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Introdduction

C
Chapteer 1
1 Introd
duction
Organic photovoltaiccs is a field of organic electronics
e
w
with a great ppotential forr e.g. wearabble or
a
ploy organicc semiconduuctors to connvert Sun photons
built-in applications.
Organic sollar cells emp
to electriicity. Photon-to-charge conversion in organic solar cells is a multisstep processs that
includes exciton ph
hotogeneratiion, their diffusion
d
annd dissociat
ation, and ggeminate chharge
nation – the processes that
t
occur att ultrafast (ffemtosecondd to nanoseccond) timesccales,
recombin
and direcctly affect the efficiency of devices.
In this Chapter, the
t basic co
oncepts of operation
o
off organic soolar cells aree described.. The
o-charge con
nversion is broken dow
wn to substeeps, and thee physics off each substtep is
photon-to
explained
d. Spectrosccopic approaaches to traack the ultraafast excitoon and chargge dynamiccs are
introduceed. Finally, the
t research goals and ob
bjectives of this Thesis aare formulated.
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1.1 Ba
asics of Orrganic Electronics
In the mo
odern world
d, life is imp
possible with
hout a huge variety of eelectronics. E
Every day people
use hund
dreds and th
housands off different electronic
e
deevices – froom smartphoones and PC
Cs to
1
2
“smart” trackable dog
d
collars or electron
nic slippers with fall prevention . The heartt and
on of moderrn electroniccs are semicconductors – the majoriity of the m
modern electtronic
foundatio
devices would
w
be im
mpossible without
w
e.g. semiconduccting transisstors. The m
most widely-used
semicond
ductors are Group IV elements
e
(lik
ke silicon oor germanium
m) or binarry compounds of
group III-V elemen
nts (e.g. gallium arsenide), but in principle aan electronicc device caan be
a semicond
ductor.3
manufacttured from any
Semicconducting properties
p
and conducctivity in orrganic mateerials have been intenssively
th
studied since
s
19 cen
ntury; the firrst organic conductive
c
m
material – poolyaniline – was describbed in
4
1862. However,
H
maanufacturing of the real organic
o
elecctronic devicces was not rreported unttil the
th
second half
h of 20 century.
c
In 1977 a break
kthrough dis covery happpened: Alan G. MacDiaarmid,
Alan J. Heeger and
d Hideki Sh
hirakawa witth co-workeers synthesizzed semiconnducting organic
5
ne , which im
mmediately triggered deevelopment oof the field oof polymer-bbased
polymer polyacetylen
he potential of organic eelectronic ddevices are rreally astonishing
“plastic” organic eleectronics. Th
because of possibilitty to suppleement an eleectronic circcuit with advvantages of organic maaterial
r
rature solutiion processabbility and soo on.6,7
such as liight weight, flexibility, room-temper

Figure 1.1
1 (a) Schemattic representaation of a conjjugated chainn with S-orbittals (purple/grreen ovals) foormed
by overlaapping p-orbittals of indiviidual carbon atoms (show
wn as purple-ggreen eights)). (b) Energyy band
diagram of
o an organicc semiconducctor. Black arrrows represeent spins of eelectrons locaated at the Hiighest
Occupied Molecular Orbital (HO
OMO). The molecule
m
is in the grouund state, soo that the Lowest
MO) is empty
y.
Unoccupiied Molecularr Orbital (LUM

Since then, the fieeld organic electronics
e
started to exppand rapidlyy. The first oorganic electtronic
merged in early
e
1980s as a single-layer organiic solar celll (OSC) withh efficiencyy well
device em
8
below 0.1% (to com
mpare, efficieency of mod
dern OSCs e xceeds 13%
%9). In 1983, the first organic
2
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thin-film transistor was proposed10, and in 1987 organic light emitting diode (OLED) was
introduced11. Nowadays, organic electronics is an advanced and mature field of science and
technology with organic electronic devices (mainly OLEDs) commercially available and widely
used.
As follows from the name, organic semiconductors are carbon-based (organic) materials.
They demonstrate ability to conduct electricity due to the so-called S-conjugation: overlapping of
the p-orbitals along the molecular backbone leads to formation of delocalized molecular

Sorbitals (Figure 1.1a); as a result, electrons in these orbitals are delocalized along the
conjugated chain.12-14 Manifold of the S-orbitals form a band-like structure with frontier orbitals
called HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied
Molecular Orbital), respectively. The HOMO acts as an analogue of the valence band edge in a
conventional inorganic semiconductor while the LUMO is analogous to the conduction band
edge; the difference between HOMO and LUMO energy levels is a bandgap Eg of the organic
semiconductor (Figure 1.1b).12
Nowadays, the most widely-used organic semiconductors are conjugated polymers15 and
small molecules16,17. Those materials demonstrate extremely high flexibility of the molecular
design and outstanding tunability of chemical, physical and optical properties.18 Such parameters
as a bandgap and the exact position of energy levels, absorption spectrum and extinction
coefficient, charge mobility, stability and many others can be tuned by careful chemical
engineering of the material. Variety of conjugated moieties (e.g. phenyl, thiophene, carbazole,
benzothiadiazole and many more) can be connected in many different ways, resulting eventually
in hundreds and thousands structures with unique properties.19,20 This ensures endless
possibilities for organic semiconductors.

1.2 Excitations in Organic Semiconductors
Essential difference between organic and inorganic semiconductors is their dielectric constants H.
While Hof silicon amounts to 11.721, the dielectric constant of organic semiconductors is
typically lower than 422. This results in essentially different photophysics of organic
semiconductors compared to their inorganic counterparts. In the latter absorption of the photon
results in direct generation of a free electron-hole pair, while in organic materials the so-called
excitons (bound electron-hole pair) are formed upon photoexcitation.23 Additionally, because of
complex and often intrinsically heterogeneous structure of organic semiconductors, such excited
states as inter- and intramolecular charge-transfer (CT) excitons24-27 and/or polaron pairs28,29 may
be formed upon photoexcitation along with the excitons. This makes photophysics of pristine
organic semiconductors quite challenging.

3
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Figure 1.2
2 Schematic drawings (to
op) and energ
getics (bottom
m) of (a) a F
Frenkel excitoon30, (b) intraa- and
31
intermolecular charge--transfer exciitons in push
h-pull materiaals , (c) holle polaron32 and (d) interrfacial
charge-traansfer state33. Excitons are shown by pink ovals, w
while electronns (holes) aree depicted ass blue
(red) ovalls/circles. In (b),
( intramoleecular donor and acceptorr units are shoown by greenn and cyan ciircles,
respectiveely. Note disstortions of th
he conjugated chains in (c) which, toogether with a charge, foorm a
polaron.

1.2.1

Singlet excito
ons

n organic seemiconducto
or absorbs a photon witth energy hiigher than tthe bandgapp, one
When an
electron is promoted
d from an occupied
o
to an unoccuppied molecullar orbital, fforming a bbound
n exciton. Note
N
that excciton as a quuasi-particlee exists onlyy in solid staate of
electron-hole pair: an
organic semiconduct
s
tor; in the caase of e.g. diluted
d
solutiion of organnic moleculees no excitonns are
formed but
b the moleccule is simplly promoted to its exciteed state.
For simplicity, wee will assum
me further on that the elecctron in the excited statee is located iin the
h
is createed in the HO
OMO (Figuure 1.2a), i.ee. the excitoon has the loowest
LUMO, while the hole
uctors, excittons are usuually fairly localized w
within
possible energy. In soft organicc semicondu
334
several conjugated segments and
a
are called Frenkeel excitons (in contrrast with hhighly
35
delocalizzed Wannierr-Mott excito
ons found in inorganicc semiconduuctors at low
w temperaturres36).
The bind
ding energy of an exciiton depends on the diielectric connstant of thee material aand a
particularr configuratiion of the ellectron and hole
h
wavefuunctions (whhich dependss on the chem
mical
37-40
structure of the materrial), and in organic matterials typicaally amountss to ~0.3-1 eV
V.
quire the eleectron photoeexcitation too occur withoout change oof spin. Thuus, the
Selecttion rules req
spins of the
t electron in the LUM
MO and the hole
h
in the H
HOMO are oopposite, andd the total sppin of
the geneerated excito
on is zero. In
I this case, the multipplicity of suuch excited state is onee and
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therefore it is called “singlet excited state” and the respective quasi-particle is called a “singlet
exciton”.
Singlet excitons are major and most important energy carriers in organic electronics.41-43
Because of the opposite spins, recombination of the electron and hole of the exciton is dipole
allowed; therefore, the lifetime of singlet excitons typically does not exceed several
nanoseconds.44 Another consequence of the singlet multiplicity is the ability of singlet excitons
to be transferred within the semiconductor via the Förster resonant energy transfer mechanism
(FRET)45 which relies on dipole-dipole interactions. Förster energy transfer is relatively fast and
long-range (the transfer rate scales with the distance as r-6)46 and, therefore, the singlet excitons
are quite mobile. Singlet excitons can also be transported via the short-range Dexter
mechanism47 (where the transfer rate decreases exponentially with the distance)48, and a
combination of the two mechanisms determines diffusivity of the exciton.
1.2.2

Triplet excitons

In the ground state, the neutral molecule has a net spin zero due to the Pauli Exclusion Principle.
If the molecule is excited, the electron and hole are in different energy levels, so that they can
have the same spins without violating the Pauli Exclusion Principle. The multiplicity of such an
excited state is three49, so that it is called “triplet state”, and the electron-hole pair form a triplet
exciton50. Triplet states are “dark” states: they cannot be directly excited by photon absorption as
such a transition would require spin flipping which is forbidden in the electric-dipole
approximation.51 Thus, the triplet excitons are not formed directly via photoexcitation, but they
are created from singlet excitons via singlet-to-triplet conversion processes50 or after merging an
electron and hole (e.g. after injecting from electrodes in an OLED) with same spins52,53.
The most common mechanism of singlet-to-triplet conversion is intersystem crossing50,54-56
(ISC, Figure 1.3a). For ISC to occur, the transition to the triplet state must be energetically
favorable, and the singlet and triplet states must be spin-orbit coupled.57,58 Because of the second
requirement, efficient ISC occurs in a number of fullerenes (e.g. C60, C70, C76 and C92)59 and
fullerene derivatives (e.g. PCBM and PC71BM)60. Additionally, efficient ISC is observed in
organic materials with heavy atoms in the structure as the heavy atom promotes spin-orbit
coupling.61-63 Another possible route to singlet-to-triplet conversion is singlet fission50,64-66 (SF,
Figure 1.3b). Via SF, one singlet is converted to a correlated triplet pair67-70 which further
separates to a pair of free triplet excitons. To make this process possible, doubled energy of
triplet state should be somehow lower than the singlet state energy64,71, and the neighboring
chromophores must be electronically coupled72,73 to each other to accommodate the generated
triples at different molecules. Singlet fission is of great interest in organic photovoltaics as it
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on-hole pairss from a sing
gle photon w
which potenntially allowss overcominng the
producess two electro
74,75
Shockley
y-Queisser liimit.

Figure 1.3
3 Schematics of (a) intersy
ystem crossin
ng and (b) sinnglet fission. Spin directioon of the elecctrons
are shown
n by black arrrows. Vibrattional relaxattion is shownn by wiggledd arrow. In (bb), the singleet and
triplet exccitons are shown by brown
n and green ov
vals, respectivvely.

Becau
use the transiition from th
he triplet exccited state too the ground state requirees change off spin
orientatio
on, the lifetiime of triplet excitons is orders off magnitudee longer com
mpared to thhat of
50,76
singlet ex
xcitons.
As
A the FRET
T rate is in inverse propoortion to thee excited statte lifetime, F
FRET
is extrem
mely inefficieent for the triplet exciton
ns (which is also a conseequence of thhe spin-forbiidden
relaxation
n of the trip
plet exciton to
t the singleed ground sttate); thus thhe main trannsport mechaanism
for the triplets
t
is Dexter
D
transfer.53,77 Trip
plet dynamiics are extreemely impoortant for O
OLED
operation
n, as due to
o the basic quantum
q
staatistics, 75%
% of electronns and holees injected tto the
device form
fo
triplet excitons.53,778 In OSCs the triplet dynamics aare of loweer importancce as
typically timescales of singlet exciton
e
collection (<100 ps) are m
much faster compared tto the
o-triplet con
nversion timee (~1 ns) an
nd therefore the triplet ccontributionn to the sepaarated
singlet-to
60
charges is
i typically low. Triplet dynamics become
b
impportant in SF
F solar cells, where the chharge
74,79
collection
n from triplet excitons is the ultimate goal
(see Chapter 6 for disccussion of ttriplet
harvestin
ng in SF solaar cells).
sfer exciton
1.2.3 Charge-tran
C
ns
One of th
he goals in designing
d
neew materialss for organicc photovoltaiics is to optiimize the am
mount
of absorrbed solar photons
p
by manipulatin
ng the banddgap of the organic seemiconductor.80-82
Nowaday
ys the most common way
w to achiev
ve this goall is in desiggning the so-called pushh-pull
20,83
(donor-accceptor) mo
olecules . A push-pulll molecule (either a poolymer or a small moleecule)
6
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comprises conjugated donor and acceptor units19,84 (Figure 1.2b, top). Because of different
energetics of the donor and acceptor units, a ground state charge-transfer occurs within the
molecule85, with orbital reorganization and narrowing of the bandgap (Figure 1.2b, bottom).
In addition to the narrow bandgap, push-pull molecules typically demonstrate lower exciton
binding energy compared to classical conjugated materials.38,86 This is due to the intramolecular
charge transfer which occurs after photoexcitation of the molecule. Because the accepting moiety
has lower lying orbital energies with respect to the donating one87, the electron density is shifted
to the acceptor unit after the photon absorption19,88,89. Thus, the positions of electron and hole in
space do not coincide any longer (unlike in a Frenkel exciton), which results in a larger
delocalization length of the electron-hole pair and lower Coulomb attraction. The bound
electron-hole pair formed after charge transfer is called the charge-transfer exciton (CT-exciton).
In densely packed films of push-pull molecules not only intramolecular charge transfer can
occur, but the electron can also be transferred to an acceptor unit of the neighboring molecule,
therefore forming intermolecular CT-exciton.27,90
1.2.4 Polarons
Eventually, electronics deal with electrical current – or, in other words, with flow of charges
(electrons). Thus, organic semiconductors in organic electronic devices are often populated not
only with excitons, but also with free (or weekly bound) charges. Because organic
semiconductors are “soft” materials, a free charge is coupled to the induced deformation of the
conjugated chain which results in change of electronic configuration of the surrounding.30 Such a
quasiparticle which consists of a charge and charge-induced deformation of the surrounding is
called a polaron.91-95 Depending on the charge sign, the electron polaron and the hole polaron
(Figure 1.2c, top) are distinguished.
Reorganization of surrounding and respective change in local polarization of the environment
affects the energetics of the material.30 In the case of a hole (electron) polaron the energy level of
singly occupied molecular orbital (SOMO, former HOMO or LUMO) shifts up (down) in the
energy (an example for hole polaron is shown in Figure 1.2c, bottom). This, in turn, results in
changed optical properties of the material (namely, appearance of additional absorption bands)91.
Polaron dynamics are of great importance for organic electronics. In the case of OSCs,
charges are to be collected at the electrodes creating photocurrent; in OLEDs polarons are
injected into the recombination layer, where they form excitons and, eventually,
electroluminescence.

7
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1.3 Organic Solar Cells
Solar cells are optoelectronic devices which convert incident light to electricity. A typical solar
cell consists of a semiconductor-based active layer and conductive electrodes. The active layer
collects incoming solar photons and converts them into charges, which are further collected by
the electrodes. The power conversion efficiency (PCE) of a solar cell depends on the number of
collected photons, photon-to-charge conversion ratio, charge recombination and charge
collection efficiencies and so on.96
As any semiconductor-based device, a solar cell may be based on organic semiconductors.37,82
Organic solar cells combine the ability of photon-to-charge conversion with advantages of
organic-based devices such as light weight, flexibility, solution processability, etc.12,97 Efficiency
of OSCs has steadily overcome the 10% threshold98 and keeps on increasing every year99, which
makes them attractive for niche applications. In this section, the basic working principles of
OSCs are described.
1.3.1

Heterojunction Concept

The exciton binding energy in organic semiconductors is estimated as 0.3-1 eV100 so that the
fraction of thermally generated free charges is negligibly low. Not surprisingly that the first
OSCs made of a single layer of organic semiconductor demonstrated PCE as low as 0.1% due to
extremely low exciton-to-charge conversion efficiencies of <1%8. Despite this discouraging
figure, manufacturing of the first OSCs had a great proof-of-concept value and promoted further
development of organic photovoltaics.
Because of suboptimal quantum efficiencies of single-layer OSCs, it became clear that the
exciton dissociation was the bottleneck in the device operation. As thermal dissociation of
photogenerated excitons in organic materials is quite improbable, a driving force is needed to be
applied to the exciton in order to dissociate it to the charges. A simple and elegant solution of
this issue was found by creating a heterojunction of two organic semiconductors.82,84 In a
heterojunction, two semiconductors with different energy levels are placed together to create an
interface.101 If the exciton dissociation is energetically favorable (i.e. if the total energy of
separated charges is lower than that of the exciton), the electron is transferred from the donor
material to the acceptor material, thereby promoting the exciton dissociation (Figure 1.4a).
Similarly, if the exciton is initially located in the acceptor material, the exciton can be
dissociated via hole transfer process if the energy alignment allows for it (Figure 1.4b).
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Figure 1.4 Schematicc representattion of (a) electron trannsfer and (bb) hole trannsfer processses in
or-type (purplle) and accep
ptor-type (oraange) organic semiconducttors. Excitonss with
heterojuncction of dono
binding en
nergy Eb are shown
s
by the shaded ovalss.

