTP-DFBT chains are embedded in polystyrene (see
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Figure 3.1: Materials characterization (a) The photoluminescence (PL) and absorption
spectra of the PDTP-DFBT copolymer film. (b) The electroabsorption (EA) spectrum,
where the two important excited states in the singlet manifold are assigned.

Materias section 3.2). The spectrum was measured at 1 kHz modulation frequency and
300K, using the background PA in the ps pump-probe measurement (see experimental

setup, Figure 2.1). The ss-PA spectrum is dominated by a single PA band (PA7T) that
peaks at ~0.95 eV, which we assign, as in many other PCPs, to the strongest transition
from the lowest triplet exciton [97,99]. To strengthen this assignment, we performed PL-
detected magnetic resonance (PLDMR) and magnetic field-dependent PA (sssMPA) (see
Chapter 2, experimental setup) to identify the spin state of these long-lived species
(Figure 3.2). The PLDMR(B) response shows a ‘full-field” powder pattern around
Bo=1010 Gauss, which is typical to triplet excitons, T (or 1°B,) [99,100] . From the
PLDMR powder pattern, we can determine the zero-field splitting (ZFS) parameters, D
and E, of the triplet exciton in PDTP-DFBT. In general, the spin triplet full-field powder
pattern has singularities at Bo+D and peaks at Bo+(D+3 E)/2, and thus we obtain D=38 mT
and E=15 mT from the PLDMR(B) spectrum. We aso performed steady state magneto-

PA (sssMPA(B)), where MPA=[PA(B)-PA(0)]/PA(0) and B isthe magnetic field, at the
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Figure 3.2: Steady state (sS) spectroscopies of pristine PDTP-DFBT n-conjugated
copolymer. (a) The steady state photoinduced absorption (ss-PA) spectrum measured via
the background PA in the pump-probe correlation, modulated at 1 kHz. The triplet PA
(PAT) is assigned. (b) Schematics of the main energy levels and associated optical
transitions in three different manifolds of the copolymer, namely: singlet, TT pair, and
triplet, respectively. (¢) The PL-detected magnetic resonance (PLDMR) spectrum of the
copolymer measured at 10K. The full-field (FF) triplet powder pattern (black) and spin %2
resonance line (red) are assigned. (d) The steady state magneto-PA (ss-MPA(B)) response
of the PAt band measured at 40K. The line through the data points is a fit based on
individua triplet exciton using the zero-field splitting parameters D=38 mT and E=15
mT.

PA+ band (Figure 3.2d), which shows atypical response of triplet excitons [100]. In fact,
the sssMPA(B) response can be fit using the same ZFS parameters extracted from the
PLDMR(B) response.

Since we determined E(mlAg)z1.95 eV from the EA spectrum, we can estimate its
triplet counterpart, E(m°Ay), that is lower by about 0.2 eV [95,97], namely E(m°Ag)~1.75

eV. Consequently, from E(m3Ag) and PA transition energy, we can determine the energy
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of the lowest triplet exciton in PDTP-DFBT, E(1°By)= E(m>Ay)-E(PAT)~0.8 eV (Figure
3.2b). This value is in agreement with an alternative estimation starting from E(1'B),
since the energy gap, Asr between 1'B,, and 1°B, in PCPs is of the order of 0.7-0.8 eV
[101]. It isthus clear that the lowest singlet in PDTP-DFBT (=1.55 €V) is nearly resonant
with twice the lowest triplet (2x0.8=1.6 eV), i.e. E(1'B,) ~2E(1°B.)), which signifies the
isoergic or slightly endoergic nature of singlet fission in this copolymer [102].

Figures 3.3 shows the picosecond (ps) transient PA (t-PA) study in the mid-IR
spectral range of pristine PDTP-DFBT in a solid state solution film, measured by the two
colors pump-probe correlation method (see the experimental setup in Chapter 2). At
pump excitation of 1.55 eV, rather surprisingly, the t-PA spectrum consists of two PA
bands at 0.4 and 0.82 eV, respectively, which are formed within the experimental time
resolution (~350 fs). Thisisin sharp contrast to t-PA spectra of traditional homopolymer
PCPs, which are dominated by a single PA band that corresponds to PA from the SE to
m'Ag (i.e. 1'B,>m'Ag; [79,97]). The two PA bands in PDTP-DFBT have different
polarization memory values (Figure 3.3c and 3.3d). We therefore conclude that the two
PA bands do not belong to the same photoexcitation species. We identify the low-energy
PA band as due to SE, PAs (1'B,>m'A,, Figure 3.2b), since it matches the energy
difference AE = E(m'Ay) - E(1'B,) obtained from the EA spectrum. In contrast, the high
energy PA band does not match any known transition in the singlet manifold of
traditional PCPs [103] or copolymers [104]. It is aso different from the PA of triplet
exciton PAt in energy, and has much faster dynamics. It aso does not match optical
transitions related to polarons or polaron-pairs (PP) in PDTP-DFBT. We thus tentatively

identify the high energy PA band as due to atransition in the TT manifold, i.e. PArt
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Figure 3.3: Room-temperature ps transient spectroscopies of pristine PDTP-DFBT
embedded in a polystyrene matrix. (a) The transient PA (t-PA) spectrum in the mid-
infrared measured at t=0, with pump excitation at 1.55 eV. The transient PA bands PAse
(singlet exciton) and PArr (TT pair) are assigned. (b) 2D presentation of the t-PA
spectrum evolution excited at 1.55 eV, using false colors. (c) Polarization memory
(POM) decay of the SE (measured a 0.4 €V) and TT pair (measured at 0.82 €V) in
pristine PDTP-DFBT film. Note that the initia POM value, P(0), as well as the POM
decay, P(t), are different for the SE and TT photoexcitations. (b) The PA decays of the
SE and TT photoexcitations measured with pump-probe polarization parallel and
perpendicular to each other. We note that P(t) in (c) was calculated using these decays.

(Figure 3.2b). The transient magnetic field effect t-MPA (to be discussed in Chapter 4)
gives additional support to our assignment (see Chapter 2, section 2.3 for descriptions of
the t-MPA technique).

Interestingly the two PA bands, PAse and PA+t in Figure 3.3a, establish dynamics
equilibrium with each other, showing the similar dynamics as well as the polarization

dynamics within several hundred ps decay time (Figure 3.4). It aso means that these two
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Figure 3.4: PA dynamics comparison (a) Picosecond dynamics of PArt and PAss and
(a) Polarization memory dynamics of PAtr and PAse.

states coherently interact with each other in which they exchange the population through
the forward fission and backward fusion processes. Taking all these analyses together, the
1.55eV optical excitation may initially generate a coherent superposition of SE and TT
statesin which the TT state can be populated instantaneously with the SE, as observed by
Chan et a. in polycrystalline thin films of pentacene and tetracene [53,105], which
supports the quantum coherent model proposed by several authors and their coworkers
[55,106-108]. Then the route of singlet fisson in the PDTP-DFBT copolymer is

described as follows

1'Ay— [1'By & TT] — TT —1°B, + 1°B, (3.1)

where the TT decouples from the [1'B, & TT] state through the interaction of the [1'B,
© TT] state to the phonon bath and it dissociates into two individual triplets though the

coherent loss of their spin. It also notes that the superposition state of [1'B, & TT] might
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last for hundreds of picoseconds that leads to the dynamics equilibrium of the SEand TT
states in the same time scale.