1.3.2 Planar
P
Heterrojunction
The most straightforrward realizaation of heteerojunction cconcept is thhe so-calledd planar (layyered)
heterojun
nction of do
onor-type an
nd acceptor--type materiials. This cooncept was first realizeed by
Tang in 1986 and demonstrated
d
d the overwh
helming advvantage oveer the singlee-layer devicces: a
~
was reaadily achieveed102. Thirty years after tthis inventioon, layered soolar cells reaached
PCE of ~1%
>8% effficiency in multilayer
m
devices
d
with
h several abbsorbers whhich ensure efficient phhoton
103,104
4
absorptio
on and cascaade energy trransfer.
The planar heterojjunction OSCs have two
o major advaantages. Firsst, the devicee structure iss very
n principle – two layers of organic semiconductoors are needded to create a simplest aactive
simple in
layer. Seecond, becau
use of the laayered structture, the inteerface area bbetween thee two materials is
relatively
y small, and the pathway
ys for the ch
harges to the electrodes aare well-defi
fined, which leads
to negligible non-gem
minate recom
mbination an
nd, consequeently, to a higgh fill factorr.105,106

Figure 1.5
5 Schematic drawings
d
of (aa) planar heteerojunction annd (b) bulk heeterojunction organic solarr
cells.

On th
he other han
nd, the majo
or drawback of such a sstructure is mismatch bbetween the light
12
penetration depth of ~100 nm and the exciiton diffusioon length of ~10 nm107-111. This creaates a
9
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conflict: to ensure efficient photon collection, the active layer must be thick (as the least,
comparable to the light penetration depth), which inevitably results in low exciton harvesting and
therefore low device efficiency. The reversed situation is the thin absorber (~10 nm) and closeto-unity exciton harvesting – but in this case the fraction of absorbed photons is extremely low
with an apparent consequence of low efficiency. Because of this contradiction, it is almost
impossible to design an efficient bilayer device based on widely-used organic semiconductors.
Thus, the best layered heterojunction solar cells103,104 consist of multiple absorbing layers with
carefully tuned energetics to ensure efficient exciton/charge transport, and a lot of efforts in
chemical and device engineering are required to fully exploit the potential of this seems-to-besimple concept.

1.3.3

Bulk Heterojunction

A simple and elegant way to balance the exciton and charge harvesting efficiencies in the OSC
active layer was discovered in 1995 by introducing the so-called “bulk heterojunction” (BHJ)
concept.112 In BHJ OSC, donor and acceptor semiconductors are mixed together during the film
casting. The mixing is typically done either by co-evaporating the donor and acceptor
compounds (in the case of vacuum-deposited OSC) or by casting from a pre-mixed
donor:acceptor solution. As the two materials are mixed together, the active layer may be made
thick enough to ensure sufficient absorption (typically, the thickness of the active layer of BHJ
OSCs is in order of hundreds nanometers12).
During the film deposition, donor and acceptor materials self-organize in a phase-segregated
network. The particular structure (also called morphology) of the donor-acceptor mixture in the
active layer largely determines the efficiency of the resulting OSC.113-116 Generally, there are
several factors in the active layer morphology which influence the exciton and charge collection
efficiency: the scale and the type of phase separation, the number of phases, and the area of the
interface between the phases. Apparently, these factors are not independent: very intimate
mixing with fine phase separation results in a large interface area while in a well-separated
mixture the interface area is smaller.
Fine intermixing of the two phases ensures close-to-unity charge generation efficiency (for
simplicity, we will consider ideal phase separation without intermixed region which is often
present in real BHJs). However, extremely large interfacial area leads to high bimolecular
recombination rate of charges. As a consequence, the two fully separated phases do not form
enough pathways for the free charges to the electrodes, which eventually results in low charge
collection efficiency. This is not a problem in BHJs with coarse morphology (large phase
separation): due to the relatively small interfacial area, the probability of the separated electron
10
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and hole to meet each other is fairly low, and bimolecular recombination is inefficient.
Unfortunately, coarse morphology cannot ensure efficient exciton harvesting: phase-separated
domains may be larger than the exciton diffusion length, and the excitons generated in such
domains will be wasted.117,118
Therefore, the interfacial area and phase separation scale must be carefully balanced in order
to achieve both efficient exciton harvesting and charge collection. As there are no solid methods
to predict or to control the morphology (see Chapter 3 for details), efficiency optimization
requires a lot of efforts on a trial-and-error basis. One of the most promising and straightforward
ways to simplify the device optimization (both planar and bulk heterojunction – based) is
developing the materials with increased exciton diffusion length.119

1.4 Charge Generation in Organic Solar Cells
In any heterojunction OSC, the current photogeneration process may be broken down to the
following steps120:
1. Photon absorption and exciton generation
2. Exciton diffusion to the interface
3. Exciton dissociation at the interface
4. Charge drift to the electrodes, charge collection
Each step is subject to losses, which have to be minimized in order to achieve maximal
efficiency of the device. As was discussed, the requirements for optimizing different steps may
be contradictive (for example, there is interplay between exciton harvesting and non-geminate
recombination). Therefore, the design of efficient OSCs is quite complex and well-thought, and
requires not only optimizing of the active layer, but also wise choosing of the electrodes121, using
of buffer layers122 and so on.
1.4.1 Photon absorption and exciton photogeneration
The very first step of OSC operation is absorption of the solar photons and generation of
excitons. In modern OSCs, push-pull polymers and small molecules are typically used as a donor
material120,123, while highly absorptive C70 fullerene or its soluble derivatives (e.g. PC71BM) act
as an acceptor120. Typically, the donor material collects photons from near-IR and green/red
regions of the solar spectrum while the fullerene acceptor is responsible for the photon
harvesting in the blue/near-UV range.
At this step, there might be losses of two kinds: i). transmission of photons through the active
layer due to the low absorbance of the device, and ii). poor energy management due to the nonoptimal bandgap of the absorbers.
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The first issue may be resolved straightforwardly by increasing the absorber thickness.
However, this might be not an optimal solution as in the case of planar heterojunction OSC
increasing the absorber thickness would reduce the exciton harvesting while for the BHJ device
non-geminate recombination will be increased. A more optimal way is to design materials with
high extinction coefficient to ensure sufficient photon absorption in a relatively thin (<100 nm)
layer124 or to increase the exciton diffusion length in the materials119.
The second loss channel takes place if the bandgap of the absorber(s) is too wide or too low.
In the case of a wide-bandgap absorber, a significant fraction of low-energy photons is lost,
which leads to decreased photocurrent. A too narrow bandgap results in thermalization losses of
high-energy photons and to decreased voltage. To achieve the best energy management, the
bandgaps, the LUMO-LUMO offset (and the HOMO-HOMO offset) of the donor and acceptor
compounds have to be carefully tuned.80,125 Depending on the LUMO-LUMO offset, optimal
bandgap of the donor material (which is considered to be the main absorber) varies in 1.1 eV –
2 eV region126. Another approach to maximize the photon harvesting is using multi-cell devices
with absorber layers tuned for the particular wavelength range.127-130
1.4.2 Exciton diffusion
In the next step, the photogenerated excitons need to reach the interface in order to dissociate
into a pair of charges. As excitons are neutral species with zero net charge, they cannot be driven
and guided by an external electric field of an OSC; in the first approximation, the exciton motion
is random. Such random motion is described as diffusion – the process of spreading of neutral
particles from areas of high concentration to areas of low concentration.131,132
In organic semiconductors, the exciton diffusion is often considered as random hopping
between the molecules/conjugated segments, occurring either via Förster-like or Dexter energy
transfer mechanisms. In the simplest case of fully random hopping with constant rate, the exciton
diffusion in three-dimensional medium is described by the well-known diffusion equation133,134:
߲݊ሺ࢘ǡ ݐሻ
݊ሺ࢘ǡ ݐሻ
ൌെ
 ܦଶ ݊ሺ࢘ǡ ݐሻ  ܩሺ࢘ǡ ݐሻǡ
ܶଵ
߲ݐ

(1.1)

where n(r,t) is the exciton concentration, T1 is the exciton lifetime, D is the exciton diffusion
constant and G is the exciton generation rate. In the case of normal diffusion (i.e. if the mean
squared displacement of the exciton is a linear function of time), the exciton diffusion length is
readily calculated as:
ܮௗ ൌ ඥʹܼܶܦଵ ǡ
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tend to “choose” the sites with the lowest energy among the neighboring sites and therefore the
direction of the exciton diffusion is largely pre-defined by the energetic landscape.141 This makes
the whole exciton diffusion process essentially anomalous142 and, generally speaking, it cannot
be described with the Equations (1.1) and (1.2). In the extreme of very fast exciton cooling in
comparison with the exciton lifetime, the diffusion length still can be estimated from Equation
(1.2) with the stabilized value of D taken. However, typically the singlet exciton lifetime in
organic semiconductors is shorter that 1 ns while the cooling time may be as long as several
hundreds of picoseconds.143 In this case, the stabilized diffusion does not dominate, and the
diffusion length has to be calculated from the average displacement of the excitons.
It should be noted that the diffusion coefficient decreases dramatically during the exciton
cooling: the difference between initial D and stabilized D can exceed an order of
magnitude142,143. This leads to significant shortening of the diffusion length. Thus, increasing the
exciton lifetime and decreasing the material disorder are winning strategies for maximizing the
exciton diffusion length and, therefore, the exciton harvesting. Exciton diffusion in ordered and
disordered semiconductors is considered in detail in Chapters 2-3 of this Thesis.
1.4.3 Exciton dissociation
After having reached the donor-acceptor interface, photogenerated excitons must be dissociated
to a pair of free (separated) charges. To make the dissociation process efficient, the donoracceptor interface should meet a number of requirements. First of all, the exciton dissociation
must be energetically favorable, i.e. the LUMO-LUMO (HOMO-HOMO) offset between the
donor and acceptor materials must be large enough to ensure efficient electron (hole) transfer.97
Secondly, the orbital overlap between the donor and acceptor molecules at the interface should
be large enough144; otherwise the charge transfer would not be possible even if the energetics
allows for it.
If the donor-acceptor pair meets the aforementioned requirements, the exciton dissociates at
the interface via electron or hole transfer. However, exciton dissociation per se does not
guarantee formation of free charges. After charge transfer, the electron and hole which reside at
different materials are still Coulombically bound.145 This interfacial bound electron-hole pair is
called the charge-transfer (CT) state (Figure 1.2d).146,147 The filling of CT states via electron or
hole transfer processes occurs at ultrafast (<100 fs) timescales.148-152
Eventually, the electron and hole in the CT state either overcome their Coulomb attraction and
form a separated pair of free charges153, recombine back to ground state147, or form a singlet or
triplet exciton (with triplet excitons prevailing both due to the spin statistics and favorable
energetics) via back electron (hole) transfer154-157. Apparently, in a good working photovoltaic
blend the first route must be dominating, while the latter two have to be suppressed in order to
14
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achieve maximal efficiencies. Thus, the donor-acceptor system should be designed in such way
to promote the CT state separation and minimize geminate recombination.33,158
Typically, the energy of the CT state is lower than the energy of the exciton, thus the CT state
is formed in a “hot” state with some excess energy present which depends on the LUMO-LUMO
(HOMO-HOMO) offset of the donor-acceptor pair. Even though the role of this excess energy of
hot excitons by itself for CT state dissociation is questionable33,159, it was shown that it promotes
direct formation of separated charge pairs bypassing the bound CT state160 because of effective
delocalization of the electron and hole densities in “hot” states, which facilitates long-range
charge separation. Delocalization of the state depends on the state energy160, materials used33 and
blend morphology158. After initial separation, the distance between the electron and hole
increases due to the disorder-assistant161,162 fast motion of not-yet-cooled charges (mainly
electrons)163, until it reaches ~10-15 nm where the charges can be considered free. Thus,
extending the wavefunctions delocalization of separated charges and charge mobility by material
and device engineering is a route to efficiency optimization by reducing geminate recombination
of CT states (see Chapter 5 for detailed discussion of charge separation in BHJ OSCs).
1.4.4 Charge collection
The last step of photon-to-electricity conversion in OSCs is collection of separated charges. At
this step, the separated charges have to find their way to the electrodes. As charges can be guided
by the external field, their motion is not random: electrons drift to the anode while the holes
move to the cathode. The important loss mechanism at this state is non-geminate recombination
of the charges.164
In the layered OSCs, the probability of electron and hole to meet each other and recombine is
very low106 as the charges transport from the interface to the electrodes within different material
phases. This fact explains high fill factors of the layered devices.105,165 In BHJ OSCs, however,
this is not the case. As BHJs form a percolated random structure, no direct and straight pathways
to the electrodes are present. Thus, the charges must travel along the entangled channels of the
corresponding phases. In such a system, the probability of electron and hole to meet each other at
the interface is considerably higher.166,167 Additionally, in the BHJ solar cells low-energy traps
for the carriers or isolated clusters of either of the materials can be formed which also reduces
the charge collection.168 To minimize the non-geminate recombination and the number of traps,
material ordering and morphology optimization are required.

1.5 Goals and Objectives of the Thesis
This Thesis is devoted to ultrafast charge generation and recombination channels in organic
photovoltaics, and provides comprehensive studies of early-time photoinduced dynamics in
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modern organic photovoltaics along with suggestions for further improvement of OSC
efficiency.
The Thesis aims at answering the following questions: What are the initial steps of photon-tocurrent conversion? What are the fundamental processes which determine the efficiency of
charge generation in organic solar cells? How could the exciton dynamics in organic
semiconductors be controlled and observed? What are the possible ways to increase the quantum
efficiency of OSCs?
To answer these questions, the following objectives are posed:
1) To develop a direct technique to track the exciton diffusion in real time (Chapter 2) and to
apply the technique to monitor the exciton dissociation dynamics in bulk heterojunction
solar cells (Chapters 3)
2) To examine the dynamics of primary photoexcitations in organic semiconductors
(Chapter 4)
3) To identify main charge generation and recombination channels in bulk heterojunction solar
cells at ultrafast timescales and suggest the routes for device optimization (Chapter 5)
4) To demonstrate a possibility to control the triplet harvesting from singlet fission material by
e.g. changing the active layer morphology (Chapter 6)
To fulfill the objectives, time-resolved photoinduced absorption spectroscopy in combination
with time-resolved photoluminescence and steady-state spectroscopy techniques was used.

1.6 Photoluminescence and Photoinduced Absorption Spectroscopies
A convenient and most straightforward approach to study the photophysical processes in organic
semiconductors is optical spectroscopy.30,97 The simplest spectroscopic technique is linear
absorption spectroscopy. Even this simplest experimental approach provides tremendous amount
of useful information about the system169 such as the optical bandgap, vibrational frequencies,
presence of ground-state charge-transfer complexes and so on. However, linear absorption
spectroscopy lacks the dynamical aspect: it is impossible to track the evolution of the
photoexcitations. To study the dynamics of excited states, it is necessary to employ non-linear
time-resolved spectroscopies.
1.6.1

Time-resolved photoluminescence

After the system is excited to some high-energy state after photon absorption, the processes
lowering the potential energy of the system will start. A most straightforward process is to return
back to the ground state. If the relaxation to the ground state is accompanied by photon emission,
such a process is called photoluminescence (PL). To examine the dynamics of the excitation, the
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PL must be measured in a time-resolved manner. In organic semiconductors and photovoltaic
blends, PL provides important information about material properties, excitons and CT states.
The primary photoexcitations in organic materials – singlet excitons – can relax to the ground
state with a photon emission within relatively short times (typically in order of nanoseconds).
Not surprisingly that time-resolved photoluminescence is one of the most popular approaches to
study the exciton dynamics in organic semiconductors.99,100,109,110,157,158
The most straightforward results obtained from the time-resolved PL measurements are
exciton lifetime44,170 and the singlet quantum yield63,171. The former is important to know, as the
exciton lifetime must be large enough to ensure the possibility for the excitons to reach the
interface; generally, a longer lifetime results in simplified device optimization.44,119
Knowing the PL quantum yield is crucial as it is directly related to the presence of nonradiative relaxation channels. The pathways of non-radiative decay are typically triplet-to-singlet
conversion, non-radiative relaxation and exciton trapping in “dark” states.172 In some exceptional
cases, exciton-to-polaron conversion may occur, which also lead to decreased PL lifetime (and,
consequently, quantum yield)173, see Chapter 4 for details. For each individual material, the exact
pathways of non-radiative decay suggest the routes to device optimization.
Using time- and frequency-resolved PL measurements, one can estimate the energetic
disorder of the material. Right after photoexcitation above the bandgap, the excitons uniformly
occupy the DOS, and then the excitons start to lose their energy due to the downhill migration
within the DOS (see Section 1.4.2 “Exciton diffusion”). Finally, the diffusion process stabilizes
at the energy level of –V2/kT below the center of DOS.126,127
The process of downhill exciton migration affects the PL energy. Obviously, the excitons
which occupy higher energy levels in the DOS also emit photons with higher energy compared
to the excitons which reside at lower energy levels. Therefore, right after photoexcitation the PL
spectrum peaks at the center of DOS. During the exciton cooling, the PL spectrum shifts to the
red and stabilizes when the excitons reach the equilibrium level.142,143,174,175 The width of
energetic disorder Vis calculated from the difference in PL spectrum at the early times and
stabilized PL spectrum.
In principle, any emitting species can be studied with time-resolved PL. If the charge
separation in a BHJ blend occurs via interfacial CT state, there is a finite probability of CT state
to recombine to the ground state producing a PL.176-178 In this case, PL can provide important
information about CT state dynamics.179
Typically, PL of the CT state is red-shifted compared to the PL of singlet excitons176,180. This
fact can be used to separate these PL channels and to calculate the branching ratio between the
PL of singlet excitons (i.e. the number of excitons which relax before reaching the interface) and
CT-state PL (which is proportional to the number of dissociated excitons). This branching ratio
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As a rule-of-thumb, there is inverse proportionality between the polaron absorption energy
and the conjugated length of the molecule32:
ܲଵ ൌ

ܣ
 ܥǡ
ܮ

(1.4)

where P1 is the photoinduced absorption band energy, C and A are constants (which depend on
the particular system), and L is the conjugation length. In conjugated polymers, the high-energy
and low energy bands are usually located around ~1 Pm and ~3 Pm, respectively185-187. As in
polymers the conjugation length can be long, the positions of polaron absorption peaks depend
mainly on the polymer structure (i.e. they are determined by constant C in Equation (1.4)), while
the dependence on the conjugation length is not that prominent.
In contrast, in small molecular semiconductors, the positions of polaron bands strongly
depend both on the chemical structure and conjugation length of the molecule. Typically, the
low-energy band is located in 1-3 Pm region, with the high-energy band position in the visible
region188-191.
Along with polaron detection, PIA can be also used to detect other excitations - excitons and
CT states. Excitons are detected via the excited state absorption – after absorbing a photon, the
exciton can be excited to a higher excited state (S1-Sn transition)54,160,192,193. The excited state
absorption spectrum is typically red-shifted from the linear absorption spectrum and located in
the near-IR region (Figure 1.7, green curve). Because of this, the exciton spectrum often
(partially) overlaps with the high-energy polaron absorption band. Luckily, the dynamics of the
two species can be easily separated due to i). different cross-sections of polaron and exciton
absorptions, ii). different time behavior of the two species (excitons undergo fast dissociation in
BHJ, while the lifetime of polarons is typically long), and iii). possibility to isolate the exciton
response in a pure film without external acceptor.
Detection of CT state dynamics by PIA is more complicated than polaron and exciton
detection and it is also less straightforward. The spectral signature of the CT states may combine
exciton-like excited state absorption with polaron-like absorption, and the CT state PIA spectrum
typically overlaps with the low-energy polaron band33,194. As it is essentially impossible to
isolate the CT state response, it is often a non-trivial task to distinguish between the CT state and
low-energy polaron absorption.
1.6.3 Time-resolved pump-probe technique
The photoinduced absorption is proportional to the number of photoexcited species present in the
material (be that polarons, excitons or CT states):
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where I and I0 are intensities of transmitted and incident light, respectively. If the induced change
of the extinction coefficient is low ('Dz<<1), the normalized difference in transmittance is:
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where T and T’ are transmissions and I and I’ are intensities of transmitted light with and without
excitation, respectively. Thus, the normalized change in sample’s transmission is also
proportional to the number of excitations. Note that the results of PIA experiments in this Thesis
are denoted as –'T/T as it corresponds to the real experimental conditions.

1.7 Overview of the Thesis
This Thesis focuses on revealing the early steps of photon-to-charge conversion in organic solar
cells using ultrafast spectroscopy as a tool. Early-time photophysics is extremely important in
organic optoelectronics, as any losses occurring at ultrafast timescales cannot be recovered
further on, which necessarily results in non-optimal efficiencies. Thus, each process of photonto-charge conversion (see Section 1.4 “Charge Generation in Organic Solar Cells”) has to be
carefully observed and monitored, and the Thesis aims to fulfill this mission step-by-step.
In Chapter 2, a direct spectroscopic technique to track the singlet exciton diffusion process in
real time with femtosecond accuracy is introduced. With this new technique, extremely fast
exciton diffusion in vacuum-deposited C70 fullerene was demonstrated, which results in efficient
exciton harvesting from a 70 nm thick layer. The diffusion coefficient was shown to be 10 times
higher than in common organics because of extremely low material disorder. The proposed
noninvasive time-of-flight technique is a powerful tool for further development of organic
optoelectronic components, such as e.g. layered and bulk heterojunction solar cells.
In Chapter 3, the novel technique is applied for morphology characterization of bulk
heterojunction solar cells. Diffusion-delayed exciton dissociation from phase-separated domains
of fullerene acceptor allows for capturing the essential morphology features with ~1 nm spatial
resolution. The morphology is modelled as spherical fullerene domains of two types and sizes
(“mixed phase” and “large domains”) dispersed in the polymer matrix, and the sizes of the
clusters are retrieved from Monte-Carlo simulations of the fullerene exciton dissociation
dynamics. The validity of this approach is demonstrated using mixtures of three well-known
polymers (MDMO-PPV, RRa-P3HT and RRe-P3HT) with PC71BM acceptor, and the possibility
to expand the technique to modern low-bandgap donors was demonstrated. From the simulations,
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it was shown that energetic disorder is a major factor limiting the exciton diffusion length in
organics, and promoting the material ordering is a winning strategy to maximize the exciton
collection.
In Chapter 4, exciton dynamics preceding intermolecular charge separation are discussed.
Using small star-shaped push-pull molecules with different donor and acceptor units, it was
shown that efficient exciton-to-polaron conversion occurs in thin films even without external
acceptor. Exciton-to-polaron conversion takes place at tens of picoseconds timescales and results
in populating the film with quasi-free electron-hole pairs with low Coulomb binding. These
findings suggest that promoting intermolecular interactions in films of small organic molecules is
one of the pathways to highly efficient organic solar cells.
In Chapter 5, the processes following exciton diffusion – charge separation and recombination
– are discussed. Using bulk heterojunction blends of three novel star-shaped push-pull molecules
with PC71BM acceptor as model system, dynamics of charge generation and recombination were
revealed. It was demonstrated, that both electron and hole transfers contribute to the separated
charges with comparable efficiencies. Geminate charge recombination via interfacial chargetransfer states competes with charge separation, decreasing the overall fraction of separated
charges to ~60% at the optimal donor:acceptor ratio, limiting the quantum efficiency of the
resulted device. Thus, any charge losses at ultrafast timescale must be suppressed by material
and/or device design to maximize the efficiency of the device.
Chapter 6 addresses the question of triplet harvesting in organic photovoltaics. Possibility of
the triplet harvesting in organic photovoltaics is a burning issue as it allows developing of singlet
fission solar cells with up to 200% quantum efficiency for certain spectral regions. In this
Chapter, the possibility of triplet harvesting from a SF material (rubrene) combined with C60
acceptor is demonstrated using time-resolved PL. It was shown that the efficiency of triplet
harvesting depends strongly on the rubrene morphology: triplet excitons are efficiently harvested
in crystalline rubrene/C60 while in an amorphous rubrene/C60 bilayer no triplet harvesting occurs due
to unfortunate energy alignment. The results presented in this chapter demonstrate the importance of
fine tuning of the active layer energetics for the exciton harvesting, which can be achieved by
morphology control.
Overall, the Thesis covers all initial steps of photon-to-charge conversion in both singlet- and
triplet- driven modern organic photovoltaics revealing the ultrafast processes which eventually lead
to the generation of photocurrent. Charge generation processes and loss mechanisms are revealed by
time-resolved PIA and PL spectroscopies, which proves them as powerful and indispensable tools for
understanding the photophysics of organic optoelectronic devices.
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Chapter 2

2.1 Introduction
Electronic devices based on organic semiconductors have attracted much interest over the last
decades as an alternative to conventional inorganic electronics1, largely due to their chemicallytunable optical properties2. Organic electronic devices, such as organic solar cells (OSCs) and
light-emitting diodes (OLEDs) rely on the ability of Frenkel excitons either to dissociate at the
interface between p- and n-type materials to produce separated charges or to recombine within
the recombination layer to produce photon emission3,4. The efficiency of the aforementioned
devices directly depends on the exciton diffusion within the active layer. In general, there are
three parameters characterizing the exciton diffusion in the semiconducting layer: the exciton
lifetime 7, the diffusion coefficient D and the diffusion length Ld, interconnected via the relation
ܮௗ ̱ඥܶܦଵ .4 The singlet exciton lifetime T1is relatively easy to measure by e.g. the time-resolved
fluorescence5, while obtaining either D or Ld is much more challenging because of the tens-nm
length scale over which the Frenkel excitons diffuse.
Various techniques to measure Ld and/or D have been proposed and utilized to date3,4,6-10
which roughly fall into the following two categories. Spectroscopic techniques rely on
photoluminescence quenching9,11,12, or on a highly non-equilibrium process of exciton-exciton
annihilation13. Charge carrier techniques observe time-averaged charge yield after exciton
dissociation and as a consequence necessitate either the modeling of the external quantum
efficiency of the operating device14,15 or microwave/photoconductivity measurements16,17.
Spectroscopic methods provide high temporal resolution; however, they require strongly
photoluminescent (PL) materials6, while the charge yield does not necessary correlate with the
efficiency of PL quenching18. In turn, charge carrier techniques do not possess time resolution
and therefore miss dynamical aspects of exciton dynamics4.
The advantages of both approaches can be combined in a new technique that provides a direct
handle on the exciton diffusion coefficient. Similarly to the spectroscopic techniques, the
material of interest (absorber) with known thickness is covered by an exciton quencher, the hole
(or electron) accepting layer (Figure 2.1). After spectrally-selective photoexcitation of the
absorber by the ultrashort visible pulse, the photogenerated excitons diffuse to the interface with
the quencher where they dissociate into pairs of charges. The concentration of charges (holes) in
the quencher is measured - similarly to the charge carrier techniques - but now in the timeresolved fashion via photoinduced polaron absorption (PIA)19 (Figure 2.1b). The resulting
transient alone yields the exciton diffusion coefficient; therefore, only a single sample of welldefined thickness is required.
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Figure 2.1
1 Experimental concept. (aa) Schematic of
o the time-off-flight experriment, and m
molecular strucctures
of TPTPA
A (donor) and C70 (acceeptor). (b) Energetics
E
off C70 excitonn (shown as the brown oval)
dissociatio
on via hole trransfer processs20. Energy leevels of C70 aand TPTPA arre taken from
m Refs. [21,222].

Here we
w apply thee new metho
od for real-tiime trackingg of singlet eexciton diffuusion to vaccuumdeposited
d layers of the well-kn
nown OSC acceptor, C70 fullerenee. We demoonstrate effi
ficient
singlet exciton
e
harv
vesting from
m C70 layers up to 70 nnm in thickkness. The eexciton diffu
fusion
process is temperatu
ure-independ
dent down to 77 K, w
which impliies extremelly low enerrgetic
mental findiings are excellently desccribed by a simple analyytical
disorder of <5 meV. The experim
nd also suppo
orted by exteensive Montte-Carlo sim
mulations.
model an
In ourr experimentts, vacuum-deposited C70 layers off different thhicknesses frrom 6 nm too 196
nm (absorber) are sandwiched
d between 10
1 nm thickk layers off tris[4-(5-phenylthiophhen-2yl)pheny
yl]amine (TP
PTPA) which
h acts as a quencher
q
andd hole accepptor (for com
mpete samplle set,
refer to Supporting Information
n (SI), Figu
ure S2.1 andd Table S2..1). All the TPTPA/C700 and
PA interfacees are measu
ured to be abrupt
a
in thhe limit of m
molecular rooughness11,233, see
C70/TPTP
Ref. [24] for details.
PIA measurement
m
ts were perfo
ormed in a standard
s
pum
mp-probe arrrangement aat a visible-ppump,
IR-probee setup based
d on a Spectrra-Physics Hurricane
H
syystem (~120 fs, 800 nm, 1 KHz repeetition
rate) and
d two optical parametricaal amplifierss (Light Convversion TOP
PAS). The ppolarization oof the
probe pu
ulse was set at the magic angle of 54.7° with respect to tthe polarizattion of excittation
pulse to observe the population signal only
y25. After thee sample, thhe IR signal was detecteed by
b detectors, transmissio
on change ǻ
ǻT of the saample with and withouut the
nitrogen--cooled InSb
excitation
n pulse wass calculated
d and normaalized on thhe sample ttransmissionn T as ǻT/T
T. To
minimizee the biexcitton recombin
nation and ensure
e
linearrity of the reesponse at alll delay timees the
energy density
d
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d
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m2, which coorresponds tto the
average photon
p
denssity of 3·10-4
nm-3. For a more dettailed descripption of thee experimentt, see
Section 2.4
2 “Method
ds”.
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2.2 Experimental Results
2.2.1 Linear and Polaron Absorption Spectra
Figure 2.2a shows absorption spectra of TPTPA and C70 layers (for other spectra, see Figure
S2.2). C70 exhibits strong absorption below 700 nm while the TPTPA film absorption peaks at
400 nm so that the excitation wavelength of 530 nm was chosen to selectively excite C70; lowerenergy excitation yielded similar results (Figure S2.3). To evaluate the position of the polaron
absorption peak in the TPTPA molecule, the dependence of the response on the probe
wavelength was measured at different delay times (Figure 2.2b). The polaron spectra show a
broad peak in the near-IR region centered around 1.5 ȝm, consistent with previous data on
similar star-shaped molecules26. The position of the absorption peak remains unchanged with the
pump-probe delay which indicates an absence of spectral diffusion due to, for instance, polaron
relaxation. Therefore, the hole polarons are monitored at the constant probe wavelength of
1.55 ȝm. At this wavelength, maximal IR response of pure C70 films (due to excited state
absorption of singlet and/or triplet excitons C70) is by a factor of ~6 weaker than the resonant
TPTPA response, and is readily accounted for (see SI, Figure S2.4 and Section 2.5.5 ”Separation
of C70 and TPTPA IR responses”).
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0.8
0.7
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Figure 2.2 (a) Absorption spectra of 48 nm C70 (purple) and 12 nm TPTPA (yellow) samples. (b) Polaron
absorption spectra for the 6 nm sample at 0.4 ps (black squares) and 1.5 ns (green diamonds) delays; for
other polaron spectra, see Figure S2.4 in SI. Solid lines are fits with Gaussian functions. The excitation
wavelength is 530 nm.
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2.2.2

Exciton Harvesting

The time-of-flight dynamics of exciton harvesting from C70 layers of different thicknesses from 6
nm to 192 nm, are shown in Figure 2.3 (for raw experimental data see Figure S2.6). The
transients represent the accumulated number of generated TPTPA holes via C70 exciton
dissociation and therefore their amplitudes are proportional to the amount of split excitons (i.e.
those which have made it to the interfaces). All signals are normalized by the number of the
photons absorbed so that harvesting efficiencies in different samples can be compared directly.
At short times (<1 ps), the signal rises due to interfacial excitons (i.e. excitons formed at the
donor/acceptor interface) splitting into charges via the hole-transfer process20. This development
is the most apparent in samples with thin C70 layers where the share of interfacial excitons is
statistically higher. At longer times, the signals increase gradually at a much slower timescale
(up to ns) that is strongly dependent on the C70 thickness. This time region is attributed to
diffusion-delayed splitting of excitons generated within the C70 layer.
6 nm

Number of TPTPA holes

8 nm
12 nm
18 nm
24 nm
36 nm
48 nm
72 nm
96 nm
144 nm
192 nm
0.1

1

10
100
Time (ps)

1000

Figure 2.3 Measured (dots) and fitted with analytical model (solid lines) transients for different samples.
Each transient is offset by ǻT/T=2·10-4 to the corresponding dashed line; the thickness of each C70 layer is
indicated to the right. All transients are normalized by the number of absorbed photons and corrected for
the C70 contribution (see SI for details).

The total number of diffusion-delayed excitons split at the interface by time t (i.e. the number
of accumulated holes) is readily obtained (see SI, Section 2.5.6 “Analytical model” for details)
by solving the 1D exciton diffusion equation with the zero Dirichlet boundary conditions4:
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where D is the diffusion coefficient, L is the thickness of the C70 layer, P(0) and P(L) are the
(relative) intensity of the probe at the two interfaces, T1 is C70 exciton effective lifetime of 500 ps
obtained from time-resolved photoluminescence (PL) measurements (Figure S2.7) and
ଶ
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(2.2)

where I(z) is the initial distribution of the exciton density along the z-axis. Because of optical
interference in the thin layered samples27-30, P(z) and I(z) were calculated separately using a
transfer-matrix method31.
In Eq. (2.1), the only unknown parameter is the diffusion coefficient D, which can be directly
obtained by fitting each individual transient (Figure 2.3, solid lines). The diffusion coefficients
are grouped around D § 3.5·10-3 cm2/s (Figure 2.4a) so that a single sample could be used to
obtain the diffusion coefficient. The obtained diffusion coefficient is a factor of 15 higher than
for the prototypical solution-processed organic solar cell acceptor material, PC71BM32. For the
thin samples (<12 nm), the diffusion coefficients are somewhat higher due to a relatively high
share of interfacial excitons (~20% for 12 nm sample) which are generated directly at the
C70/TPTPA interface and therefore do not undergo the diffusion process (Eq. (2.1)).
An alternative way to obtain the diffusional coefficient is to examine the efficiency ߟ of
exciton harvesting (i.e. the maximal amplitudes of the transients) as a function of C70 layer
thickness (Figure 2.4b) and fit it with the well-known equation 33:
ܮ
ሻ
ʹඥܶܦଵ ݄݊ܽݐ כሺ
ʹඥܶܦଵ
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(2.3)

The fit resulted in D § 3·10-3 cm2/s which is in excellent agreement with the single-transient
approach (Figure 2.4a). Exciton harvesting efficiency decreases with increasing layer thickness
because of the finite C70 singlet exciton effective lifetime of ~500 ps (Figure S2.7), mainly due to
intersystem crossing to the triplet state5,34. The excitons are efficiently harvested from the 70 nm
layer if we define it as a thickness at which the harvesting efficiency falls to the e-1 level for
direct comparison with the light penetration depth of ~80 nm at 530 nm in C70 films (Figure
S2.8). Previously, Ld ranging from 7 to 40 nm has been reported for the C60 fullerene27,35 but
recently attributed to triplets16; the results for C70 are also widely spread from 7 to 29 nm36,37. We
note that wide spread of these numbers most probably originates from indirect measurements
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relying on modeling of the external quantum efficiency; in contrast, our measurements directly
demonstrate the long exciton harvesting distances in C70.
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Figure 2.4 (a) Exciton diffusion coefficients obtained from independent fits of each transient. The inset
shows the temperature dependence of the diffusion coefficient for the 24 nm thick sample. (b) Exciton
harvesting efficiency vs. C70 layer thickness. The experimental values are shown by symbols while the
solid line is obtained from a fit to Eq. (2.3). The data are corrected for the exciton annihilation. For the
thinnest sample (6 nm), a 100% exciton harvesting efficiency is assumed.