Figure 3.5 shows the t-PA spectrum of PDTP-DFBT pristine in solution and its
evolution. Similar to that of the isolated chains embedded in polystyrene, the t-PA in
solution at time t=0ps (Figure 3.5a, black curve) shows two bands at 0.4eV and 0.82eV,
which were identified as the absorption of the SE and triplet pair, respectively. The t-PA
gpectral evolution up to 500ps (Figure 3.5b) clearly shows a blue-shift to the triplet
extiton band, which is at 0.95eV as determined by PLDMR and sssMPA (Figure 3.2).
This early blue-shift results in a significant buildup of triplet excitons in the background
spectrum (Figure 3.5a, red curve) which is the same as the ss-PA of triplet excitonsin the
isolated chains (Figure 3.2a8). The blue-shift of the TT band in picosecond time domain
signifies the fast coherent loss of two tripletsin the TT pair, probably resulting from the
tumbling motion of the polymer chainsin solution under excitation.

Figure 3.6 shows the t-PA spectrum in thin films of the pristine PDTP-DFBT. Rather
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Figure 3.5: Picosecond t-PA measured in pristine PDTP-DFBT solution, (a) t-PA
spectrum at t=0 (black curve) and background spectrum (red curve). (b) t-PA spectra
evolution up to 500ps shows a blue-shift to the triplet exciton band.
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Figure 3.6: Picosecond t-PA measurement of the pristine PDTP-DFBT film (a) at room
temperature and (b) at low temperature 40K.

surprisingly, at room temperature, the PA+r band splits into three sub-bands with a main
peak of 0.82eV and the other two shifted ~ 100meV equally around it (Figure 3.6a). The
equal distribution of three sub-bands in energy may originate from the three phonon side
bands of TT transitions. Another possibility is the interchain interaction in films which
causes the splitting. However, at low temperature, the middie 0.82eV peak is suppressed
(Figure 3.6b), which casts doubt on the first speculation of vibronic contribution. The
difference in decay dynamics of SE and TT states, the PAs: decays faster than the PA,
in thin films suggests that the TT state may decouple from the superposition state of
[SE< TT] at very early time, resulting from the strong interaction of these two states to

the phonon reservair.

3.3.2 PTB7 Copolymer

Figure 3.7 shows the absorption and photoluminescence spectra of PTB7 films

measured at room temperature. The absorption spectrum has two peaks at 1.84eV and
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Figure 3.7: Materials characterization (@) The photoluminescence (PL) and absorption
spectra of the PTB7 copolymer film. (b) The electroabsorption (EA) spectrum, where the
two important excited states in the singlet manifold are assigned.

2.02eV, which corresponds to the 0-0 and 0-1 vibrational transitions, mainly due to the
C=C stretching mode with vibration frequency 1500 cm™ (180 meV). The
photol uminescence spectrum has an unprecedentedly large Stoke shift of ~300 meV, the
distinct feature of low bandgap copolymers, which might be due to the existence of a
triplet pair TT with overall spin singlet configuration.

In order to check the energetic requirement for singlet fission in the PTB7, ideally Ese
~ 2E+ should occur for high efficient singlet fission yield [54,102]; thus we measured the
el ectro-absorption spectrum to determine the lowest singlet exciton energy level E(1'By)
and the most strongly coupled singlet exciton state E(mlAg). Even though the PTB7
backbone structure does not share the same group symmetry of traditional pi-conjugated
polymers PCP, for convenience, we still use the same notations of the PCP irreducible
representations to refer to various excited states of this copolymer, such as 1'B, for the
lowest singlet exciton, mlAgl for the most strongly coupled singlet exciton, and their

equivalence in the triplet manifold, namely 1°B, and m3Ag. The EA experimental setup is
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described in Chapter 2. The EA-spectrum of the PTB7 pristine film deposited on an inter-
digitated electrode gold substrate shows a derivative-like feature with first zero crossing
a 1.8eV, which we assign to the lowest energy level of the 1'B, state; and afirst positive
band 0-0 at 2.2eV, which we identify as the lowest E(mlAg) (Figure 3.7b). The energy
difference, AE= E(m'A,)-E(1'B,) ~0.4 eV, is an estimation of singlet exciton binding
energy in this copolymer. It aso equals the optical transition of singlet excitons, namely
PAs= observed in the transient PA spectrum of isolated chains of pristine PTB7 as
follows.

Figure 3.8a shows the steady state PA (ss-PA) spectrum of the PTB7 pristine film.
The spectrum is dominated by a band at 1.1eV, which we assign for the triplet exciton
transition from 1°B, to m°Ag, E(PA7). To further strengthen this assignment, we
measured the PA-detected magnetic resonant (PADMR) spectrum of the pristine film
(see ref. [109] for the experimental setup). The PADMR spectrum (Figure 3.8b)
measured at 1.1 eV depicts both spin triplet full-field powder pattern around By=1006
Gauss, with divergences at B3 =1160 Gauss and B,= 817 Gauss; and the half-field one

with a divergence at Byr=416 Gauss. Using equations for full-field and half-field's

divergences, By = By F 2=

and By = %\/Bg — (D + E)?, we can estimate the ZFS

parameters D ~ 510 Gauss and E ~ 56 Gauss [110], respectively. These D and E values
are not different from those of homopolymers [77,78], signaling that the triplet exciton is
indeed a localized photoexcitation species that is robust against changes in the polymer
backbone structure. Furthermore, the sssMPA spectrum (Figure 3.8c) measured at the PA
at 1.1eV shows atypical triplet pattern which was also used to identify the triplet exciton

in the literature [77]; this further confirms that the 1.1eV peak in the ss-PA spectrum is
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Figure 3.8. Steady state measurements on PTB7 thin films (d) The steady state
photoinduced absorption (ss-PA) spectrum in which the triplet PA (PA+) is assigned. (b)
The PA-detected magnetic resonance (PADMR) spectrum of the PTB7 copolymer
measured at 10K. Both the full-field (FF) and the half-field (HF) triplet powder pattern
are assigned. (c) The steady state magneto-PA (sssMPA(B)) response of the PA+ band
measured at 40K. (d) Doping-induced absorption (DIA) spectrum of pristine PTB7 films
doped with lodine vapor measured at room temperature. The DIA and PA bands P; and
P, of polarons in the copolymer chains are assigned.

due to the absorption of the triplet exciton.

We are now in good position to check the energetic requirement for singlet fission in
this copolymer. Since we know E(mlAg) = 2.2 eV from the EA-spectrum, we can
estimate E(m°Ag)~ 2 eV that is generally 0.2 eV lower than E(m'Ay). As a result, the
lowest triplet energy E(1°B,) can be determined by E(1°B,) = E(m°Ag) — E(PA+), which

is about 0.9 eV. It is thus clear that the lowest energy level of singlet excitons,
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E(1'By)~1.8eV, in PTB7 is approximately twice that of the lowest triplet, E(1'By) ~ 2
E(1°By), which calls for the high singlet fission yield in the PTB7 copol ymer too.

Figure 3.9 shows the t-PA spectrum of isolated chains of the pristine PTB7 embedded
in PS at time t=0 and its time evolution in the picosecond time domain, measured with
the transient pump-probe photomodulation spectroscopy (see Chapter 2, section 2.2). At
pump energy 1.55eV, it is clear that there are two PA bands, which are formed within the
experimental resolution 300fs; the low energy (LE) band that peaks at 0.4eV and the
higher energy PA(HE) a 0.95eV. They have different dynamics (Figure 3.9b), in
particular the LE band decays faster than the HE t-MPA responses, discussed in Chapter
4; and also excitation dependence, the HE band is much stronger than the LE when
pumped at 3.1eV energy (Figure 3.98). We therefore conclude that these PA bands do not
originate from the same photoexcitation species. From the EA spectrum (Figure 3.7), we
know that the LE band is due to the absorption of singlet excitons PAss. However, the
HE band does not match any transitions in the singlet manifold or the PA of triplet
exciton PAr, which is about 1.1eV (see Figure 3.89). It is aso different from the optical
transition of polarons or polaron pairs in the PTB7 film doped with lodine vapor (see
Figure 3.8d). Taking all of the above analyses into account, we can assign the HE band to
the optical transition of a new photoexcitation species, namely the PArr in the triplet pair
manifold. The transient magneto-photoinduced absorption studies presented in Chapter 4

will provide more evidence for this assignment.
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Figure 3.9: Picosecond PA spectrum (&) The transient PA (t-PA) spectrum of PTB7
pristine embedded in PS in the mid-infrared measured at t=0, with pump excitation at
1.55 eV (black) and 3.1 eV (red), respectively. The transient PA bands PAs: (singlet
exciton) and PArr (TT pair) are assigned. (b) 2D presentation of the t-PA spectrum
evolution at 1.55 eV excitation energy, using false colors.