As C70 produces weak but nonetheless detectable PL, our results can be benchmarked against
conventional time-resolved PL quenching method4,6,33,38,39 (Figure S2.9). It turns out that a
single-transient approach (similar to the one depicted Figure 2.4a) does not produce stable results
especially for thick samples (Figure S2.10). Nonetheless, from the combined dependence of
quenching efficiency on the C70 layer thickness (i.e. from essentially multisampling approach as
opposed to single-sample PIA), we obtained the diffusion coefficient of D § 4·10-3 cm2/s, which
is fairly close to the values cited above.
The analytical model makes several implicit assumptions (such as a flat energy landscape,
localized excitons, negligible exciton annihilation) that in general are not granted. To verify their
significance, Monte-Carlo simulations were performed to model exciton motion in a 3D random
walk within a cubic disordered grid (Figure S2.11, Figure S2.12). It appears that the excitons are
delocalized within approximately four C70 molecules, which is in good agreement with previous
findings on delocalization effects in fullerenes40, and the share of annihilated excitons is
relatively low (<10% even for the thickest samples). The energetic Gaussian disorder resulting
from simulations is ~5 meV, i.e. negligibly low compared to kT ~26 meV at 297 K. This implies
that the diffusion process should not change substantially down to nitrogen temperatures of 77 K
which was confirmed to be the case (Figure 2.4a, inset; SI, Figure S2.13). The low disorder (and,
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as a result, high diffusion rate) most probably sources from the symmetry of the C70 molecule
and vacuum deposition process used to prepare the films.

2.3 Conclusions
In summary, we have demonstrated efficient exciton harvesting from vacuum-deposited C70
layers up to 70 nm thick with the unique time-of-flight spectroscopic approach that allows
obtaining the diffusion coefficient and exciton harvesting distances from a single sample. The
experimental data are perfectly described by a simple analytical model, allowing us to obtain the
diffusion rate of D § 3.5·10-3 cm2/s from a single sample. We foresee the proposed noninvasive
time-of-flight technique as a powerful tool for further development of organic opto-electronic
components, such as simple layered solar cells41, thin-film light-emitting transistors, and
electrically pumped lasers.

2.4 Methods
Samples preparation
The samples were fabricated as layered structures of C70 fullerene and TPTPA star-shaped
conjugated molecule in a “sandwich” arrangement (Figure 2.1a, Figure S2.1) by D. Cheyns,
imec, Belgium. The C70 layer thickness varies between 6 and 192 nm (Table S2.1). For the thin
(<48 nm) C70 layers, the “repeated sandwich” architecture was implemented to boost overall
optical density of C70. As a result, the samples consist of a number (1 to 8) of C70 layers with
total thickness of 48 nm, 72 nm, 96 nm, 144 nm or 192 nm, with 10-nm TPTPA hole-detection
layers sandwiched between them (Figure S2.1). Absorption spectra of the samples are depicted
in Figure S2.2. To prevent degradation, the samples were encapsulated in an inert N2
atmosphere. No sample degradation was observed in a year of storage and experimenting under
ambient conditions. The quality of the interfaces between TPTPA and C70 were characterized by
X-ray reflectometry by R. Kerner, Princeton University, USA. The measurements confirm that
the interfaces are molecularly smooth (no intermixed region).
For control of the C70 absorption and its IR response (Figure S2.4), the 12 nm, 24 nm, 48 nm,
72 nm, and 96 nm thick C70 layers with no TPTPA layers were used. For blank experiments, the
sample with a single 12 nm thick TPTPA layer was also fabricated; no IR response was observed
from this sample even at excitation intensities of a factor of 10 higher than experimentally used.
To ensure that signals does not depend on the TPTPA layers thickness, the 24 nm thick C70
samples with 2 nm and 20 nm TPTPA layers were fabricated and measured (Figure S2.14); no
TPTPA thickness dependence was observed.
For details on the sample preparation and X-ray measurements, refer to Ref. [24].
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Optical
Absorption spectra of the samples were recorded with a Perkin-Elmer Lambda 900
spectrophotometer. Photo-induced absorption (PIA) measurements were performed at a VISpump, IR-probe setup based on a Spectra-Physics Hurricane system (~120 fs, 800 nm, 1 KHz
repetition rate) and two optical parametrical amplifiers (Light Conversion TOPAS) operating in
the visible (400-2400 nm) and IR (1.2-12 Pm) regions. The wavelength of the excitation pulse
was chosen in the region of TPTPA transparency near a maximum at the C70 absorption
spectrum at 530 nm. The wavelength of the IR probe pulse was varied in the 1.2-2.6 Pm range to
record the TPTPA polaron spectra and the non-resonant C70 response. The exciton dynamics
were measured at 1.55 Pm and at 1.3 Pm probe wavelengths to separate TPTPA hole and C70
exciton responses. The polarization of the probe pulse was set at the magic angle of 54.7° with
respect to the polarization of excitation pulse to observe the population signal only25. After the
sample, the IR signal was detected by nitrogen-cooled InSb detectors, transmission change ǻT of
the sample with and without the excitation pulse was calculated and normalized on the sample
transmission T: ǻT/T. To minimize the biexciton recombination and ensure linearity of the
response at all delay times (Figure S2.15), the energy density of the excitation pulse was
decreased to ~1.3 PJ/cm2, which corresponds to ~1 absorbed photon per 15 nm. The experiments
were performed under room temperature of 297 K, if not indicated otherwise. The lowtemperature measurements were performed in a nitrogen-cooled Oxford CF204 cryostat.
Time-resolved photoluminescence (PL) measurements were performed with a Hamamatsu
C5680 streak-camera system with time resolution of ~10 ps. The excitation wavelength of 560
nm was produced by selecting a 10-nm wide portion of the supercontinuum generated form the
Ti:sapphire laser (Mira) output in a Newport SCG-800 hollow fiber. The time-resolved PL was
collected in a 90° geometry with respect to the excitation beam. The color glass longpass filter
OG570 was placed before the polychromator to filter the excitation stray light.
Monte-Carlo simulations
Monte-Carlo simulations were performed to model exciton motion in a 3D random walk within a
cubic C70 grid. Each C70 molecule was assigned its own energy gap, randomly generated from a
Gaussian distribution with standard deviation V. The (delocalized) exciton hops between
neighboring C70 molecules with the hopping time Wj. Once the exciton reaches the interface, it
dissociates into charges with the hole transfer time Wht and from this moment contributes to the
observed signal. If two excitons meet each other, one of them immediately annihilates. Hole
transfer time Wht and hopping time Wj are global (i.e. identical for all samples) fit parameters. See
more detailed description and simulated results in SI, Section 2.5.12 “Monte-Carlo simulations”.
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2.5 Su
upporting Informatiion
2.5.1 List
L of samples

Figure S2
2.1 Schematic drawings of all investigatted layered saamples.
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Table S2.1 List of the samples studied

C70 thickness

Number of C70 layers

TPTPA thickness

C70 total thickness

6 nm

8

8 nm

6

12 nm

4

18 nm

4

72 nm

24 nm

2

48 nm

36 nm

2

48 nm

1

48 nm

72 nm

1

72 nm

96 nm

1

96 nm

144 nm

1

144 nm

192 nm

1

192 nm

24 nm

2

2 nm

24 nm

2

20 nm

12 nm

1

12 nm

24 nm

1

24 nm

48 nm

1

72 nm

1

72 nm

96 nm

1

96 nm

48 nm

10 nm

--

72 nm

48 nm

48 nm
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2.5.2 Linear absorption spectra
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Figure S2.2 Absorption spectra of all samples as measured by an absorption spectrometer (Perkin-Elmer
Lambda 900). Thickness of each C70 layer is shown in the legend, for the exact structure of the samples
refer to Figure S2.1 and Table S2.1.

2.5.3 Excitation wavelength dependence
To insure that the exciton cooling does not affect the diffusion dynamics, we measured the
transients at the excitation wavelength of 650 nm at which the photon energy is 0.43 eV lower
than at 530 nm. The resulting transients are very similar (Figure S2.3), so that there is no
difference between “hot” and “cold” exciton dynamics.
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Figure S2.3 Measured (dots) and fitted (solid lines) PIA transients at two excitation wavelengths
(indicated) for the 24 nm sample.
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2.5.4

C70 and TPTPA IR responses

To evaluate the possible contribution of C70 to the TPTPA polaron response (Figure S2.4a), the
IR response of the pure C70 film was also measured (Figure S2.4b). The PIA transients (insets in
Figure S2.4b) indicate two different processes involved, occurring at the 500 ps and >2 ns
timescales. To find spectral signatures of these processes, the C70 spectral response was
decomposed into two Gaussian-shaped bands. The first Gaussian is centered around 1.7 Pm and
decays with a timescale of about 500 ps, which perfectly corresponds to the intersystem crossing
time in C70 (see also Section 2.5.9 “C70 exciton lifetime”). Therefore, we attribute this band to
C70 singlet exciton absorption. The second band peaks below 1 Pm and does not decay at an
experimentally accessible time basis. It is well-known that the triplet-triplet absorption in C70 is
located mainly in the visible region with a relatively weak shoulder into the near-IR region34,42.
Taking all of this into account, this time-independent spectroscopic feature is assigned to the
triplet-triplet absorption in C70.
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Figure S2.4 (a) Polaron absorption spectra for the 6 nm sample and (b) exciton response of the 48 nm C70
film. Solid lines are fits with a single Gaussian function in (a) and with two Gaussian functions in (b)
(shown by the dotted lines). The excitation wavelength is 530 nm; the delays are indicated in the legend.
The insets in (b) show the PIA transient response at two probe wavelengths of 1.3 m (left) and 1.6 m
(right) for the 48 nm C70 layer. Solid dots and lines represent experimental data and fits with a singleexponential decay function (500 ps decay time) and a constant offset, convoluted with Gaussian (V~0.1
ps) apparatus function, respectively.

Despite relatively low amplitude of the C70 contribution to the TPTPA polaron response, it is
expected to contribute to the signals from thick (i.e. 96-192 nm) C70 layers at early times when
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the majority of C70 excitons have not arrived at the TPTPA interface. Therefore, the procedure of
subtraction of the unwanted C70 response from the signals to isolate the TPTPA response was
developed (see detailed description below).
2.5.5

Separation of C70 and TPTPA IR responses

The C70 response has a step-wise behavior at early times and decreases in time due to (i) the
exciton lifetime and (ii) exciton splitting at the interface (Figure S2.4b, inset). The latter
precludes the straightforward subtraction of the independently measured C70 response from the
overall PIA response: the C70 response in the layered samples is always shorter than the exciton
lifetime because of an extra channel of exciton decay (i.e. splitting into a hole and an electron).
8

4

-'T/T/Abs (x10 )

6

4

2

0
0.1

1

10
100
Delay (ps)

1000

Figure S2.5 TPTPA hole dynamics calculated by subtraction simulated C70 exciton response from the
transients (blue symbols/lines), calculated by using equation S3 (purple symbols/lines) and obtained from
simulation (red solid line) for the 24 nm sample.

However, taking into consideration the fact that the TPTPA response is strongly-resonant
(Figure S2.4a), while the C70 response is almost non-resonant (Figure S2.4b), the TPTPA
response can be extracted from two measurements at different IR probe wavelengths: close to the
TPTPA response maximum (~1.55 Pm) and at a detuned wavelength (~1.3 Pm). At 1.3 Pm probe
TPTPA response drops significantly (with a factor of E compared to 1.55 Pm while the C70
response changes weakly. Therefore, signals at two probe wavelengths are:

'T1.6 P (t )
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Taking the difference of the two, the TPTPA response is readily factorized:
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(S2.3)

In practice, however, the difference is affected by the noise (originating mainly from weaker
1.3 Pm signal, Figure S2.5). Hence, it is more advantageous first to fit the overall responses at
both wavelengths globally (i.e. with all fitting parameters identical for both sets of transients for
all samples) with either analytical model or Monte-Carlo simulation (see below), and then to
subtract the calculated C70 contribution, thereby extracting the TPTPA response. The resulted
transients are in perfect agreement with those obtained using Eq. (S2.3) directly but have a much
higher signal-to-noise ratio (Figure S2.5).
2.5.6 Analytical model
The number of excitons within the C70 film is known33 to be described as:
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where 7 is the effective exciton lifetime, D is the diffusion coefficient, I(z) is the initial
distribution of the exciton density along the z-axis (aligned along the light propagation
direction), and L is the thickness of the layer.
At the interfaces, the flux of holes is described by the following boundary conditions:
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Therefore, the density of holes in the quencher by the time t is
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Taking into consideration the probe intensity distribution P(z), the bulk exciton response is
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while the hole response is given by
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Note that the equations S2.8 and S2.9 do not include the interfacial excitons (i.e. those in the
C70 layer adjacent to the TPTPA layer) that dissociate without any precluding diffusion within
the hole-transfer time Wht. This process is included ad hoc as an exponential decay added to the
exciton response:
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where Lint is the thickness of the interfacial layer (in case of localized excitons Lint =1 nm).
The hole response consist of responses of interfacial holes with relative fraction Ȗ and of bulk
holes:
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where H0 is the concentration of holes assuming 100% harvesting efficiency.
Finally, the measured signal consists of both TPTPA and C70 exciton responses with the
relative cross-section Į:
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Equation (S2.13) was used to fit the experimental transients taken at two probe wavelengths
(Figure S2.6). Hole transfer time Wht, amplitude S and exciton diffusion coefficient D were set
global for all transients, the relative cross-section Įwas set global for the set of transients with
the same probe wavelength, while the effective exciton lifetime 7 =500 ps was taken from timeresolved PL experiments (see below). The PIA transients as measured at the two probe
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wavelengths together with fit results are shown in Figure S2.6. To obtain the exciton dissociation
dynamics (Figure 2.3, Main Text), the C70 responses with the already determined parameters are
separately calculated for each transient (green solid lines in Figure S2.6), and subtracted then
from the transients. Note the strong dependence of the C70 decay time on the sample: thinner the
C70 layer (and therefore faster exciton dissociation at the TPTPA interface), faster the decay.
Secondly, the contribution of the C70 response can hardly be neglected at short times in thick
samples.
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Figure S2.6 Measured (dots) and fitted (solid lines) PIA transients at 1.55 Pm (red) and 1.3 Pm (blue)
probe wavelengths, and calculated C70 contributions at the 1.55 Pm probe (green solid lines) for all
samples. The transient amplitudes are normalized by the sample absorption. Note change in the vertical
scale in the two lowest rows.

49

Chapter 2

2.5.7 Exciton harvesting efficiency vs. the layer thickness
The diffusion coefficient D can also be obtained by fitting the exciton harvesting efficiency
dependence on the sample thickness L with D as the only fitting parameter. The dependence of
exciton harvesting efficiency on the layer thickness Ș(L) is directly calculated from equation S9
as:
ߟሺܮሻ ൌ

ܪ ሺ ݐൌ λǡ ܮሻ
ܪ ሺ ݐൌ λǡ  ܮൌ Ͳሻ

(S2.14)

Here we assumed 100% harvesting of interfacial excitons, so that the exciton harvesting
efficiency decreases only due to the incomplete harvesting of the bulk excitons. In the case of
uniform excitation and probe intensity distributions, equation S14 is simplified to the wellknown result33:
ܮ
ሻ
ʹඥܶܦଵ ݄݊ܽݐ כሺ
ʹඥܶܦଵ
ߟሺܮሻ ൌ
ܮ

(S2.15)

To ensure a stable fit, the harvesting efficiencies from a series of samples (~5-10, Ref. [4])
should be measured. The fit of the exciton harvesting efficiency dependence on the layer
thickness (Figure 2.4, Main Text) with Eq. (S2.15) resulted in diffusion coefficient D§3·10-3
cm2/s.
2.5.8 Connection between PL and PIA signals
In the simplest case of uniform excitation and probe intensities distributions, the number of
holes at the interface (measured by PIA) and the number of excitons in the layer (measured by
time-resolved PL) are inherently connected. In this case, the number of excitons can be derived
from Eq. (S2.8) (see also Ref. [33]) as
ஶ

మ

݁ ିఠమషభ௧
ͺܰ ି௧Ȁ்
భ 
ܰ ሺݐሻ ൌ
݁
ǡ
ଶ
ܮ
߱ଶିଵ

(S2.16)

ୀଵ

where N0 is the initial exciton density. The number of holes is calculated according to Eq. (S2.9)
as:
ஶ

ͺܰ  ܦ௧ ି௧Ȁ்
మ
భ  ݁ ିఠమషభ ௧
ܪ ሺݐሻ ൌ െ
න ݁
ܮ

ୀଵ

Therefore, the number of holes and the number of excitons are connected as
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which is simplified to
ܪ ሺݐሻ ൌ ܰ െ ܰ ሺݐሻ െ
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(S2.19)

Eqs.(S2.18)-(S2.19) present inherent connection between time-resolved PIA and PL
measurements. In practice, however, the conversion is mere involved due to (i) convolution with
the apparatus functions, (ii) substantial fraction of the interfacial excitons in thin samples, and
(iii) the assumption of uniform excitation and probe intensity distributions.
2.5.9 C70 exciton lifetime
C70 exciton lifetime in 48-nm film was measured by both time-resolved PL (Hamamatsu C5680
streak camera system, 560 nm excitation) and PIA (530 nm excitation, 1.55 Pm probe)
experiments (Figure S2.7). The PL decay was also measured in C70 diluted in orthodichlorobenzene to exclude packing effects, if any. The solution was placed in 1-mm quartz
cuvette and its concentration was adjusted to OD= 0.3 at 560 nm to match C70 absorption.
The resulting transients are shown in Figure S2.7. In the solution, the PL signal decays with a
timescale of 500±50 ps, while PIA signal decays at 600±100 ps. We attribute this to the effective
lifetime of singlet excitons in the C70 layer. In the film, both PL and PIA signal decay with
similar timescales of ~500 ps (520±40 ps for PL and 500±100 ps for PIA). Note that the effective
lifetime measured herein is not the natural singlet lifetime but is mainly determined by the
intersystem crossing time to the triplet state5,43.
2.5.10 C70 absorption
To calculate the light penetration depth in C70 at the excitation wavelength, we measured the
transmission of the single-layer samples at 530 nm (Figure S2.8). To eliminate the effects of
reflections and/or interference, we carefully measured the transmitted and reflected light for each
sample, and recalculated transmission of the layers. The dependence was fit with an exponential
decay function with a zero baseline, and the light penetration depth at 530 nm wavelength was
obtained as 80 nm.
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Figure S2.7 (a) PL decay of C70 96 nm layer (red) and C70 solution in ortho-dichlorobenzene (green) and
(b) PIA response of C70 48 nm layer (blue) and C70 solution in ortho-dichlorobenzene (brown). Dots show
the measured values while the thick lines represent the best exponential fit convoluted with the Gaussian
apparatus function with ı~20 ps for PL and ı~100 fs for PIA. The PL was recorded with a 560 nm
excitation and integrated in the 600-800 nm region. The PIA signal in b was measured at 530 nm
excitation and 1.55 Pm probe wavelengths. The data in each panel are vertically offset for clarity.
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Figure S2.8 Dependence of C70 transmission on thickness for different samples at the wavelength of 530
nm. Experimental data are shown by open circles, while the solid line shows the exponential fit.