3.4 Photophysics of Copolymer /fullerene Blends

Photophysics of pristine copolymers has shown the existence of intrachain singlet
fission with the novel triplet pair (TT) state which is the state of two correlated triplets.
The role of singlet fission and TT state in charge photogeneration and charge loss
processes in bi-layer hetero-junction OPVs has been extensively studied in recent years
[105,111]. Several reports have demonstrated the possibility of TT dissociation into “one
or even two” free electrons and holes at the D-A interfaces [105]. Since the efficiency of
bi-layer solar cellsis limited by the exciton diffusion length as discussed in Chapter 1, it
is common that none has reported a breakthrough in power conversion efficiency of these
OPV cells. Moreover, attempts to harvest more than 100% EQE obtainable triplets from
singlet fission [53,112] for free charges to generate photocurrent has not been successful,
given that the energy of triplet is lower than that of the CT state formed at the D-A
interfaces. In this section, we investigate the role of intrachain singlet fission and triplet

pairs in the copolymers for charge carrier photogeneration and charge carrier loss
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processes in the BHJ film of donor copolymers doped with the PC;; BM fullerene

acceptor.

3.4.1 PDTP-DFBT/ PC7, BM Blend

We now determine whether the TT state can be ionized in donor-acceptor (D-A)
blend, thereby generating e- and h-polarons that contribute to OPV applications. For
recognizing the signature of charge excitations in PDTP-DFBT copolymer, we first
obtained the charge polaron absorption spectrum in pristine film by doping with a strong
acceptor, HAUCl, (see the Materias section 3.2) shown in Figure 3.10a. We identify two
broad doping-induced absorption (DIA) bands due to polarons that peak at 0.35 eV and
1.2 eV, respectively, which are typical for polarons in PCPs [92,113] and copolymers
[93]. Figure 3.8a a so shows the ss-PA spectrum of a PDTP-DFBT/C7;-PCBM D-A blend
that gives the maximum OPV efficiency in a cell device [94]. The ss-PA shows the two
polaron PA bands at 0.3 and 1.25 eV, respectively, and a third PA band due to triplets
(i.e. PAT a 0.95 eV) that we identify from its MPA(B) response (Figure 3.2d). The
occurrence of ss-PA+ in the D-A blend shows that a direct dissociation of independent
triplets into e-h polaron pairs (PP) across the D-A interfaces is unlikely in this copolymer
blend [114].

The ps PA(t) spectrum evolution in the D-A blend is shown in Figure 3.10b, which
was measured at 1.55eV pump energy. At t=0, the PA(t) spectrum is similar to that in the
pristine copolymer (Figure 3.3a) that contains the two primary PA bands, namely PAs
and PAtt. At t>0 the spectrum evolves, showing a red-shift of the low energy PA band

and a blue-shift of the high energy PA band. We interpret the low energy PA red-shift as
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Figure 3.10: Steady state and ps transient PA spectroscopies of PDTP-DFBT/C,-PCBM
blend film up to 20 ps. (&) Doping-induced absorption (DIA) spectrum (black line) of
pristine PDTP-DFBT, and steady state PA (ss-PA) spectrum (blue line) of the PDTP-
DFBT/C#-PCBM blend measured at 40K. The DIA and PA bands P; and P, of polarons
in the copolymer chains, and the PA band of triplet (PA+) are assigned. (b) The evolution
of the t-PA spectrum of the blend excited at 1.55eV pump energy at various times as
indicated, up to t=20 ps. The PA bands PAsz and PA+t are assigned for t=0; at t>0 these
PA bands transform into P; (polarons) and PA+ (triplets), respectively. (c) The t-PA
dynamics up to 20 ps measured at three different photon energies as indicated. (d)
Comparison between the t-PA dynamics at 1.25 eV (P2; black line) and the time
derivatives of the t-PA dynamics at PAse (purple ling) and PA+r (blue line). -d(PA+T)/dt
dynamics (red broken line) is compared to P,(t) dynamics (black line).
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due to SE dissociation into PP at the D-A interfaces, namely PAs—>P;[92,115,116]. The
SE dissociation dynamics are shown in Figure 3.10c at probe energy of 0.4 eV (at the
PA s band). We note that the low energy PA(t) shows afast decay into a plateau, because
P; trangition is close to that of PAss and the polarons are long-lived in the blend.
Similarly, weinterpret the blue-shift of the high energy PA band as dissociation of the TT

pair into PP that follows the unique reaction:

TT>PPT, (3.2)

where PPy is a PP state in the triplet spin configuration. This reaction is spin-allowed,
since the left- and right-hand sides of equation (3.2) both can have total spin S=0.
Energetically, this reaction may be exothermic since the TT state lies above the E(1'By)
(see Figure 3.2b), and both PPy and T are located at mid-gap. The energy of PPy state can
be estimated from the emission spectrum of the singlet charge transfer CT state (or PPs)
in the blend film, adding that the PPs is approximately close to the E(PPy). Figure 3.11a
shows the PL spectra of pristine and blend films measured at ambient condition at 488nm
excitation wavelength. The PL spectrum of blend films (black curve) shows: 1) the high
energy band at 1.8eV which is due to the emission of PC71BM, 2) two phonon sidebands
0-0 and 0-1 of PDTP-DFBT singlet exciton emission, respectively, that match well with
the position of 0-0 and 0-1 emission peaks of pristine films (blue curve), and 3) a broad
band below 1.2eV that is due to the emission of the PPs. After subtracting the shoulder
PL band of pristine films from that of blend films, the PPs emission band is clearly

emerged as shown in Figure 3.11b. The PL spectrum of singlet CT peaks around 0.95eV
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Figure 3.11: CT emission measurement (@) Photoluminescence spectra of PDTP-
DFBT/PCBM films (black curve) and PDTP-DFBT pristine films measured at room
temperature. (b) PL spectrum of PPs or CT state in the blend, derived from the difference
in the PL spectra of blend and pristine films at below 1.2 eV.

which is equivalent to the lowest energy of PPs state. Noting that the energy of PPy is
within 0.1 eV of that of PPs, we assign 0.9eV to E(PPr). For the reaction (3.1) to be
allowed energetically, E(TT) should be at least equals to the sum of E(T) and E(PPr)
whichis~ 1.73eV, 100meV higher than twice E(T), which is consistent with the previous
report by Chan et al. [105].

Reaction (3.2) dynamics are also reflected in the high energy PA dynamics (Figure
3.10b); PA(t) comprises afast decay into a plateau, similar to that of the lower energy PA
band. However, in contrast to the lower energy PA, the plateau here is due to long-lived
triplets that result from reaction (3.2), asidentified in the ss-PA (Figure 3.10a).