2.5.11 Time-resolved photoluminescence (PL) measurements
In order to validate the proposed technique, we measured the diffusion coefficient with a widelyused method of time-resolved PL quenching4,6,33,38,39. This was possible owing to weak but
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nonetheless detectable PL from C70. The time-resolved PL for all layered samples is shown in
Figure S2.9a, together with the PL of the 96 nm C70 layer as a reference (Figure S2.9b shows the
corresponding time-integrated spectra). PL transients were individually fit (solid lines) with the
equation S16 (convoluted with a Gaussian apparatus function with V~7 ps), with diffusion
coefficient D as the only fit parameter.
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Energy (eV)
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0.0

Figure S2.9 (a) Measured (dots) and fitted with Eq. (S2.18) time-resolved PL transients. Each transient is
offset to the corresponding dashed line at 10-2 level; the thickness of each C70 layer is indicated to the
right. All transients are normalized by the number of absorbed photons and integrated in 630-850 nm
spectral range. The relative PL intensity of unity was assigned to the PL maximum of 96 nm unquenched
C70 layer. (b) Time-integrated PL spectra. Each spectrum is offset to the corresponding dashed line; the
thickness of each C70 layer is indicated to the left. All spectra are normalized by the number of absorbed
photons. The relative PL intensity of unity was assigned to the maximum of 96 nm unquenched C70
layer.

The resulting diffusion coefficients are shown in Figure S2.10a. It is evident that the fits give
reasonable results only for the samples with thicknesses close to the diffusion length. For thin
samples, the diffusion coefficient is overestimated due to the relatively high fraction of
interfacial excitons (compare with Figure 2.4b in the main text). For thick samples, fits becomes
increasingly unstable because the decay time in this case is close to that in the unquenched
sample. This can be readily seen from Eq. (S2.18) where the pre-sum exponential function which
corresponds to the exciton effective lifetime, is accelerated by the quencher-related part (under
the sum) which depends on the diffusion coefficient. Therefore, uncertainty in the exciton
lifetime of 10% causes huge variations in D (error bars in Figure S2.10b). Therefore, timeresolved PL quenching cannot be used for obtaining the diffusion coefficient from a single
sample, in a sharp contrast to the proposed time-resolved PIA technique.
53

Chapter 2

To overcome this issue, we followed the standard procedure 4,33 of obtaining the diffusion
coefficient from quenching efficiencies for the whole ensemble of samples. The quenching
efficiencies were calculated as ߟሺܮሻ ൌ ͳ െ ܳሺܮሻȀܳሺܥ ሻ, where Q(L) and Q(C70) are timeintegrated PL of the sample with thickness L and the reference (unquenched) C70 sample,
respectively 33. Then we fit the resulted dependence (Figure S2.10a) with Eq. (S2.15) to obtain
the diffusion coefficient. The fit results in D§4.3·10-3 cm2/s, which is fairly close to the PIA
result of D=3.5·10-3 cm2/s.
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Figure S2.10 (a) Exciton diffusion coefficients obtained from independent fits of each transient in Figure
S2.9 with Eq. (S2.18). The error bars show variations of D for exciton effective lifetime T1 variations of
10% (from 450 ps to 550 ps). (b) PL quenching efficiency vs. C70 layer thickness, obtained from PL
quenching. The experimental values are shown by symbols while the solid line is the best fit with Eq.
(S2.15).

2.5.12 Monte-Carlo simulations
The Monte-Carlo simulations are performed by modeling an exciton random walk in the C70
layer. The C70 layer is modeled as a cubic grid with typical lateral dimensions of 400x400 grid
points and the longitudinal dimension of N grid points, where N is the layer thickness. The lateral
dimensions were chosen larger than the longest sample thickness, and periodic boundary
conditions are applied (i.e. if the exciton leaves one side of the grid it appears from the opposite
side). TPTPA layers are placed on both sides of the C70 layer along the lateral plane.
Each Monte-Carlo realization began with generation of the energy landscape of the grid. For
each grid point, the site energy value is randomly chosen according to a Gaussian distribution
with the standard deviation V

44

. At time zero, the excitons finite effective lifetime 7 are

randomly placed into the grid with the given profile along the z-axis to account for the
longitudinal excitation intensity distribution (see Figure S2.16), and the averaged exciton density
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signal with their own relative cross-section Į, and the total signal is convoluted with a Gaussian
apparatus function of ı~80 fs width.
As adjustable parameters, the time Wj per step (the hopping time), the hole transfer time Wht
and the exciton delocalization radius r and the standard deviation of the energy distribution V are
used while the exciton effective lifetime 7 =500 ps was taken from time-resolved PL
experiments, and kT was equal to 25.6 meV (297K, room temperature). For multi-layered
structures, only a single C70 layer was considered as the excitation intensity distributions inside
each layer are reasonably homogeneous and therefore not affecting the dynamics. For the singlelayer samples (i.e. 48, 72, 96, 144 and 192 nm layers), the pre-calculated exciton distribution
along the longitudinal direction was implemented. For the thickest samples (i.e. 96, 144 and 192
nm) the inhomogeneous distribution of the probe pulse within the C70 layer also was taken into
account by introducing the probe distribution profile (Figure S2.16), as obtained by an optical
model using the transfer matrix method. The exciton response at each longitudinal point was
scaled according the probe intensity while the hole responses for the front and back TPTPA
layers were scaled according to the intensity at the respective interfaces. To narrow the
parameter landscape, the global fit procedure was performed for all transients at both probe
wavelengths of 1.55 and 1.3 Pm. The exciton harvesting efficiency, derived from the experiment
(Figure 2.4, Main Text), was used as a constraining parameter (the fraction of split excitons from
the simulation had to match the experimental values). Times Wj and Wht and the standard deviation

Vof the energy distribution were set as global parameters for all transients, the relative crosssection Įwas set global for the set of transients with the same probe wavelength. To maintain the
simulation noise constant, the number of realizations was in the inverse ratio to the thickness of
the layer (from 1 for 192 nm to 30 for 3 nm).
The simulated transients are shown in Figure S2.12 by red and blue solid lines (the simulated
C70 response is shown by green solid lines). The excitons appear to be delocalized over ~4 C70
molecules, which is in good agreement with previous findings on delocalization effects in
fullerenes40. The hole transfer time is derived from the simulations as Wht § 0.35±0.1 ps, while the
C70 exciton hopping time is Wj § 0.5± 0.1ps. The share of annihilated excitons did not exceed
10% even for the thickest samples. The energy disorder emerged from simulations is lower than
V§5 meV, i.e. negligibly low compared to kT ~26 meV at 297 K. From the hopping time, the
diffusion coefficient is calculated as
D
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where a is the hopping distance (equal to the distance between the centers of neighboring C70
molecules, a § 1 nm). The exciton diffusion coefficient is D§3.3·10-3 cm2/s, which is in perfect
agreement with that obtained from the analytical model.
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Figure S2.12 Measured (dots) and simulated (solid lines) PIA transients at 1.55 Pm (red) and 1.3 Pm
(blue) probe wavelengths, and calculated C70 contributions at the 1.55 Pm probe (green solid lines) for all
samples. The transient amplitudes are normalized by the sample absorption. Note change in the vertical
scale in the two lowest rows.

2.5.13 Temperature dependence
To evaluate the energy disorder, the 24 nm sample was measured in a wide range of
temperatures (from 80 K to 297 K), and the 96 nm samples at two extreme temperatures (80 K
and 297 K). The former sample was chosen because it combines prominent diffusion with high
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exciton harvesting efficiency while in the later the exciton lifetime is more dominant. No
differences neither in dynamics nor in transient amplitudes are observed (Figure S2.13). This
confirms that energy disorder is lower than 5 meV rms.
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Figure S2.13 Measured (dots) and fitted with Eq. (2.1), main text (solid lines) PIA transients obtained at
different temperatures (indicated) for (a) the 24 nm and (b) 96 nm samples.

2.5.14 TPTPA thickness dependence
Since the signal is proportional to the number of TPTPA holes produced, which in turn depends
on the number of dissociated excitons, the signal should not be susceptible to the TPTPA layer
thickness (as long as there are enough TPTPA molecules to accept the newcoming holes). To
verify if this is the case, the responses from the 24 nm C70 samples with TPTPA layers of 20 nm,
10 nm and 2 nm in thickness were measured under identical conditions. The observed transients
are indeed identical (Figure S2.14) so that the possible dependence on TPTPA thickness can be
safely ruled out.
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Figure S2.14 Measured (dots) and fitted (solid lines) PIA transients for 24 nm C70 samples with
intermediate TPTPA layers of 20 nm (red), 10 nm (blue) and 2 nm (green).

2.5.15 Excitation intensity dependence
To ensure the linearity of the PIA response at all delays, the excitation intensity dependences of
the PIA signals were measured (Figure S2.15). Figure S2.15 shows such dependences for the 6
nm (a) and 96 nm (b) samples on excitation energy density varied in the range 1.3-170 PJ/cm2 at
several representative delays. These particular samples were chosen as the least and the most
susceptible to exciton annihilation, respectively, due to their thickness. The signals at 1 ps are
linear for both samples in the whole intensity region which demonstrates the linearity of the
number of the excitons on the incoming light intensity. In contrast, at longer delays the signal
becomes increasingly saturated at high intensities.
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Figure S2.15 Dependences of PIA response for (a) 6 nm and (b) 96 nm samples on the excitation intensity
at representative delays (as indicated in the legend). The experimental and simulated data are shown by
solid symbols and solid lines, respectively. As the charge recombination is not included in the model, the
simulated values at 1500 ps are not shown.
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For the 6 nm sample, all excitons dissociate within ~50 ps (Figure 2.3, Main Text) so that
nonlinearity at long times is attributed to the recombination of the separated charges due to their
high density at the TPTPA/C70 interface. In the 96 nm sample, excitons dissociate over a longer
period of time (~500 ps). Therefore, the nonlinearity at 100 ps delay is assigned to the exciton
annihilation in the C70, while at 1.5 ns delay the signal saturates due to both exciton annihilation
and charge recombination. Nonetheless, the response at all times is fairly linear for excitation
flux below ~3 PJ/cm2. Therefore, to minimize exciton annihilation, the excitation flux as low as
1.3 PJ/cm2 was chosen (~1 absorbed photon per 15 nm length to each side).
2.5.16 Intensity distribution
Optical interference27-31 in the thin layered samples cannot be neglected due to i). the reflection
at the TPTPA/air or substrate interface, ii). the difference in the complex index of refraction for
C70 and TPTPA24. To take this effect into account, we modeled the transmission of all samples
using a transfer-matrix method31 (modelling was performed by D. Cheyns, IMEC). Using the
same model, the excitation and probe intensity distributions within the samples are determined
(Figure S2.16). For the 72-192 nm samples, a strong inhomogeneity of the excitation intensity is
observed: the field is mostly localized near one of the two TPTPA layers, thereby skewing the
density of photogenerated excitons towards one of them. Also, the probe intensity inhomogeneity
in the 96-192 nm samples results in different sensitivity to the holes at both interfaces and
excitons within the C70 layer.
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Figure S2
2.16 Intensity
y distribution
ns in the sam
mples at excittation (530 nm
nm, blue solidd lines) and probe
(1600 nm
m, green lines) wavelength
hs, as obtaineed by an opticcal model ussing the transsfer matrix m
method
(see Ref. [24] for details).
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3.1 Introduction
Organic solar cells (OSCs) have steadily overcome the important threshold of 10% efficiency1,2,
which makes them a promising alternative to conventional silicon-based solar cells, in particular
for niche applications. A typical OSC relies on the ability of strongly-bound photogenerated
Frenkel excitons to diffuse to the interface between donor- and acceptor-type materials which
provide a driving energy for the exciton splitting3. Due to the limited exciton diffusion length in
organic materials (~10 nm)3-5, there is a compelled compromise between the photon harvesting
efficiency that requires 100-nm thick absorber layers, and exciton harvesting efficiency that
necessitates relatively short exciton diffusion distances. Different approaches were utilized to
maximize the exciton and photon harvesting efficiencies in organic devices, e.g. employing
multi-layered structures with light-harvesting and charge-transport layers (p-i-n devices)6 or
creating interpenetrated polymer network7. Eventually, this paradox has been triumphantly
resolved by utilizing the bulk heterojunction (BHJ) donor-acceptor architecture8, which is the
most widely used active layer for the OSCs nowadays.
BHJ is basically a nano-textured mixture of organic donor and acceptor materials. To
maximize the efficiency of the OSC, the BHJ has to fulfill a number of requirements: i).
sufficient thickness (~100 nm) for efficient photon harvesting, ii).fine intermixing (~10 nm) of
the ingredients to ensure close-to-unity exciton harvesting, and iii). intercalated pathways to
deliver the charges to the electrodes. The particular nanostructure of the BHJ, the BHJ
morphology, is a crucial factor which decisively influences the efficiency of OSCs, and as such it
has to be carefully optimized and characterized. So far, there is no solid theory to predict nor a
systematic method to control the self-organization of BHJs, except for a few cases where general
self-organization patterns were qualitatively computed9,10. These challenges have driven the
development of morphology characterization techniques.
Standard BHJ characterization methods such as electron or X-ray microscopy/spectroscopy
potentially provide an adequate spatial resolution and even the possibility to reconstruct the
three-dimensional BHJ structure11,12 by contrast enhancement techniques13 such as energy
filtering14 and special sample preparation, including selective staining of one of the materials15.
Sub-10 nm spatial resolution, however, is not always easily achieved due to the typically lowcontrast combinations of donor:acceptor materials used in organic photovoltaics. Another
powerful method to characterize the morphology is atomic force microscopy (AFM) with typical
10 nm spatial resolution.16 However, AFM provides information only about the surface
topography, which is not necessarily representative for the bulk morphology17.
Aiming to overcome these limitations, complementary methods to control and optimize the
morphology have been developed based on spectroscopic approaches, e.g. monitoring
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photoluminescence (PL) of interfacial charge-transfer states18, or measuring exciton diffusion by
PL quenching19 or pump-probe spectroscopy20-22. These methods are mainly focused on diffusion
of the excitons in the polymer domains, which has been shown to provide valuable information
on the polymer and/or fullerene domain sizes19,21. The sensitivity of these methods to determine
the domain sizes is essentially limited to the delocalization size of polymer excitons, i.e. several
repeating polymer units, or 5-10 nm23,24.
Modern OSCs comprise high loadings of highly absorptive C70-based fullerene acceptors (up
to 98%)25, which makes the fullerene absorption comparable or even higher than the absorption
of the polymer. Consequently, a significant fraction of separated charges is generated after
dissociation of the fullerene excitons via hole-transfer (HT) process26,27. Large fullerene domains
readily observable with AFM10,28 exceed by far the fullerene exciton diffusion length (<10
nm)29,30 which results in significant losses in exciton harvesting. On the other hand, too fine
polymer-fullerene intermixing (which is hard to observe by conventional characterization
techniques) leads to increased non-geminate recombination of charges and lack of pathways to
the electrodes for charge extraction31,32. Therefore, the fullerene phase morphology is as decisive
for high efficiency OSCs as the polymer one, thereby calling for simple yet reliable
characterization methods.
In the fullerene domains, the excitons are delocalized very moderately33,34. Therefore, the
averaged time needed for the exciton to reach the donor/acceptor interface is determined by the
fullerene domain size. The information about blend morphology can be extracted by excitation of
the fullerene acceptor (e.g. soluble C70 derivative PC71BM), and detecting the time that is taken
for the exciton to diffuse to the fullerene:polymer interface where it dissociates into separated
charges34,35 (Figure 3.1). The latter are detected by e.g. the charge-induced (polaron) photoinduced absorption (PIA)36 caused by the presence of positive charges (holes) at the polymer
backbone. A number of previous studies15,27,37-41 have reported correlations between fullerene
exciton dynamics and blend morphology; however, no attempt has been made to extract
information on the fullerene domain size.
In this paper, we use PIA for characterization of the nanoscale morphology of the fullerene
domains in organic BHJs. We show for three polymers, regiorandom (RRa) P3HT, regioregular
(RRe) P3HT and MDMO-PPV, selected as benchmark materials for exemplary cases of BHJ
morphologies, that their blends with PC71BM contain the mixed phase with PC71BM domains
typically up to 15 nm in size. The presence of large (>50 nm) PC71BM domains is also evidenced
by a reduction of the efficiency of photon-to-charge harvesting. The blend composition was
independently verified by GISAXS/GIWAXS, AFM, TEM/SEM and time-resolved
photoluminescence (PL) techniques, with perfect matching of all the results. Unique
spectroscopic signatures of subtle changes in BHJ morphology observed herein hold great
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promise for applicaations of thee proposed technique for on-the-ffly characteerization of fully
functionaal devices.
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d
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polymer phase
p
(orangee spaghetti). The
T number of
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R probe pulsee via polaron--induced abso
orption.