In order to monitor the counterpart PP dynamics that are free of other PA(t)
interferences, we note that the PP dynamics are obtained more easily at the P, band
(~1.25 eV). To operate the mid-infrared laser system at this probe energy, we used a

nonlinear crystal and optics (see section 2.2) for obtaining aweak probe beam at 1.25 eV,
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as shown in Figure 3.10c. We note that the transient build-up of P, is too fast to be
determined only by the PAs: decay via the SE dissociation into PP. We thus conclude
that another photoexcitation species is involved in the charge photogeneration process in
the D-A blend, namely the TT pair. Since the TT dynamics contains a plateau at long
time (Figure 3.10c), we calculated the time derivative of its decay function at 0.82 eV,
namely d(PA(t))/dt as seen in Figure 3.10d. As is clearly seen in Figure 3.10d, the
polarity-changed dynamics, namely -d(PA(t))/dt, exactly matches P,(t) build-up. Thisisa
strong indication that reaction (3.1) is operative here. As also seen in Figure 3.10d when
calculating d(PA(t))/dt of the lower PA band, it shows a slower dynamics compared to
that of P,(t) build-up. This shows that reaction (3.1) is the main process that generates PP
across the D-A interface in the PDTP-DFBT/PCBM blend. We therefore conclude that
the TT pair ionization substantialy contributes to the charge photogeneration efficiency
in the blend.

We followed the ps transient PA+ dynamics in the D-A blend to alonger time. Figure
3.12a shows the t-PA spectrum evolution of the PDTP-DFBT/C1-PCBM blend up to 1ns.
As areminder, there is a build-up of PAt up to 20 psasaresult of TT dissociation at the
D-A interfaces described by equation (3.1) (see Figure 3.10d). Surprisingly, PAr
continues to increase at t>20 ps reaching saturation at t~1ns (see Figure 3.12b). At the
same time, P,(t) band decays with exactly the same dynamics to that of PA+(t) increase,
but with opposite sense. This shows that the triplet exciton population in the copolymer
chains increases at the expense of the PP density at the D-A interfaces, indicating that a
“back reaction” occurs, where the PP at the D-A interfaces decay into triplets in the

copolymer chains (i.e. PPt>T).
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Figure 3.12: Picosecond transient spectroscopies of PDTP-DFBT/C7,-PCBM blend film
up to 1.2 ns. (a) 2D presentation of the t-PA spectrum evolution with time, t excited at
1.55 eV, using false colors. (b) The t-PA dynamics measured at 1.25 eV (P»; blue line)
and 0.95 eV (PAT; black line). (c) The t-MPA(B) response up to B=300 mT measured at t
=500 ps. (d) Comparison of the t-PAt dynamics of PDTP-DFBT/C;;-PCBM blend film
with (black line) and without (red line) galvinoxyl (Gax) spin % radical additives, at a
concentration of 2% weight.

The “back reaction” PPr—>T is actually a drawback that may lead to a decrease in the
charge photogenerated efficiency of OPV cells. This can be ameliorated, however, by
adding spin ¥z galvinoxyl radicals into the blend [91,117,118]. Figure 3.12d shows the
PAT transient dynamics in two different D-A blend films, with and without galvinoxyl
radical additives. It is clearly seen that the PAt build-up is substantially reduced when
gavinoxyl radicals are added to the blend. This may originate from the spin-spin

interaction between the spin %2 radicals and the PPy species at the D-A interfaces that
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accelerates the PPy—> PPs intersystem crossing, similar to that induced by the field. This
supports our model dynamics and interpretation.

Figure 3.13 shows the t-PA spectra evolution of blend films when excited at 3.1eV. It
is noteworthy that at high pump energy, we excited not only the donor copolymer but
aso the fullerene PCBM. The t-PA spectrum at t=0 shows an early appearance of two
bands at 0.4eV and 0.82eV, which were assigned to the optical transitions of PAse and
PA 11, respectively. Within t=5ps, the TT band decayed in exchange of building up the Py
and PAt bands that peaks at 0.34eV and 0.95eV correspondently, which also follows the
reaction (3.2). At longer time scale, the P; and PA+ bands continues developing up to
1ns; the latter exemplifies the back reaction of PPr > T as observed previously when
pumped at 1.55eV (Figure 3.11). However, the interesting buildup of P; band at later
times contradicts the “back reaction” which should drain the polaron population,
therefore depleting the P; band. The growth of P; band might be interpreted as the hole
transfer from the lower HOMO of PCBM to the higher HOMO of the copolymer upon
excitation of the PCBM, which would replenish the population lost due to the back

reaction.
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Figure 3.13: t-PA spectra of PDTP-DFBT/PCBM blend films measured at room
temperature and its evolution up to 5ps (a), and 1ns (b).



3.4.2 Photophysics of PTB7/PC71BM Blend

Similarly, we now determine the role of TT pairs in the PTB7 solar cell device, in
particular whether it can dissociate into electrons and holes at the D-A interfaces in the
PTB7-doped C7; film which has an optimized ratio (1:2) for the maximum power
conversion efficiency in solar cell devices. Before that, we first locate the signature of
charge photoexcitations by measuring the DIA spectrum of the pristine PTB7 film doped
with lodine vapor (see the Materias section 3.2). The DIA spectrum (see Figure 3.8d)
shows two broad bands peaking at 0.3eV and 1.1 eV which are equivalent to two optical
transitions P; and P, of charge polarons. Figure 3.14a shows the ss-PA spectrum of a
PTB7/PC7:BM blend film. The spectrum peaks at 0.35eV and 1.1 eV which are similar to
two polaron bands P; and P, from the DIA measurement. Since the triplet exciton band is
also located at 1.1eV as indentified from the sssMPA spectrum in the blend (see Figure
3.14b), which is the same as that in the pristine film, the 1.1eV peak would be a mixture
of two PA bands, PA+ of triplets and P, of polarons, while the 0.35eV band is the lower
P, trangition.

Figure 3.14c depicts the transient PA(t) spectrum evolution in the D-A blend. At
t=0ps, within 300fs system resolution, the spectrum is similar to that in the pristine film,
consisting of two PA bands PAs:s at 0.4eV and PAtr at 0.95eV. At t>0 the spectra
evolutions show a blue-shift of the TT band towards the PAr and P, bands, the TT band
decays very fast within 20ps into a plateau in exchange for building up of the blue-shifted
band which is beyond the limit of the highest probe photon energy of our transient MIR
setup. However, we interpret the blue-shift of the TT band as the dissociation of TT pair

into polaron pairs, PPs, resulting in either (1) two PPrs ( polaron pair in triplet
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Figure 3.14: PA spectra of PTB7/PC7:BM blend (a) Steady state PA of PTB7/PC71BM
blend films measured at 40K. (b)The sssMPA response of 1.1eV band shows a triplet
pattern, signaling the triplet excitons is stable in this blend. (¢) Transient PA spectrum of
the blend film up to 1ns shows a blue-shift of triplet pair band into triplet exciton and P
bands at 1.1eV. (d) Dynamics of 1eV probe’s band up to 1ns. The first 20ps shows triplet
pairs might dissociate into triplet polaron pairs which later recombine back to triplet
excitons on the copolymer chainsin the time regime from 20ps to 1ns.

configuration) or (2) one PPy leaving behind one triplet [105], conforming to the spin
conserved process since the total spin in both cases is zero, S=0. Unfortunately, the
spectral overlaps at 1.1€V high energy band between PA+ and P,; and low energy band at
0.4eV between PAs and P, complicate our effort to further determine which reaction
would dominate the TT dissociation. Our interpretation of the TT pair dissociation is

further supported by observing more build-up of the blue-shifted band at a later time
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(Figure 3.14d), showing the increasing of dynamics taken at 1€V probe right after the
first 20ps up to 1ns, which would be due to the geminate recombination of triplet polaron
pairs back to triplet excitons on the copolymer chains. If the optical cross section of
triplets are larger than that of PP, our reasoning for the geminate recombination of PP -
T should be justified. In addition the build-up at 1eV probe's dynamics after 20ps in
Figure 3.14d is also an indirect proof for dissociation of the TT pair which is more likely
to take place rather than the singlet dissociation which results in the PPs in singlet
configuration and the recombination of singlet PP at alater time in picosecond time scale

should show the dynamics decay with time.