3.2 Ex
xperimental Resultss
3.2.1 Exciton
E
Dissociation Dy
ynamics
Spectrallly-selective excitation of PC71BM
M followed by spectrallly-selective probing of the
polymer allows spattial decoupling of the excitation
e
annd the probbing processses and therrefore
g the excito
on travelling
g time. Selecctive photoeexcitation of PC71BM w
was achieveed by
obtaining
tuning th
he excitation
n wavelength below th
he bandgap of the polyymer wheree PC71BM hhas a
significan
ntly higher absorption
a
coefficient
c
(6
680 nm for R
RRa-P3HT and RRe-P33HT, and 630 nm
for MDM
MO-PPV, seee Supporting
g Information
n (SI), Figurre S3.1).
PC71BM
B exciton dissociation
n into charg
ges was moonitored by probing thee charge-indduced
(polaron)) PIA of the polymers in
n the mid-IR
R region42,43. For this, thee wavelengthh of the probbe IR
pulse waas set close to the max
ximum of th
he low-energgy polaron band at ~3 ȝm for all three
polymerss (the polaro
on spectra fo
or the polym
mers can be found elsew
where43-45). A
As the excitton is
harvested
d (i.e. reach
hes the interface), the polaron abssorption inccreases propportionally too the
amount of
o charges (h
holes) at the polymer. By
B changing the delay beetween the eexcitation annd the
probe pu
ulses, exciton
n diffusion preceding
p
ex
xciton dissocciation is monitored in the real timee34,35.
Note thaat after havin
ng reached the
t interfacee, the excitoons do not nnecessary prroduce long--lived
separated
d charges bu
ut also the ch
harge-transfeer (CT) statees which eveentually eithher dissociatee into
68

Ultrafast Spectroscopy Reveals Bulk Heterojuction Morphology

free charges or geminately recombine within a nanosecond timescale38,46-49. However, from the
point of view of the PIA response, the exact route of the exciton dissociation makes no
difference as even the (interfacially) bound charges produce a similar PIA signal50. Therefore, in
both cases the gradual build-up of the PIA signal reflects the diffusion time needed for the
PC71BM excitons to reach the interface.
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Figure 3.2 Normalized exciton harvesting efficiency as a function of excitation-probe delay for blends
with different PC71BM weight fractions with (a) RRa-P3HT, (b) MDMO-PPV, and (c) RRe-P3HT.
Symbols represent experimental data points after the polymer and PC71BM background subtraction and
normalization to the PC71BM absorption at the excitation wavelength; the lines show the results of MonteCarlo simulations. For each series, the charge yield was scaled to the maximal amplitude where unity
relative efficiency of exciton harvesting was assumed (dashed grey lines, see Ref. [45] for details and
unprocessed data). The 90% MDMO-PPV sample produced no polaron response and therefore the
respective transient is not shown.

Dynamics of the exciton dissociation into charges are depicted in Figure 3.2 for the blends
with different PC71BM weight ratios. The transients at low and high PC71BM loads were
corrected for the weak pristine polymer response due to the finite excitation contrast, and IR
response of the PC71BM excitons, respectively (see Ref. [45] for details and unprocessed data).
All transients were also normalized to the PC71BM absorption at the excitation wavelength so
that the transient amplitudes represent the charge yield per absorbed photon (i.e. exciton
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harvesting efficiency) to allow for direct comparison of the transient amplitudes at different
PC71BM loads.
The exciton harvesting dynamics for the blends with the three polymers have a number of
similar features that can be summarized as follows: for the blends with low PC71BM content, the
transients exhibit a large amplitude and a rapid rise time (<1 ps), whereas for the blends with
high PC71BM content the amplitudes are decreased (except of the RRa-P3HT blends) while the
rise of the response becomes substantially slower, up to 100 ps. The latter dynamics are assigned
to the PC71BM exciton diffusion followed by the dissociation to charges at the PC71BM:polymer
interface via hole-transfer process26,39,40. We attribute increasing rise time to variations in the
PC71BM domain size: the larger the PC71BM domains, the longer it takes for excitons to reach an
interface and more excitons are lost.
The exciton harvesting dynamics are quite analogous in MDMO-PPV- and RRa-P3HT-based
blends with low PC71BM content (<40%). The similar timescale of the initial signal build-up
combined with the close-to-unity amplitudes point to the nanomorphology of the mixed phase
with a phase separation of ~10 nm. At higher PC71BM concentrations a dramatic drop of the
signal amplitude is observed with the signal reducing to naught at >70% PC71BM concentration.
This indicates the formation of large PC71BM domains51 with the size much larger that the
exciton diffusion length (i.e. >>10 nm) separated from the mixed phase. The sharp decrease of
the signal amplitude points to an increase of the volume fraction of the large domains, which
reaches almost 100% in blends with >70% PC71BM content (i.e. the polymer and fullerene
phases are fully separated).This is consistent with the known property of the MDMO-PPV-based
blends to form large fullerene domains above a certain acceptor weight fraction52-54.
For the RRe-P3HT-based blends, the exciton dissociation dynamics are different. For low
PC71BM content (<40%), the initial build-up of the signal is significantly faster as compared to
RRa-P3HT- and MDMO-PPV-based blends. This indicates extremely fine intermixing of
polymer and PC71BM in the mixed phase, probably even isolated PC71BM molecules dispersed
in the polymer matrix. At higher PC71BM loadings, the initial build-up slows down indicating the
coarser intermixing within the mixed phase. Simultaneously, the decrease of the exciton
harvesting is observed, similarly to the MDMO-PPV blends, but to a significantly smaller extent.
The observed difference in dynamics between the RRa-P3HT and the RRe-P3HT originates from
the different morphology: the blends with RRa-P3HT are completely amorphous while in blends
with RRe-P3HT semi-crystalline domains of RRe-P3HT are formed prior to the aggregation of
PC71BM55. Hence, the PC71BM molecules are pushed outside the RRe-P3HT nanocrystals56 to
aggregate into the domains. Therefore, we assign exciton losses (Figure 3.2c) in the blends of
RRe-P3HT with 40-60% of PC71BM to the formation of the PC71BM domains with sizes much
larger than the exciton diffusion length.
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At 70% of PC71BM, the exciton harvesting suddenly increases which indicates an abrupt
change in the RRe-P3HT:PC71BM nanostructure. Simultaneously, around these blend
compositions the absorption shoulder in the red spectral region, which is associated with the
absorption by the RRe-P3HT nanocrystals, vanishes (SI, Figure S3.2). Additionally, the
GIWAXS data show a significant change of the blend morphology at 70% PC71BM contents (SI,
Figure S3.3). All these point to disruption of the RRe-P3HT nanocrystals57,58 for high PC71BM
load57.
The results of PIA measurements were independently verified with the time-resolved PL
quenching technique19,29. Due to intrinsic limitations of the PL technique such as spectral overlap
of PL from PC71BM, polymers and CT states, and limited time resolution (~5 ps), it is nearly
impossible to quantitatively characterize the PC71BM domain sizes. Nonetheless, the case of
MDMO-PPV-based blends allows the direct comparison of PL quenching efficiency with
exciton PIA harvesting efficiency, to produce an excellent match (Figure S3.7). This lends
additional support to the proposed PIA method.
15 a)
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Figure 3.3 Domain size dm of the mixed PC71BM:polymer phase as a function of the blend composition
for (a) RRa-P3HT, (b) MDMO-PPV and (c) RRe-P3HT blends. Symbols are results of Monte-Carlo
simulations while the solid lines are guides to the eyes. Error bars are derived from uncertainty of the
Monte-Carlo simulations.

Summarizing the discussion above: despite some similarities, the three PC71BM:polymer
blends exhibit very different exciton harvesting dynamics as a function of the blend composition.
Interestingly, the exciton harvesting is sensitive to subtle changes in the morphology as is for
instance shown by the changes of the dynamics upon disappearance of nanocrystals in
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RRe-P3HT. This clearly indicates that a more detailed insight in the characteristic sizes of the
mixed phases and the PC71BM domains can be obtained through extensive modeling of the
experimental data.
3.2.2 Characterization of the Nanomorphology from Monte Carlo Simulations

Fraction (%)

1.0 a)
0.5

Size dc (nm)

RRa-P3HT
MDMO-PPV
RRe-P3HT

0.0

1000

b)

c)

RRe-P3HT
Simulated
TEM
GIWAXS

100
10

MDMO-PPV
Simulated
AFM

100

10
1000

Size dc (nm)

Large PC71BM cluster

Monte Carlo (MC) simulations for modeling exciton dynamics have the important advantage
over analytical description4,5,29,59 that they allow for inclusion of energetic disorder60,61, which
cannot be neglected for the solvent-processed materials and blends. We modeled the exciton
diffusion as random hopping in disordered PC71BM domains of a mixed phase of spherical
domains with diameter dm and large domains with larger diameter dc and a volume fraction f (see
section 3.4 “Methods” for details).

0

20
40
60
80
PC71BM weight content (%)

100

Figure 3.4 (a) Volume fraction of the PC71BM domains and (b,c) sizes of the PC71BM large domains for
MDMO-PPV and RRe-P3HT as obtained from the MC simulations (solid symbols). The solid symbols
represent the minimal values obtained from MC simulations while the open symbols represent
experimental data obtained from the AFM (red squares), TEM (blue triangles) and GIWAXS (purple
circles) measurements. The GIWAXS data represent the minimal size of the PC71BM domains. Solid lines
are guides to the eye. The data in (c) were slightly displaced from the exact concentration for clarity.
AFM and TEM results are taken from Ref. [45].

The MC simulations reproduce the experimental data fairly well (Figure 3.2, solid lines). The
estimated domain size in the mixed phase varies from 2 nm to 15 nm depending on the blend
composition and the particular polymer (Figure 3.3). In the low (<40%) PC71BM load blends
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only the mixed phase is present with typical PC71BM domain sizes of 6-8 nm in amorphous
RRa-P3HT and MDMO-PPV polymers, and 2-3 nm in RRe-P3HT-based blends. With the
increase of PC71BM load, coarsening of the mixed phase is observed in RRa-P3HT and
RRe-P3HT based blends. In contrast, in MDMO-PPV blends higher PC71BM load does not result
in any significant change in domain sizes of the mixed phase but leads to explosive growth of
extremely large PC71BM domains (up to 1 Pm, Figure 3.4), which results in dramatic decrease of
the PIA signal (Figure 3.2b). Interestingly, the typical domain size of the mixed phase does not
significantly increase with increasing of PC71BM even when the large domains begin to form. In
contrast, in MDMO-PPV blends with high PC71BM contents the fine mixed phase coexists with
the separated PC71BM domains, which volume share depends on PC71BM concentration (Figure
3.4a).
The sizes of large PC71BM domains obtained from the MC simulations and independently
from AFM for the MDMO-PPV blends and from TEM for the RRe-P3HT blends (see Ref. [45]
for details) are summarized in Figure 3.4b. MC simulations yield only the minimal sizes of the
large PC71BM domains from the long-time exciton harvesting dynamics, while the volume
fraction is straightforwardly obtained from decrease of the signal amplitude. The sizes of the
large domains derived from the MC simulations match reasonably well the independently
measured values for the RRe-P3HT based blends. In the MDMO-PPV case the deviations are
quite substantial because for the proposed technique 0.1 and 1 m size domains look identical as
no excitons are harvested from either of them. Note, however, that the PC71BM domain sizes in
the mixed phase (Figure 3.3) lay below either attainable resolution (AFM) or contrast (TEM) of
the conventional methods but are readily captured by spectroscopic means.
For the P3HT:PC71BM blends with high PC71BM loadings (>40%), the blend composition
was also independently verified by GISAXS and GIWAXS (SI, Figure S3.3)62. For the mixed
phase, the domain sizes of 2 nm and 15 nm with different shares were observed which is in good
agreement with the current two-domain model (Figure 3.3c). The sizes of large domains were
estimated from GISAXS as >100 nm which matches perfectly both results obtained by TEM and
from MC simulations (Figure 3.4b).
3.2.3

Influence of Energetic Disorder

With the MC machinery in hand, we studied the influence of energetic disorder on the exciton
losses in large PC71BM domains, by performing simulations of exciton harvesting from 1-100
nm domains (Figure 3.5a, red line) with and without disorder. If the phase intermixing is fine
(<15 nm, i.e. similar to the mixed phase), almost 100% of excitons are harvested in both cases,
i.e. the disorder does not play any crucial role. The reason is two-fold. First, with such small
domain sizes, the significant fraction of excitons is generated in the close proximity to the
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interface and dissociate into charged immediately with 100% efficiency. Second, even those
excitons that are generated deeper in the PC71BM domains, reach the interface faster (in ~400 ps
for 15 nm domain size, Figure 3.5b) than the exciton lifetime of 650 ps.
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Figure 3.5 (a) Simulated exciton harvesting efficiency vs. domain size at room temperature. The
harvesting efficiencies for D0=3Â10-3 cm2/s (which corresponds to the initial diffusion coefficient in
PC71BM obtained from simulations) with and without energetic disorder are shown in red in blue,
respectively. The areas of the mixed phase and large domains are also indicated. (b) Simulated exciton
diffusion coefficient dependence on time for energy disorder of V=70 meV (red line) and without energy
disorder (blue line). In the case of disorder, the diffusion coefficient decreases due to the exciton energy
downhill migration as subsequent trapping. Stabilized diffusion coefficient of D=1.5Â10-4 cm2/s is shown
by green line. Open circles indicate the domain size from which the excitons are extracted at the given
time.

In contrast, the exciton harvesting efficiency rapidly decreases in the large domains (>50 nm),
because the exciton diffusion time needed to reach the interface becomes comparable with the
exciton lifetime. This is a direct consequence of ten-fold decrease of the exciton diffusion
coefficient within 100 ps (Figure 3.5b). The diffusion coefficient at long times (>100 ps) changes
only insignificantly and amounts to D~1.5Â10-4 cm2/s, which is consistent with the earlier
report29. This value can be safely used to estimate the exciton diffusion length since the exciton
lifetime (650 ps) is much larger than the time needed for diffusion coefficient equilibration (~100
ps). However, the exciton dynamics at the early times (<10 ps) are determined by the highly nonequilibrium D (Figure 3.5b) which explains fast exciton harvesting from the mixed phase (<10 ps
for 3 nm domain size).
In materials with negligible energy disorder, where the diffusion coefficient does not depend
on time, the excitons are harvested extremely efficiently (>75%) even from the PC71BM domains
as large as 100 nm (Figure 3.5a, blue line). This fact explains high efficiency of vacuumdeposited TPTPA/C70 solar cells with >95% content of C70 with extremely low disorder of 5
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meV25,34. Interestingly, in the disordered medium exciton harvesting is limited not only by
dynamical decrease of D, but also by the presence of low-energy trap sites. As the result, the
exciton is trapped for a long time, which significantly decreases the diffusion length (SI, Figure
S3.8). Thus, even though the excitons can be effectively harvested in a BHJ based on disordered
medium with fine phase intermixing, decreasing of the energy disorder seems to be more
favorable for the blend optimization as in this case larger domain sizes lead to smaller interface
area and, therefore, decreased non-geminate charge recombination.

3.3 Conclusions
The exciton harvesting dynamics from the PC71BM phase have been successfully obtained by a
PIA technique and modeled by the Monte-Carlo simulations to yield valuable information on the
BHJ morphology. The BHJ blends studied herein contain mixed-phase PC71BM domains of the
size of several nanometers (up to 15 nm) as well as the large PC71BM domains with sizes
exceeding 50 nm. These findings are fully consistent with the paradigm of a hierarchical BHJ
morphology56,63,64 and were independently confirmed by GISAXS/GIWAXS, AFM, TEM/SEM
and time-resolved PL measurements. Note that due to a number of fundamental limitations, the
PL technique is not capable to deliver similar quantitative information.
Significant differences of BHJ morphology in terms of formation of the mixed phase and the
large (> 50 nm) PC71BM domains have been observed for the blends with donor polymers of
RRa-P3HT, MDMO-PPV, and RRe-P3HT. The phase separation of the mixed phase varies from
2 to 15 nm in PC71BM:RRa/RRe-P3HT blends and is ~7 nm in PC71BM:MDMO-PPV blends.
RRa-P3HT based blends demonstrate fine intermixing without large PC71BM domains within the
whole range of PC71BM loads investigated. In contrast, the MDMO-PPV and RRe-P3HT based
blends exhibit the formation of large PC71BM domains. Observed disruption of the RRe-P3HT
nanocrystals at the PC71BM load from 60% to 70%, verified by GIWAXS, underlines the high
sensitivity of the technique used. We have also demonstrated that the exciton losses in the large
PC71BM domains are related to a high energetic disorder of ~70 meV and in particular to the
low-energy trap sites. Decreasing the energetic disorder (e.g. by applying vacuum deposition
techniques)34 dramatically improves the harvesting efficiency from the fullerene domains. This
suggests that increasing the material order is a winning strategy in the exciton harvesting
optimization.
The main simplification in the MC simulations is an assumption of two types of the
spherically shaped domains. Although realistic morphology is much more complex29,52, this
simple model captures the essential aspects of the PC71BM morphology, with two different kinds
of domains being among them. Modern computational methods of predicting more realistic BHJ
patterns9,10 could readily incorporate the MC approach used herein. Next, the domain size of the
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mixed phase can be slightly underestimated due to the exciton delocalization among 4-5 PC71BM
molecules33,34. Additionally, the possibility of the long-range hole transfer from next to the outer
layer of PC71BM domains65,66 cannot be ruled out. The observed increase of hole transfer time
with increasing of PC71BM content and therefore domain size (SI, Figure S3.10) is in line with
this supposition. Nevertheless, all latter effects do not have serious influence on the results and
could be readily accounted for in the MC simulations.
Another concern is the possible dependence of the kinetic parameters (i.e. exciton lifetime,
hopping time and the disorder) on the PC71BM domain size. We thoroughly tested stability of
domain sizes retrieval for both mixed phase and large domains with respect to the kinetic
parameters of the model (SI, Figure S3.11, Figure S3.12) and found that vast variations of them
do not result in substantial changes of the PC71BM domain sizes. This is attributed to extremely
fast extraction of the excitons from the mixed phase. Therefore, the obtained domain sizes for the
mixed phase are reliable even if the kinetic parameters are different from the bulk PC71BM. On
the other hand, the large PC71BM domains behave as the bulk material so that the parameters
derived from the PL measurements can be safely used.
The charge generation after excitation of PC71BM is especially important for modern solar
cells involving narrow bandgap polymers, where high PC71BM loadings are used and the
fullerene becomes the main absorber in the green-blue region of the spectrum. In this work, we
used the polymers with relatively wide bandgap to selectively excite PC71BM and therefore to
simplify the analysis to demonstrate the proof of concept. In the case of modern low-bandgap
donors, selective excitation of PC71BM is hardly achievable even in the blue where PC71BM
absorption increases, and both donor and PC71BM PIA responses have to be considered. As the
excitons from donor phase dissociate at a 100-fs timescale39,40,46,50,67,68, i.e. significantly faster
than any diffusion-delayed exciton dissociation, the donor PIA response can be considered as
step-like function (SI, Figure S3.13). In addition, transient anisotropy might be used as an extra
contrast parameter to distinguish between the donor and acceptor PIA responses26,47. Overall, the
proposed method constitutes a first step towards PIA spectroscopy as a tool that provides a
valuable feedback on optimization of BHJ morphology and can be expanded to modern donor
materials such as more efficient polymers1,40,69 and small organic molecules38,70,71.

3.4 Methods
For detailed description of sample preparation, PIA and TEM measurements (performed by A.
Serbenta, University of Groningen, the Netherlands) and X-ray measurements (performed by G.
Portale, University of Groningen, the Netherlands) see Ref. [45].
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PL Measurements
Time-resolved PL transients were measured by a Hamamatsu C5680 streak-camera system after
650 nm excitation (selected from the white light supercontinuum generated from a Mira
Ti:sapphire laser output in a Newport SCG-800 hollow fiber), with time resolution of ~10 ps.
The color glass longpass filter RG695 was placed before the polychromator to filter the stray
excitation light.
Monte-Carlo simulations
In the MC simulations, the mixed phase was modelled as spherical PC71BM domains surrounded
by the polymer (Figure 3.1). The coexistence of the mixed phase and large PC71BM domains72
was taken into account by including two types of domains with different sizes. Exciton diffusion
was simulated as random hopping between discreet PC71BM molecules in the cubic grid cells.
The boundaries of the domains were determined as spheres of variable diameters dm(for the
mixed phase)and dc (for the large PC71BM domains), dm<dc.
Energetic disorder of the potential energy landscape of PC71BM was taken into account by a
Gaussian disorder model73. Energies within the Gaussian distribution, with standard deviation ı,
were randomly assigned to the PC71BM molecules. Initially, an exciton with finite effective
lifetime T1is randomly placed in one of the two domains with probability f which reflects the
volume ratio of the mixed phase to the large domains. At each step, the exciton hops into a
random direction by one grid point with hopping time Wand hopping probability pij which
depends on the energies of the starting Ei and target Ej grid points:
ͳ
݂݅ܧ  ܧ
ܧ െ ܧ
 ൌ ൝
݁ ݔ൬െ
൰ ݂݅ܧ ൏ ܧ
݇ܶ

(3.1)

where ݇ܶ is the Boltzmann factor. Finally, exciton dissociation into charges at the surface of
PC71BM domain occurs with a finite HT time Wht26, after which the resulting hole begins to
contribute to the PIA signal. The total PIA signal was convoluted with a Gaussian apparatus
function of 70-100 fs width.
The exciton lifetime T1, hopping timeW and energy disorder parameter V were obtained
independently from the photoluminescence data of PC71BM films with TPTPA quenchers as
T1=650 ps, W ps, andV meV (see Figure S3.14, Figure S3.15). The fact that a single set
of kinetic parameters is needed to describe as high range of quencher concentrations as 0.012550%, signifies similar exciton diffusion in PC71BM domains of different sizes. Therefore, the
remaining fit parameters for each sample are the PC71BM domain sizes dm and dc, the hole
transfer time Wht and the volume fraction of the large domains f. Each of the four fit parameters is
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responsible for the particular feature of the PIA transients which makes them independent in the
fitting procedure. The early-time dynamics (<0.5 ps) are mainly driven by the HT process
characterized by the hole transfer time Wht (SI, Figure S3.10). The intermediate time window (110 ps) accounts for exciton dissociation from the mixed phase and is determined by the size of
small domains dm. Size of the large domains dc is responsible for the later dynamics (>10 ps),
while the volume fraction f determines the PIA transient amplitude. To collect the necessary
statistics, each simulation was run 1000 times for each sample (3000 times for MDMOPPV:PC71BM blend with 60% PC71BM content). The dependence of the three-dimensional
exciton diffusion coefficient on time was obtained from the exciton displacement as:
ܦሺݐሻ ൌ

ͳ ߲ܮۃଶ ሺݐሻۄ
ǡ
 ߲ݐ

(3.2)

where L(t) is the exciton displacement and <> denotes averaging over the whole exciton
ensemble.

3.5 Supporting Information
3.5.1 Absortpion Spectra
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Figure S3.1 shows the red flanks of the absorption spectra of the three pristine polymers (orange
curves) and PC71BM (brown curves). Based on the highest contrast between PC71BM/polymer
excitations (i.e. the ratio of the absorption spectra of the PC71BM and the polymer, green lines),
the excitation wavelength was selected as 680 nm for both RRa-P3HT and RRe-P3HT mixed
with PC71BM, and 630 nm for PC71BM:MDMO-PPV.

Figure S3.1 Absorption coefficient of PC71BM (brown lines) and polymers (orange lines), and the ratio
(contrast parameter) between PC71BM and polymer absorption (green lines) for the three polymers
studied: (a) RRa-P3HT, (b) MDMO-PPV, (c) RRe-P3HT. Absorption coefficients of RRa-P3HT and
MDMO-PPV are multiplied by a factor of 10.
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Figure S3.2 shows the red flank of absorption spectra of RRe-P3HT blends. The
disappearance of RRe-P3HT absorption shoulder at 620 nm due to the broken crystallinity57,58
when the PC71BM content changes from 60% to 70% is observable.
3.0
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PC71BM content

2.0

0%
60 %
70 %

OD

1.5
1.0
0.5
0.0

600
650
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Figure S3.2 Linear absorption of RRe-P3HT:PC71BM blends with different fullerene content (indicated).
Note the disappearance of RRe-P3HT absorption shoulder at ~620 nm when PC71BM load changes from
60% to 70%.

3.5.2 X-Ray Measurements
Morphology of RRe-P3HT-based samples with PC71BM loadings of >40% was independently
verified by grazing-incidence small-angle X-ray scattering (GISAXS) and grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements (performed by G. Portale, University of
Groningen, the Netherlands). The results are summarized in Table S3.1.

Table S3.1 Summary of the RRe-P3HT:PC71BM film internal structures extracted from the GISAXS and
GIWAXS analysis.

PC71BM
content (%)
40
50
60
70
90

Mixed phase size 1
(nm)
1.8
1.9
1.9
2.1
2.1

Mixed phase size 2
(nm)
15
15
14.5
14
-

Mixed phase size 3
(nm)
23.8
-

Large domain size
(nm)

>100

Both the P3HT crystalline content and the fraction of small 2 nm PC71BM domains show a
linear behavior with increasing the PC71BM content up to 60% (Figure S3.3). Above 70%, a
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strong deviation from the linearity occurs. This deviation is assigned to the broken crystallinity
of P3HT domains and formation of amorphous P3HT phase (see also Figure S3.2), in accordance
with the literature 57,58. For the PC71BM 2 nm fraction, a slight deviation from linearity occurs for
blends with >60% PC71BM content, which indicates gradual formation of large PC71BM
domains (be that 15 nm or >100 nm in size). For the 90% PC71BM blend, the fraction of 2 nm
domains drop significantly indicating sufficient amount of the large domains formed, which is in
line with dramatic decrease of PIA signal (Figure 2c in the Main Text).

Figure S3.3 Relative fractions of the P3HT crystalline phase (black) and of the PC71BM 2 nm domain
phase (red) as a function of the PC71BM content in the blend.

3.5.3 Monte-Carlo Modelling With the X-Ray Data as an Input
In the Main Text we model the mixed phase as small PC71BM domain with a single size spheres.
According to the X-ray measurements, for the RRe-P3HT:PC71BM blends the mixed phase
consists of domains with characteristic sizes of 2 nm and 15 nm with different shares (Table
S3.1). In this case, the output of the simulations reflects the effective domain size which lies
between 2 and 15 nm and depends on the participation ratio of the two domains (Figure 3.3c in
the Main Text). We performed the MC simulations with mixed phase modelled as two spherical
domains of 3 and 15 nm with different shares as the X-ray data suggest (3 nm size instead of 2
nm was chosen due to the limitation of MC simulations). The simulations perfectly describe the
transients and show increasing of the fraction of 15 nm domains for higher PC71BM
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quenching as PC71BM content decreases, in full correspondence to Figure 3.3 of the main text.
Both PIA and PL quenching methods demonstrate similar exciton harvesting efficiencies (Figure
S3.7) which proves the validity of the PIA measurements. Note that the initial amplitude of the
transients decreases at lower PC71BM concentrations because the time-resolved PL
measurements cannot catch PL originating from small PC71BM domains due to limited time
resolution (~ 10 ps). This is in high contrast with the PIA measurements (Figure 3.2 of the main
text) where all the times from 0.1 to 100 ps are readily captured.
Finally, for the RRe-P3HT-based blends, the PL spectra are also strongly contaminated by the
polymer emission (Figure S3.5c, green lines). However, due to low contrast of PC71BM
excitation, low PC71BM PL quantum yield (QY) but high PL QY of RRe-P3HT, it is virtually
impossible to deconvolute PC71BM PL from the total PL. At blends with <60% PC71BM
concentration, the PL is mainly originates from P3HT crystals (note increase of PL amplitude for
those blends in Figure S3.6c). As a result, PL of the large PC71BM domains can barely be seen
only at 90% PC71BM concentration. This excludes deriving any quantitative information of the
PC71BM domain size, in contrast with the PIA measurements (see Figure 3.3 of the main text).
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Figure S3.5 Representative PL spectra after 650 nm excitation for (a) RRa-P3HT, (b) MDMO-PPV and
(c) RRe-P3HT based blends with different PC71BM concentrations (indicated). The spectra are
normalized to PC71BM maximum at 710 nm. Blue flanks of the spectra are cut off by a long-pass RG695
filter placed before the polychromator to filter out the excitation light.
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Figure S3.6 PL transients for (a) RRa-P3HT, (b) MDMO-PPV and (c) RRe-P3HT based blends with
PC71BM after 650 nm excitation. Concentrations of PC71BM are indicated in the legend. Transients are
integrated in the 680-710 (a,c) or 680-730 (b) nm spectral ranges and normalized by the blend absorption
at the wavelength of excitation.
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Figure S3.7 Exciton harvesting efficiency within first 100 ps as obtained from PIA (dots) and PL
(crosses/line) measurements.

3.5.5 Influence of Energetic Disorder
The energetic disorder has a great influence on the exciton dynamics as it creates low-energy
trap states which significantly slow exciton diffusion. Moreover, the presence of neighboring
sites with different energies makes the probability of hopping to different directions unequal
thereby effectively reducing the dimensionality of the diffusion process. As a reminder, the
difference between diffusion coefficient in 3D and 1D isξ͵.
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Figure S3.8 shows representative trajectories of the excitons with infinite lifetime in media
with and without disorder obtained from the MC simulations (parameters of the simulations are
given in the Main Text). Without energetic disorder, the diffusion process is uniform in time
with each subsequent step bringing the exciton to the new site. In the disordered medium,
plateaus are formed on the trajectories where the exciton spends more time in the low-energy
sites from where it is hard to escape. This leads to shorter displacements and a wide distribution
of the average hopping times (Figure S3.9) in contrast to the no-disorder case where the exciton
spends identical times on each site.
No disorder

Displacement (nm)

50 a)

Disorder

b)

40
30
20
10
0

0

100

200 300 400
Time (ps)

500

0

100

200 300 400
Time (ps)

500

Figure S3.8 Simulated displacement of 5 different excitons without (a) and with (b) energetic disorder.
Initial diffusion coefficient is D=4.5·10-3 cm2/s, energetic disorder in (b) is V=70 meV and the room
temperature kT=26 meV.
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Figure S3.9 Distribution of average exciton hopping times with (red line) and without (blue dot) energetic
disorder. Without the disorder, the distribution is a į-function.
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3.5.6

Hole transfer times

Hole transfer
time (ps)

To reproduce the short-time part of the experimental data, the finite hole transfer (HT) time was
set as free parameter for each sample in the MC simulations. The resulted dependence of the HT
time on the PC71BM content is shown in Figure S3.10. The HT time gradually decreases from
~0.1 ps to ~0.5 ps with the increase of PC71BM concentration (and hence the domain size). We
attribute this behavior to the long-range hole transfer 65,66,75 from next to the outer layer of
PC71BM domains, which probability increases with increasing of the fullerene domain size (see
Main Text). However, the effect of exciton screening in the large fullerene domains and/or
exciton delocalization cannot be ruled out as also influencing the HT time. We emphasize that
the ultrafast component of HT time in the 30-50 fs range 26,76 was clearly observed in these
experiments but instead of treated separately was included in the apparatus function in the MC
simulations for the sake of simplicity.
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Figure S3.10 Hole transfer time as obtained from MC simulations

3.5.7 Accuracy of Domain Size Retrieval from the Monte-Carlo Simulations
Kinetic parameters of the MC simulations, i.e. energetic disorder, exciton lifetime and the
hopping time were derived from time-resolved PL on pristine films of PC71BM (section 3.5.9
“Exciton Kinetic Parameters from Time-Resolved PL”) and used for retrieval of the PC71BM
domain size (Figure 3.3, Main Text). However, one can argue that these parameters may in turn
depend on the PC71BM domain size, with the data derived from the pristine films being a
limiting case of a very big PC71BM domain. As a consequence, the problem of size retrieval
loses self-consistency and as such might lack a unique solution for the mixed polymer:PC71BM
phase. Here we show, by examining the stability of the MC simulations with respect to those
parameters, that this is not the case. In particular, we demonstrate the retrieved sizes do not
change upon vast variations of the kinetic parameters thereby lifting the requirement of their
precise determination for each particular blend (which would have been hardly feasible).
Figure S3.11 shows the MC simulations output for two mixed phase domain sizes: 6 nm
(RRa-P3HT:PC71BM with 10% PC71BM concentration) and 8 nm (RRe-P3HT:PC71BM with
80% PC71BM concentration) taken as the representative cases, with the aforementioned
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parameters varied in a wide range. As follows from the figure, the hopping time has very
moderate influence on the dynamics. Only when the hopping time is increased by a factor of 3,
the MC simulations begin to fail to reproduce the early-time experimental data for PC71BM
concentration of 80%. This is due to the fact that the early-time part of the PIA transient is
mainly determined by the excitons arrived from the interfacial and the next to the interfacial
layers, i.e. when the exciton cooling has not occurred yet. In all other cases, the variations of the
hopping time as much as a factor of 3 do not result in any appreciable deterioration of the fit
quality, considering experimental noise.
Due to a similar reason, the energy disorder also has very little effect on the simulated curves.
From the mixed phase, the excitons are mainly extracted before equilibration of the diffusion
coefficient D (Figure S3.12) and, therefore, the variations in energy disorder do not have any
serious influence on harvesting efficiency from the mixed phase. Perhaps, some effect could be
observed in the dynamics for relatively large domains (>8 nm) but here the degree of freedom in
hopping time is strongly confined by the fact that the 8-nm domains represent bulk material and
therefore the values derived from PL quenching experiments, should be applied.
Finally, the exciton lifetime does not affect the early-time dynamics either because of the
extraction of excitons from the mixed phase occurs in time that is much shorter than the exciton
lifetime. The concern about the exciton lifetime is especially valid because the PC71BM lifetime
changes, albeit very moderately - from 900 ps for non-interacting PC71BM molecules dissolved
in a solid matrix of PMMA to 650 ps in the pristine PC71BM film (Figure S3.14). This reduction
most probably results from PL self-quenching due to intermolecular interactions in the film of
PC71BM. Nonetheless, the dynamics for the mixed phase do not change with the exciton lifetime
variation within this limit (Figure S3.11).
Therefore, we conclude that MC simulations are stable for domain sizes retrieval for both
mixed phase and large domains with respect to the kinetic parameters that arguably may depend
on the PC71BM domain size. This is attributed to extremely fast extraction of the excitons from
the PC71BM domains. On the other hand, the large PC71BM domains behave as the bulk material
so that the parameters derived from the PL measurements can be safely used.