3.5 Conclusion

Photophysics of pristine copolymers embedded in polystyrene matrix revealed the
magnificent intrachain singlet fission in which the lowest energy of the excited state of
singlet excitons is approximately twice as that of triplet excitons, which calls for high
singlet fission yields. The triplet pair, a new species composed of two correlated triplet
excitons, is formed instantaneously within 350fs, the time resolution of our femtosecond
experimental setup, right after the formation of the singlet exciton. Surprisingly, in the
copolymers/ PC71BM fullerene blend film, the triplet pair dissociates at the donor and
acceptor interfaces into one triplet polaron pair PPy, therefore leaving behind one triplet
exciton on the copolymer chains. The ionization of triplet pairs is a unique and spin
allowed process which occurs as fast as and lasts for ~ 20ps. The PPy which is a product
of the TT ionization reaction later recombines back into the triplet exciton observed up to

Ins. The “back reaction” is in fact another significantly lost mechanism for charge
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photogeneration in the BHJ solar cell device. Finally, we demonstrated that the spin %2
additives can help prevent the “back reaction” lost channel by accelerating the PP—> PPs

intersystem crossing process.



CHAPTER 4

TRANSIENT MAGNETO-PHOTOINDUCED ABSORPTION
STUDIES OF SINGLET FISSION

IN COPOLYMERS

4.1 Introduction

In Chapter 3, we have shown the existence of the intrachain singlet fission SF in the
isolated chains of pristine copolymers. Our hypothesis about the SF was mainly based on
the observation of a new band peaked at 0.82eV in the t-PA spectrum (Figures 3.3 and
3.7) which does belong to neither the singlet exciton, nor the triplet. Therefore, we
assigned it to an optical transition of the triplet pair, which is a quantum state of two
coherent triplets formed through the singlet fission. There was no other direct evidence to
show that the assumed triplet pair is actually neither a lower energy 2 'Ag state (see
Chapter 1, excited state ordering), nor a CT state that might exist in these D-A
copolymers. If they were ever observed as the 0.82eV band, both 2 *Ag and CT states
would have been formed initialy in the spin singlet which is immune to the magnetic
field effect. In this chapter, we prove that the 0.82eV band is indeed the absorption of
triplet pair using a new technique, dubbed transient magneto-photoinduced absorption or

t-MPA.
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4.2 t-MPA Studiesof Pristine Films

4.2.1 PDTP-DFBT Pristine Films

We found that the bands PA sz and PArrare in ‘dynamic equilibrium’ with each other.
As seen in Figures 4.1a and 1b, there is a substantia t-MPA(B) response for both PA
bands, starting from few picoseconds. This shows that the spin degree of freedom is
involved in the underlying photoexcitations; therefore, they cannot be simply due to SE
alone, which has total spin S=0. In contrast, the TT state is expected to be in dynamic
equilibrium with two separated triplet excitons, even if the actual efficiency of the SF
may be small [119]. Consequently, PA+t involves some S0 components, which is the
only explanation possible for the high energy t-MPA(B). We aso note that t-MPAs(B)
response decreases with B, whereas t-MPA(B) increases with B (Figure 4.1a).
Furthermore, the two t-MPA responses increase with time in the same way, reaching
saturation at to~200 ps (Figure 4.1b). Taken together, these observations have an
unambiguous explanation, namely, the SE and TT states are in ‘dynamic equilibrium’,
whereby the photoexcitation population goes back and forth between them. This is the
process by which MPA<g, which should have been null (since S=0), gets its strength from
MPA+1r. As a control experiment, we verified that PAse in a traditional PCP such as
DOO-PPV lacks t-MPA response (Figure 4.2). Moreover, from the relatively slow
evolution of the t-MPA with time for both PA bands, we conclude that SE and TT species
coherently interact until ~to; otherwise MPA would be observed within the first 300 fs.
We may thus obtain the spin exchange coupling, Jse.1t, between the SE and TT pair from
to. Using the time-energy uncertainty principle, we get from to that Jsg.T7~30 mT, which

isamuch larger interaction than the hyperfine in PCPs (~3 mT) [77,120]. This shows that
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Figure 4.1: Picosecond t-MPA responses (a) The transient MPA (t-MPA(B)) response of
PAse (blue line) and PAtt (black line) measured at t=200 ps up to B=300 mT. The red
line through the data points of the t-PA+(B) response is a fit using a model based on
transient singlet-fission (see Appendix). (b) The evolution of the t-MPA(B=300 mT) for
PAse (blue) and PA1 (black) up to t=200 ps.
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Figure 4.2: The mid-IR t-PA spectrum of DOO-PPV polymer film at ‘t=0" measured at
3.1 eV pump excitation. The PA from singlet exciton (PAsg) is assigned. We note that
there is only one PA band in this traditional PCP homo-polymer, in contrast to PDTP-
DFBT copolymer that shows two PA bands (see Figure 3.3). The inset shows the t-
MPA(B) response measured at t=50 ps. The null result hereisin sharp contrast with the t-
MPA in pristine PDTP-DFBT discussed in the text.
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the spin lattice relaxation time among the nine spin states in the TT species is much
longer than the interaction time with the SE, justifying the following model for
calculating the t-MPA(B) response. It is noteworthy that t-MPA(B) and sssMPA(B)
responses are different from each other (Figures 4.1a and 3.2d, respectively). This shows
that the two triplets in the TT pair at early time are spin-entangled, and thus do not
behave as two independent species asin ss condition.

Interestingly, the observed t-MPA(B) response in the sub-ns time domain (Figures
4.1a) which is due to SF is quite different from magnetic-field responses that are typical
of the SF process, which have been used in the literature to identify the SF process
[112,121,122]. This is due to the finite time evolution of the t-MPA(B) that originates
from the magnetic field manipulation of the nine TT spin sublevels, as follows (see
Appendix). We assume that the TT pair is held together by a small exchange interaction

(X<<D), and write the TT spin Hamiltonian in a magnetic field as,
2 — — — — — —
HTT:Z[gjﬂssj'B"'Sj'fj'sj]"‘xsl'sz , (4.1)

where g is the g-factor of each triplet $;=1, B isthe magnetic field, ug is Bohr magneton,
and 7is asymmetric traceless tensor of rank 2, which is uniquely determined by the ZFS

parameters, as well as its space orientation with respect to B. At B=0, three of the nine

TT spin levels have a singlet character [119,123]. However, when B increases, then the
distribution of singlet character among the nine Zeeman split spin sublevels changes

(Figure 4.3), leading to variations in the initially populated levels by the internal
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Figure 4.3: The calculated energies of the nine spin sublevels of a TT pair and their
singlet content, as a function of magnetic field for two field orientations. The calculation
method is described in the Appendix. (&) The TT angle B=0; where [ is the angle
between B orientation and the triplet #1; the angle, 6 between the two tripletsinthe TT
pair is 6=0. (b) B=0.55r; 6=0.15n. The size of the y-bar (red color) for each line indicates
the relative singlet content of the level. The ZFS parameters for both triplets are
D=38mT, E=15 mT; and the exchange interaction is X=0.

conversion SE->TT process [119]. As time progresses and with spin-dependent lifetime
for the nine TT spin sublevels that is faster than the spin-lattice relaxation time, the total
population of the TT pair becomes magnetic field-dependent, rendering a fiel d-dependent
photoexcitations density related to PA, namely MPA(B) (Figure 4.4). There are two
important angles that should be taken into account for fitting the experimental t-MPA

results. One angle, 6, is between the spin direction of the two individua tripletsinthe TT

pair; and the other angle, B, is between the spin direction of one of the triplets and B
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Figure 4.4: Timeresolved (--MPA(B)) and steady state (sssMPA(B)) responses of singlet
fission-born TT pair. Bottom panel: ssMPA(B) using the parameters D=35 mT, E=10
mT, X=0.05 mT, k~10" s™. Top panel: transient MPA(B) response at t=200 ps, using the
parameters D=60 mT, E=0.01mT, X=0.01 mT, k~10" s*. The caculations for both
MPA(B) responses were done with full powder pattern, in which B angle, § and TT
angle, 6 are averaged; and long spin-lattice relaxation time is assumed. Note the sharp
contrast between the two MPA (B) responses.

direction. To fit the t-MPA(B) response, we averaged the t-MPA(6,5) over al possible
angles in order to get a ‘powder pattern’ suitable for MPA(B) (see Appendix for the
model for t-MPA(B)). The excellent fit seen in Figure 4.1a upper panel for t=t,=200 ps
was obtained using D=60 mT, while taking into account the limited time evolution of the
nine TT spin states. We note that the D parameter here is larger than that by which the ss-
MPA is fitted; this may be caused by a shorter triplet wavefunction extent (and thus
larger ZFS parameter [99]) for the individual triplets withinthe TT pair state.

Figure 4.5 shows the evolution of the t-MPA in the microsecond time domain (see
chapter 2, section 2.3). Figure 4.5a shows that the PA decay at 0.9 eV (where both PA+t

and PA+ contribute) is strongly magnetic field-dependent. From the change, APA(t) in
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Figure 4.5. Microsecond transient spectroscopies of pristine PDTP-DFBT film
measured at 0.9 eV and 80K. (a) The PA decays measured at magnetic field B=0 (black
line) and B=180 mT (red line) up to t=40 usec. The inset shows the calculated t-MPA at

B=180 mT up to 40 usec. (b) to (d) The transient MPA(B) response up to B=180 mT
measured at different times, t asindicated.

PA(t) with B, we obtain the t-MPA(B,t) response and study its time evolution. Figure 4.5a
inset shows that t-MPA at B=180 mT changes polarity at ~4 usec. This s reflected in the
t-MPA(B) response (Figure 4.5b-d), which dramatically changes from t=1 usec to t=10
usec. t-MPA(B) response changes from an early time lineshape that is similar to that
measured in the ps time domain due to SE-TT interaction (Figure 4.1a), to a longer time
lineshape similar to that of individual, uncorrelated triplets as in ssMPA (Figure 3.2d).

We therefore interpret this surprising t-MPA(B) evolution as decomposition of the TT
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pair (where the two triplets are spin-entangled) into two separated triplets having
uncorrelated spins. This enlightening experimental result is the strongest evidence for the

SF process in PDTP-DFBT that supports our interpretation.

4.2.2 PTB7 Pristine Films

Similar to the PDTP-DFBT pristine, the t-MPA spectrum (Figure 4.6) measured at
200ps time delay on the singlet exciton band of PTB7 pristine, namely t-MPAsg, and the
0.95eV HE peak, t-MPAye (Figure 3.7d), shows a correlation; the t-MPAye increases
with magnetic field in expense of the decrease of t-MPAge. Since a singlet exciton is not
a composite S=0 species such as polaron pair singlet PPs, we expect the t-MPA<e to be
null. Therefore, the observed t-MPA<: should get its strength indirectly from the t-
MPALe through the closed-loop process where the SE populates the HE band species
through the singlet fission and the HE species gives its feedback to the SE through the
fusion reaction; the whole process eventually establishes the dynamics equilibrium
between SE and HE states. To make the whole thing work, the t-MPA e spectrum has to
be involved directly in its own spin degree of freedom. From all above evidence, we can
assign the HE band as an optical transition in the TT manifold, namely PA .

Interestingly the two t-MPA responses (Figure 4.6b) progress with time in the same
way, increasing with B field and approaching a saturation at to ~ 200ps, which shows that
the SE and TT coherently interact until ~ to. Using the uncertainty principle, we can
estimate from to~ 200ps the coupling strength Jse.rv ~30mT between the two species,
which is much larger than the typical hyperfine coupling constant in PCP, about ~ 3mT.

It means that the interaction time between the SE and nine spin statesinthe TT speciesis
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Figure 4.6: Pristine PTB7 in PS (a) The transient MPA (t-MPA(B)) response of PAge
(blue line) and PA+tt (black line) measured at t=200 ps up to B=300 mT. (b) The
evolution of the t-MPA (B=300 mT) for PAge (blue) and PA+t (black) up to t=300 ps.

much shorter than the spin lattice relaxation time constant, justifying the model for
calculating the t-MPA(B) response (see Appendix) that was used to fit the t-MPA
response of the TT band of the PDTP-DFBT pristine (see Figure 4.1a).

The fact that two triplets in the TT pair are spin-entangled and do not behave like
independent triplets was reveaed by the t-MPA response; the t-MPA1+ spectrum is very
different from the sssMPA+ (Figure 3.6). The t-MPA+t response in the picosecond time
domain can generaly be explained due to the magnetic field manipulation of nine TT
spin states. At B=0, three of the nine TT spin states have the singlet character. The
applied B field splits the TT pair into nine spin sublevels, redistributing the singlet
character among the nine states, leading to variations in the initially populated nine levels
through the singlet fission process. As time progresses and with different spin-dependent
decay rates for the nine TT sublevels which are faster than the spin lattice relaxation time,
the total population of the TT pair becomes magnetic fiel d-dependent.

It isinteresting to follow the t-MPA+ responses in longer time scale to see when the
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TT pair dissociates into two uncorrelated triplets. For that purpose, we measured the
magnetic field dependence PA(t) at 0.95eV probe using the microsecond to millisecond
PA setup described in Chapter 2, section 2.3. Figure 4.7 shows the t-PA dynamics at
0.95eV with two different magnetic field strengths. It is clear to see the PA(t) is field-
dependent; at time t<5us, the PA(t) at B=180mT is larger than that at B=OmT; but at
longer time, it becomes smaller. To check the spectral evolution of t-MPA(B), we
measured it at different delay times ( Figure 4.7b to d). Obviously, the spectral shape at t
= 2usissimilar to that of TT pair in the picosecond time range (Figure 4.6a). However, at
t=6us, we start to see a narrow component emerge, which then dominates the t-MPA
response at t> 20us. In fact the t-MPA (t>20us) spectrum is the same as the sssMPA that
characterizes independent triplets, measured at the PA+ band (Figure 3.6). We therefore
conclude that the TT pair disintegrates into two independent triplets in the microsecond
time range; confirming our identification of the TT pair and the SF process in the PTB7
copolymer.

Surprisingly, the microsecond t-MPA spectrum of pristine films measured at 0.95eV
probe continues to evolve at much longer delay time until ~1ms, which shows that the
FWHM of narrow features decreases over time and disappears after 900us (Figure 4.7e-
h). The underlying mechanism for this spectral narrowing is still unknown, given that
uncorrelated triplet excitons are the only long-lived species surviving in this time regime
(>20 microseconds) and the ZFS parameters D and E do not depend on the population

density of triplets.
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Figure 4.7: Microsecond transient spectroscopies of pristine PTB7 film measured at 0.95
eV and 80K. (a) The PA decays measured at magnetic field B=0 (black line) and B=180
mT (red line) up to t=40 psec. (b) to (h) The transient MPA(B) response up to B=180 mT

measured at different times, t as indicated.
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4.3t-MPA Studiesof PDTP-DFBT/PCBM Blend

In Chapter 3, we reported that the PPr recombines back to triplet excitons on the
copolymer chains up to 1ns, which shows that the decay of the P, dynamics in fact
matches with the build-up of the PAt band (Figure 3.8d). Apart from the observed
dynamics correlation, the following t-MPA responses measured on the triplet band
further support the “back reaction” PPy = Pr.

Figure 4.8a shows the dynamics of PAt taken at two different B fields, B=0 (black)
and B=300mT (red) up to 4ns, and Figure 4.8b indicates a fractiona change of t-PAt
with B field according to the formula of t-MPA(t,B) = (t-PA(B) — t-PA(B=0mT)/t-
PA(B=0mT) with B=300mT. The t-MPA(t,B=300mT) shows a distinct half bow shape
which changes the polarity from negative to positive with the zero crossing point at ~1ns,
and approaches a saturation at ~4ns. We aso measured the t-M PA (B) responses of PA at
different delay times (Figure 4.8c-d), focusing on the t-MPA(B) at t=500ps, during which
the “back reaction” occurs, and the t-MPA(B) at t > 1ns that have the positive responses.
The negative t-MPA(B) response measured at t=500 ps is broad and unsaturated up to
300 mT. We estimate the FWHM of t-MPA response in this field interval ~110 mT,
which is narrower than that of t-MPA response of TT pair in the pristine film measured at
t=200 ps (Figure 4.1a) ~150 mT. Also the t-MPA in the blend has opposite polarity from
that in the pristine film. We thus conclude that the t-MPA response of PA+ in the blend
originates from spin-mixing process other than that measured in the pristine copolymer.
The spin-mixing in the blend occurs between PPr and PPs (i.e. intersystem crossing) at
the D-A interfaces, mediated by the difference in the g-factor of electron and hole

polarons (so-called * Ag mechanism [77,124,125]). The conversion of the initially
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Figure 4.8: Sub-nanosecond transient spectroscopies of PDTP-DFBT/PCBM blend films
measured at 0.82 eV at room temperature. (a) The PA decays measured at magnetic field
B=0 (black line) and B=300 mT (red line) up to t=4 ns. (b) The calculated t-MPA at
B=180 mT up to 40 ns. (c) to (d) The transient MPA(B) response up to B=300 mT
measured at different times, t as indicated.

populated PPr (see equation (3.1)) into PPs that increases upon the application of the
magnetic field reduces the population of PPy available for the “back reaction” and this, in
turn, decreases PA+, in agreement with the reverse polarity of the obtained t-MPA(B)
response (Figure 4.8b). The positive t-MPA responses at times t>1ns, which are aso
broad and nonsaturated up to 300mT, have the FWHW of ~110mT that is similar to that
of t-MPA at 500ps, indicating that they come from the same spin-mixing mechanism

between PP and PPs but in areversed order with the initially dominant populated singlet



101

PPs. The maority of PPs population left over after 1ns is a product of the previous
conversion cycle from PPy - PPs. The conversion from PPs - PPr upon applied
magnetic field in this time domain would increase the PPy population available for the
“back reaction”, which subsequently increases the triplet population and PA+, in

agreement with the positive responses of t-MPA(B) measured at PA~.

4.4 Conclusion

We introduced a new method, dubbed transient-magneto photoinduced absorption t-
MPA from sub-nanosecond to millisecond time domain, to elucidate the singlet fission in
low bandgap copolymers. Using this novel technique in combination with the t-PA
spectroscopies, we detected in the pristine copolymers a dynamic equilibrium between
the SE and TT that was held by their spin exchange interaction with the interaction
strength as large as ~30mT at early time, and the TT splitting into separated triplet
excitons at later times. Using this tool in the copolymers/fullerene blend, we aso identify
the charge carrier loss mechanism by the “back reaction” of PP into triplet excitons on

the copolymer chains.



CHAPTER S

SUMMARY AND FUTURE RESEARCH OUTLOOK

We have used various optical spectroscopies to thoroughly study a new class of OPV
materias, namely the low bandgap w-conjugated polymers. These copolymers exhibit the
intrachain singlet fission SF which has never been reported previously because of the
lack of spectroscopic tools which can probe in the MIR spectral range. With our unique
capability for doing pump/probe in the MIR probe range couple with the new nanosecond
to millisecond PA spectroscopies and the transient magneto-photoinduced absorption, we
have discovered the singlet fission and various dissociation mechanisms of TT state in
the pristine copolymers and their blend with PC71BM fullerene. The *smoking gun’ proof
for the TT photogeneration and its dissociation mechanisms is provided by the novel
technique of t-MPA(B) response.

In addition, the t-MPA may be applied for studying spin dynamics in OSEC having
fast triplet generation other than LBG copolymers. One example is SF that occurs at high
excitation photon energies in regular polymers, where the photon energy is larger than
that of twice the triplet lowest energy. Yet another example is the ultrafast intersystem
crossing that occurs in Pt-polymers; this process was measured to be in the ps time
domain. It can also be measured in the time domain of nanoseconds to millisecond, which

does not require ps pump-probe correlation. We note that the t-MPA(B) response in
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this time interva may be very different from that in the ps time domain since the
processes that lead to MPA may be different.

Together with t-MPA, the transient magneto-photoluminescence (t-MPL) can be used
to study the process of reversed intersystem crossing, including the thermal activated
delay fluorescence and triplet-triplet up conversion. These processes have attracted
significant research efforts for increasing the OLED efficiency by harvesting more
triplets. These processes occur in the nanosecond to microsecond time range and thus
would beideal for transient t-MPA and t-MPL in that time interval.

Amid potential applications in OPV's, the ultrafast spin-conserved singlet fission has
attracted many researchers working in the field of device physics, optical spectroscopy,
and chemical synthesis. The spectroscopic study has demonstrated the possibility of
harvesting triplet excitons from SF in pentacene onto PbSe nanocrystals through the
resonant energy transfer [126]. On the other hand, there would be another advance that
may have shown the triplet transfer from a low bandgap copolymer, which is known as
the strong intrachain SF from our study, to amorphous Si at their interfaces in a bi-layer
solar cell device structure. According to his 2015 APS meeting talk, Prf. Yang Yang has
mentioned the bi-layer cell of aSi and a copolymer with a PCE of 10.5% which is much
higher than that of individua cells: 6% in the &S and 8% in the copolymer. This
achievement may not be a breakthrough when comparing with the tandem or perovskite
cells which aready obtained more 15% in average. However, it may have demonstrated
the capability of extracting more charges from triplets or triplet pairs in the copolymer
chains onto the aSi which may have its optical gap in resonance with the triplet energy in

the copolymer. There are two possibilities to explain for 6% + 8% = 10.5% , either
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increasing the short circuit current Iz or open circuit voltage V. Increasing Vo in a
tandem cell has explained its higher PCE, but not with the bi-layer structure. We
speculate that in this bi-layer cell, the SF in the copolymer would add an extra amount of
photocurrents that may be generated from triplet excitons or triplet pairs dissociated at
the copolymer and &S interfaces.

From the spectroscopic point of view, the SF is rich and interesting research subject
to be explored, given that there is still a debate about its origin which involves either
electronic or vibronic couplings between SE and TT states. Apart from the energetic
constraint which requires the energy of singlet excitons twice as that of triplets, a strong
electronic interaction between the TT and SE has been considered as a main driving force
for efficient SF yield [105]. In fact, our experimental results in the copolymers have
shown the coupling strength of ~30mT, in agreement with the previous reports. However
recent studies on pentacene polycrystalline and its derivatives using three pulses
technique and broadband 2DES [127] indicated that “overlap and mixing of the vibronic
manifolds of singlet exciton and TT state play a key role in ultrafast dynamics of SF”,
disagreeing with the previous claims [105].

On the other side of molecular design, understanding the root of SF would help
effectively design and synthesize efficient SF materials that can be used in the BHJ solar
cell structure, taking advantage of its easy and cost-effective fabrication process.
Harvesting charges from triplet excitons or even directly from triplet pairs which were
formed through the SF is crucia for boosting the power conversion efficiency (PCE)
beyond the Shockley-Queisser limit. Therefore, we notice that the next adventure in OPV

field would be to design dimers serving as good SF materials from acenes, known as
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having strong SF in polycrystalline phase, and D-A polymers with different D and A
molecules that can be used as electron donors as well as triplet sensitizers in the effective
BHJ cells. As afinal remark, the field of organic solar cells already approached 10% of
PCE in a single cell OPV with new low bandgap copolymers [87].The future of OPVs
with a higher PCE targeting beyond 10% in single cells would be achievable with singlet
fission, but would need a balancing between the research triangle, which is molecular

designs /syntheses, device fabrication techniques, and spectroscopic studies.



APPENDIX A

CALCULATION METHODS FOR THE t- MPA(B)

AND ss-M PA(B) RESPONSES

We used different methods for calculating the t-MPA(B) and sssMPA(B) response,
respectively. The ssMPA(B) calculation method is for an isolated triplet that gives a PA
band, namely PA+, whereas the calculation of t-MPA(B) response is based on singlet

fission of the SE into TT pair state.

A.1t-MPA(B) Response Related To SF

We used a simple model for explaining the magnetic field response appropriate for a
singlet fission (SF) process following photo-excitation. The model is a follow-up of our
earlier studies[77,128].

As described in the text, the SF process creates atriplet-triplet (TT) pair initially in an
overal singlet state, Srr=0. SF occurs within ~0.1 ps after photoexcitation and the Sr+=0
state is maintained for times, t<ts , where tg_is the spin lattice relaxation time in the
copolymer. Both transient-MPA (in the time interval 1ps-200ps) and steady state MPA
are therefore described here within the TT pair system having spin Srr=0.

The general form of atriplet exciton Hamiltonian may be written as [129]
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H, =S, %S, , (A.1)

where Sr=1 isthe triplet exciton spin and 7 isasymmetric traceless tensor of rank 2. The

tensor 7 isuniquely determined by the characteristic zero field splitting (ZFS) parameters
D and E and its space orientation with respect to the field, B. The angular dependence
formulae in an arbitrary frame of reference can be found in references [128,129]. We
assume that the TT pair is held together by a small exchange interaction XS,-S,

(X<<D,E) and write the TT Hamiltonian in amagnetic field, B as,

2 g - — — - -
Hrr =D 10,48, B+S, 7S]+ X§:S, (A.2)

where g is the g-factor of each triplet S=1, B is the magnetic field, and pg is Bohr
magneton. A pair of triplets may assume a state of total angular momentum S =S, +S,

(with Sr7=0,1,2) and for the SF process, we concentrate on the case S =0. In the

absence of magnetic field, B=0, three of the nine TT states have a singlet character [130];
however, when B increases the distribution of singlet character among the nine states,
changes leading to variations in the initially populated levels by the SF process. As time
progresses and with spin-dependent decay, the total population of the SF-born TT pair
becomes magnetic field-dependent [119] rendering a field-dependent photoexcitations

density related to PA, namely MPA(B). The spin-dependent level decay rate is given by:
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Vo= K, P, (A.3)

where n=1,...,9 istheleve index of the TT state; a=S,T,Q is the spin configuration index
for singlet, triplet and quintet; « is the characteristic configuration decay rate; and P, is
the o projection onto the n™ level. In Figure 4.3, we show the magnetic field-dependent
energy levels of a TT pair and the singlet character of each level for two magnetic field
orientations; it is clearly seen that the spread of the singlet character among the nine TT
levels depends on both the magnitude and orientation of the magnetic field.

When we incorporate the level decay rates into consideration, we find for the time-

dependent probability of the system in the ™" spin configuration:

pa(t)=Tr(P“0(t))=L—5 2. PonPon COS(@,1) €XP(~7 ) (A4)

n,m=1

where E, =hw, arethe level energies, o, =@, —®, ; ¥m =7s +7» ad L, =1,3,5 for
o=S,T,Q, respectively. In equation (A.4), P* is a-configuration projection operator and
o(t) is the time-dependent density operator with o(0)=P°for the SF process.
Importantly, when the decay rates «,are spin-dependent, »m in equation (A.4) are not
uniform and the decay of p,(t) becomes spin-dependent; this assures a finite magnetic
field effect (or MPA(B) response).

Transient-PA (t-PA) measures the optical transition from the TT state to an excited

state and is therefore proportional to Za R, p,(t,B) where p_(t,B) isgiven by equation
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(A.4) and R, is the transition probability for configuration a. Therefore, t-MPA(B)
responseis given by:

> R.p.(LB)

tMPA(t, B) = S Rp00)

1, (A.5)

In contrast, steady state PA measures the time integrated optical transition, and is thus

given by

PA(B) oc Zj; R, p, (t,B)dt =
¢ (A.6)

3 R,L,PePS —Lm[1- e (cosy, t, ——MSinw,, )]

a—a’nm’'mn 2
+w
amn nm nm nm

where to~tg_ is the time during which the system spin is conserved. MPA(B) response is

defined as,

MPA(B) = PA( i)A_(OF;A(O) : (A7)

Comparing equations (A.4) and (A.6) we may expect different field-responses for the
transient and steady state MPA(B). Figure 4.4 shows the two responses for parameters
relevant to the pristine copolymer studied. For these calculations, we performed a full
‘double average’ on the angle, 3, between the two triplets comprising the TT pair and 6,
the angle between one of them and the magnetic field direction. As we can see, the t-

MPA is broad and does not contain an abrupt change at B=0. In contrast, the ssMPA
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response develops a sharp feature at ~ B=0; this shape was taken in the literature as

evidence for SF.

A.2 sssM PA(B) Response Related to I solated Triplet Exciton

In order to describe the photoexcitation density dynamics, we introduce a relaxation

term, Hg, in the spin Hamiltonian [12§] ,
H=HZ+HHF+HR y (A8)

where Hg is the non-Hermitian relaxation term that describes the decay pathways of the

spin sub-levels:
h L
H. =—i§ZKaPa : (A.9)
a=1

where P? (Z P“ =1) are the relevant state projection operators. In equation (A.8) the

Zeeman term is H, =1, > 9,5, - B, where the summation is over al species (1 for a

single triplet exciton, TE) with spin S and (assumed) isotropic g-factor;

H,- :Z anfn-§n is the isotropic HFI term; we aso assume that the exchange

interaction can be ignored. The time evolution of the density operator is now expressed

a5,
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o(t) = exp(—iHt / 7)o (0)exp(iH 't / 7) | (A.10)
where H'is the Hermitian conjugate of H  and the t=0 density matrix o(0) is controlled

by the generation process. The time-dependent probability for the system to be in the o

spin state may now be written as
PO =THP O(0) == 3 P, OO D OP( 7). (ALD

where E, =%(w, —1y,) (n=1,...M) are the complex eigen-values of the non-Hermitian H,
M=L(21+1)* is the total number of states, and @,, =@, — @, ; Youm = Vs + V- THE

measured sssMPA(B) response may be readily calculated using equation (A.11). Let

R, bethe reaction rate constant, then the total yield of thereactionis

[ L a Yom
@p = X[ Rp 00t = TR, TR 00 (0) 2 (A12)

For PA, assuming that the optical cross section is spin-independent, R,=R and
equation (A.12) yields ®p, =R j p, (Dt =(2RLIM)Y" 0,.(0)/ 7, < Ny, the TE
density.

In pristine PDTP-DFBT films, the steady state photoexcited TE density is low and
thus effects of TE-TE annihilation are small. In this case, the TE density is determined by

a nonradiative recombination process, for which the spin sub-level recombination

constants k., (a=%1,0) are different from each other. The principal TE zero-field splitting
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(ZFS) parameters were obtained in PDTP-DFBT by the PL detected magnetic resonance
technique; D~38 mT and Ex15 mT. Using these ZFS parameters, we calculated the TE
energy levels and wavefunctionsin B applied in ageneral direction. The MPA(B) powder

pattern (Figure 3.2d) was calculated using k;=k.;= 0.25k0=1.3x10’s™.
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