86

Ultrafast Spectroscopy Reveals Bulk Heterojuction Morphology

Hopping time

a)

Lifetime

Energy Disorder

-'T/T (Charge yield)

1.0
Experiment
0.3 ps
0.1 ps
0.5 ps
0.9 ps

0.5

Experiment
70 meV
150 meV
30 meV

Experiment
650 ps
900 ps

0.0
b)

Energy Disorder

Hopping time

Lifetime

0.5

0.0

Experiment
0.3 ps
0.1 ps
0.5 ps
0.9 ps

0

1
10
Delay (ps)

Experiment
70 meV
150 meV
30 meV

100 0

1
10
Delay (ps)

Experiment
650 ps
900 ps

100 0

1
10
Delay (ps)

100

Figure S3.11 MC simulations for (a) RRa-P3HT:PC71BM with 10% PC71BM concentration (retrieved
mixed phase domain size 6 nm) and (b) RRe-P3HT:PC71BM with 80% PC71BM concentration (retrieved
mixed phase domain size 8 nm). The parameters of the MC simulations (hopping timeW, energy disorder
Vand exciton lifetime T1) were varied in wide range (indicated in the legend). The values deduced from
the PL quenching measurements areW ps , V meV and T1=650 ps.
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Figure S3.12 Simulated exciton diffusion coefficient dependence on time for energy disorder of V=70
meV (red line; the value deduced from the PL quenching measurements), V=150 meV (magenta line) and
V=30 meV (blue line). Open circles indicate the domain size from which the excitons are extracted at the
given time.
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3.5.8 Generalization of the proposed method to modern donor-acceptor systems
To demonstrate the applicability of the proposed technique to the modern donor-acceptor
systems, we performed the analysis of photovoltaic blend based on a push-pull polymer
PCPDTBT with different PC71BM content. The excitation wavelength was set to 480 nm;
therefore, both donor and PC71BM are excited approximately equally. As excitons from
PCPDTBT phase and interfacial PC71BM excitons dissociate within <200 fs77, the respective
PIA contributions can be considered as a step-like function at the timescale of PC71BM exciton
diffusion (Figure S3.13a). By including this response into the MC simulations, we readily
separate the PCPDTBT and diffusion-delayed PC71BM contributions. Using the same kinetic
parameters for PC71BM as in the Main Text, the PC71BM domain size between 3 and 9 nm are
obtained (Figure S3.13b). This clearly demonstrates that the high contrast between PC71BM and
polymer/small molecule excitations is a convenient but not essential requirement.
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Figure S3.13 (a) Measured (open circles) and simulated (black lines) isotropy transients PCPDTBT-based
blends with different PC71BM content (indicated) after 480 nm excitation. Cyan and orange lines
represent polymer and PC71BM contribution to the simulated transients, respectively. (b) The sizes of
PC71BM domains retrieved from MC simulations. For details see to Ref. [77].

3.5.9 Exciton Kinetic Parameters from Time-Resolved PL
The MC simulations require several parameters for the data modeling: i). PC71BM exciton
lifetime; ii). energy disorder of excitons on different PC71BM molecules (which enters as the
energy differences Ei - Ej in Eq. 3.1 of the main text); and iii). initial exciton hopping rate. All
these parameters were obtained from independent measurements of PL quenching efficiency.
PC71BM films mixed with TPTPA16 quencher were manufactured under controlled TPTPA
molar fractions of 50%, 25%, 12.8%, 3.2%, 0.8%, 0.1%, 0.0125%, and 0% (neat PC71BM film).
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The materials were separately dissolved in ODCB at concentrations of 20 g/l, and then mixed to
achieve given molar concentrations of TPTPA.
To examine the effect of intermolecular interactions, we also measured PL of the wellseparated PC71BM molecules diluted in a PMMA matrix. For this, PMMA was dissolved in
ODCB at concentrations of 150 g/l and then mixed with PC71BM solution to achieve the relative
concentration of ~1 PC71BM molecule per 2000 PMMA monomers (the averaged interPC71BM
distance of ~7 nm). The samples were prepared by drop-casting of the resulted solutions.
For each sample, time-resolved PL transients were measured with a Hamamatsu C5680
streak-camera system after 560 nm excitation, with time resolution of ~10 ps. To obtain the PL
dynamics, the red flank of PC71BM PL was integrated in the spectral region of 780-850 nm,
which is the least affected by PC71BM exciton spectral dynamics (see below).
The resulted PL decay transients were globally fit with effective exciton lifetime T1, hopping
time Wand energy disorder Vas the global fit parameters, i.e. identical for all samples (Figure
S3.14). The MC model was similar to that described above with exception of the grid size used.
Here, the PC71BM film was modelled as a grid of 400x400x400 nods with periodic boundary
conditions (i.e. if the exciton crosses the border it appears at the other side). TPTPA quenchers
were placed randomly in the grid with the given molar fraction. At time zero, the pre-defined
number of excitons (6400) was placed randomly in the PC71BM molecules in the grid. Once the
exciton hops to the TPTPA quencher, it splits into the charges and is excluded from the
simulations. As the output, the number of as-yet survived excitons is used.
PL dynamics at all concentrations were successfully simulated with a single set of parameters
of T1=650 ps, W ps and V meV; the obtained values are in line with those reported in the
literature27,78,79. This suggests that the kinetic parameters obtained from the PL quenching
measurements can be used to model the PC71BM domains of any size since low quencher
concentrations represent bulk PC71BM while high quencher concentrations (50%) correspond
dispersed PC71BM molecules in a TPTPA matrix. The fact that a single set of kinetic parameters
is needed to describe as high range of quencher concentrations as 0.0125-50%, signifies similar
exciton diffusion in PC71BM domains of different sizes.
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Figure S3.14 Experimental PC71BM PL transients (thin lines) and results of the MC simulations (thick
lines). The PL transient for PC71BM molecules strongly diluted in the PMMA matrix is shown for
comparison.

3.5.10 PL Energy Shift
One of the crucial parameters in the MC simulations, the energy disorder of 70 meV, was
independently verified by direct comparison of the PL red-shift in the neat PC71BM film with
results of the simulations (Figure S3.15a). The PL red shift is caused by exciton downhill
hopping in the disordered medium80,81, which results in dynamical decrease of exciton mobility
(Figure 3.5b, Main Text). The fact that the energy relaxation is due to the downhill exciton
migration is confirmed by the absence of a noticeable PL red-shift for the PC71BM molecules
diluted in PMMA matrix, where no exciton migration occurs because of absence of
intermolecular interactions (Figure S3.15b, red line).
To track the energy dynamics from the MC simulation, the mean energy of the whole exciton
ensemble was calculated on each simulation step. As in the simulations the density of states is
centered at 0 eV, the simulated values were shifted by 1.78 eV to match the experimental
conditions. Experimental and simulated energy dynamics are compared in Figure S3.15b.
Levelling-off of the experimental curve at short delays is due to limited streak-camera resolution
of ~10 ps. The simulated energy shift matches the experiment perfectly both in amplitude and
dynamics, which confirms the validity of disorder value quoted above.
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Figure S3.15 (a) PL map for the neat PC71BM film. The mean energy value at each time is shown by the
white line. The mean energy does not coincide with the PL maximum due to an asymmetric shape of the
PC71BM PL spectrum. (b) Measured in film (black line) and PMMA matrix (red line) and simulated (blue
line) energy dynamics of the PL maximum. The simulated curve is shifted by 1.78 eV to match the
experimental conditions.
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4.1 Introduction
The efficiency of organic optoelectronic devices essentially depends on two main factors: the
photophysical and chemical properties of the materials1-9 and the optimization of the device
structure.7,10-13 Even though both factors are of high importance, the properties of the materials
might be considered as prevailing: it is impossible to make an efficient device out of poorly
designed materials. Therefore, the optimization of the material design and understanding the
structure-property relationship are burning issues in materials sciences.14-16
Nowadays, among the most popular donor materials for organic solar cells (OSCs) are pushpull small molecules (SMs).7,10,17-23 Optimized devices based on SMs have already broken the
10% threshold in power conversion efficiency with a great potential for further
improvement.7,19,24,25 The best results of >10% efficiency for solution-processed OSCs were
achieved using relatively complex and difficult to synthetize SMs as donors.24,25 Alternatively,
triple-layer vacuum-processed OSCs based on relatively simple SMs demonstrate outstanding
efficiencies of >11% .26
The efficiency of OSCs is determined by three parameters:27 the open-circuit voltage (VOC),
the short-circuit current (JSC) and the fill factor (FF), which have to be maximized to achieve the
best device performance. Short-circuit current is typically improved by maximizing the amount
of collected photons, and maximal FF requires elaborate device engineering to reduce the
recombination processes.28 To maximize the VOC, energy losses have to be minimized by e.g.
matching at best the energy levels of the donor and acceptor materials,29 lowering the exciton
binding energy,30 increasing state delocalization,5 reducing energy disorder of the materials,31
minimizing the recombination via interfacial CT states32 etc.33
Recently, it was shown that simple SMs with a star-shaped architecture (SSMs) fulfil most
requirements for high-efficiency solar cells, with efficiencies >5% demonstrated.13 The donor
core and acceptor end groups ensure broad absorption in the visible region, which results in JSC
of >8 mA cm-2, while the star-shaped structure assists column-like self-assembling in the films,
thereby enhancing charge transport properties and leading to FF >50%.1,4,14,34-38 Finally, SSMsbased OSCs demonstrate high VOC of >0.9 V2,14 in mixture with PC71BM, the reason of which is
not yet understood. To put it in the perspective, VOC of archetypical P3HT:PC71BM OSCs hardly
exceeds 0.6 V39-41 even though the SSMs have similar HOMO level with P3HT (ca. 5.2-5.3 eV).
Therefore, VOC losses (calculated as (ELUMOPC71BM-EHOMODonor)/e-VOC) amounts to <0.5 V in the
OSCs based on the SSMs studied (with the energy level positions taken from Refs. [2,14]), while
in P3HT-based OSCs they exceed 0.8 V. Altogether, high JSC and VOC make SSMs perfect
benchmark materials for understanding the relations between fundamental photophysics of SMbased OSCs with their performance.
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4.2 Experimental Results
4.2.1 Absorption Spectra
The absorption spectra of the SSMs studied in a PMMA matrix and solid films are shown in
Figure 4.2. The low-energy absorption peak is mainly caused by an intramolecular charge
transfer (CT)3,42 and its position depends strongly on the particular donor-acceptor combination
used. In the PMMA matrices, where the intermolecular interactions are absent, the absorption
peak position varies from 499 nm (2.48 eV) for TPA-DCV to 526 nm (2.35 eV) for mTPA-DCV.
The peak for mTPA-Rh molecule lies between the peaks for mTPA-DCV and TPA-Rh. These
differences are explained by the fact that the absorption peak reflects the transition energy to an
intramolecular CT3 and therefore depends not on the donor and acceptor units per se but on their
combination. The high-energy absorption shoulder has a mixed S-S* and CT character3 and also
exhibits prominent dependence on the molecular structure. These trends in the absorption spectra
are confirmed (even though to a smaller extent than observed experimentally) by the TD-DFT
calculations (Figure 4.2, shaded contours43).
For all molecules, the absorption spectra in films are red-shifted and broadened compared to
the spectra in the matrices. The shift varies from 0.12 eV for TPA-DCV to 0.20 eV for mTPADCV. As a result, in the films the absorption spectra for the different molecules peak almost at
the same wavelength. The reason is two-fold: first, in the solid films, the effect of local dielectric
environment44-47 is more prominent compared to the isolated molecules in matrix as evidenced
from the increased peak widths (~0.25 eV in PMMA matrix vs. ~0.3 eV in films). Second, the
close packing in the solid allows for intermolecular charge separation which also affects the
absorption properties. Overall, the complex behavior of absorption spectra suggests the
importance of both the specific molecular structure and intermolecular interactions on the
photophysical properties of the materials.
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Figure 4.2 Absorption spectra of the SSMs measured in a PMMA matrix (lines) and in solid films (dashed
lines) and calculated (shaded contours) at the TD-DFT level. The calculated spectra are systematically
red-shifted by 0.3 eV to account for medium effects and/or the deficiencies of DFT when dealing with
charge transfer states. Due to the strong difference in the amplitudes, the calculated intensities of the highenergy peaks were multiplied by 5 for representation purposes.

4.2.2 Photoinduced Absorption Spectra
To examine the early-time photophysics of exciton/charge generation, we performed timeresolved PIA experiments. In these measurements, the samples are excited by an ultrashort
visible light and the photoinduced response is probed by the delayed IR probe pulse. The
absorption of the probe pulse is proportional to the number of photogenerated species and
therefore the photoinduced dynamics can be easily tracked with common pump-probe
experiment.
It should be noted that the nature of the photoinduced species in the isolated molecules and in
the films may be substantially different. For well-separated molecules in a neutral matrix (e.g.
PMMA), there are no intermolecular interactions. Therefore, only intramolecular excited states
(i.e. excitons and/or intramolecular CT-excitons in push-pull molecules as considered herein) are
formed upon photon absorption. In the films, the molecules are interacting and, hence, additional
pathways for the charge separation become open - e.g. intermolecular formation of polaron
pairs.6,48,49 The optical signatures of intramolecular CT-excitons and polarons are typically
different and, therefore, the nature of the excited states can be spectrally identified.6
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Figure 4.3 PIA spectra of the SSMs studied in (a) PMMA matrix, (b,c) solid films, and (d) 1:1 blends
with PC71BM acceptor upon (a) 510 nm or (b-d) 550 nm excitation. Symbols represent the experimental
data points while solid lines are the best fits with asymmetrical Gaussian functions. The spectra are
reconstructed from the PIA transients measured at different wavelengths. The time delays are (a) 10 ps,
(b) 0.2 ps, (c, d) 100 ps. Arrows in (c) and (d) show positions of the TD-DFT calculated polaron peaks,
systematically red-shifted by 0.2 eV.

Figure 4.3a shows the PIA spectra of the SSMs in a PMMA matrix upon 510 nm excitation
(i.e., near the absorption maximum). Since the molecules are well-separated, the spectra reflect
the optical signatures of intramolecular excitations: due to the push-pull nature of the molecules,
efficient intramolecular charge separation occurs which causes the electron density to be shifted
from the donor core to the acceptor units (see e.g. Supporting Information, Figure S4.143).
For all molecules, the PIA spectra in the PMMA matrices consist of an extremely broad
background, with a more resolved IR peak (with exception of mTPA-DCV). The broad
background is assigned to the excited state absorption as many transitions S1-Sn are allowed from
the first excited state to higher-lying excited states while the peak is likely due to the presence of
transition(s) with significantly higher oscillator strength(s) compared to the rest of the manifold.
Figure 4.3b,c show the PIA spectra of the SSMs in solid films at early (0.2 ps) and late (100
ps) delay times. Surprisingly, the spectra are very different at the two delays, indicating a
different nature of the photoexcited species. At 0.2 ps delay, the spectra in films resemble those
in matrices, indicating photogeneration of intramolecular (CT-)excitons. At 100 ps, the spectra
are blue-shifted while the background is significantly reduced in comparison to the 0.2 ps
spectra. This is assigned to the formation of the so-called polaron pairs6,48,49 in the film. The
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electron and hole of the polaron pair are located on different SSMs (unlike intramolecular CTexcitons, where the electron and hole belong to the same molecule), which leads to a reduced
Coulomb attraction. On the other hand, the polaron pair is essentially different from the charges
located in an interfacial CT state (also called interfacial CT-exciton,50 not to be confused with
intramolecular CT-excitons), as in the case of the interfacial CT-exciton the electron and hole
reside on different materials, while the polaron pair is located in the SSM phase. It should be
noted that even though no apparent driving force for charge separation is present in the SSM
film, the intermolecular charge separation between neighboring SMs is still possible51,52 because
of dense packing. If the donor unit of one molecule is in close proximity to the acceptor unit of
the neighboring molecule, intermolecular charge transfer becomes energetically favorable,3,53
and a polaron pair is formed upon photoexcitation.
Even though the polaron pairs have similar spectroscopic signatures with isolated polarons
(charges),6 they cannot be considered as free charges because (i) the electron and hole still
belong to same material and (ii) Coulomb attraction is still significantly higher than kT.
Spectroscopically, if the number of intermolecularly separated charges is high, the PIA response
should follow the absorption spectra of polarons and not of the intramolecular (CT-)excitons.
To verify this assumption, we measured the PIA response of 1:1 bulk heterojunction (BHJ)
films of the SSMs with the PC71BM electron acceptor, where complete charge separation is
known to occur within first 100 ps (Figure 4.4d) and therefore the PIA response is caused solely
by the positive hole polarons (the negative electron polarons on PC71BM do not produce a signal
in near-IR). As there is a reasonable match between the two sets of spectra, one can conclude
that the PIA response of the neat SSM films at long delays is mainly driven by polarons.
The positions of the polaron absorption peaks are different for the different SSMs: the Rhbased molecules exhibit red-shifted absorption compared to the DCV-based SSMs. This can be
explained by a longer conjugation length of the Rh-based molecules and, therefore, by a larger
delocalization of the charge and a weaker degree of local geometric distortions. In contrast, the
methoxy substituents on the mTPA core do not change the conjugation length with respect to
TPA; therefore, the polaron peak positions are expected to be similar for the TPA and mTPAbased molecules. This is, however, not the case: the polaron peak positions for the mTPA-based
SSMs are in fact blue-shifted compared to the TPA-based molecules. This is attributed to an
increased localization of the positive charge around the core in mTPA-based molecules, due to
the dominant electron-donating character of the methoxy groups. As a result, the spectrum for
the mTPA-Rh molecule is intermediate between the spectra for the TPA-Rh and mTPA-DCV
molecules. This counterintuitive behavior is fully captured by the TD-DFT calculations (Figure
4.3c,d, vertical lines43) and highlights the major influence of the particular donor-acceptor
combination on the photophysical properties of the material.
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4.2.3 Photoinduced Dynamics
To examine the exciton and polaron dynamics, we studied the time-dependent PIA and PL of
SSMs in PMMA matrices and neat films. The PL dynamics of the SSM molecules in PMMA
matrices are shown in Figure 4.4a by solid symbols. For all molecules, the PL decays
biexponentially: ~20% of the initial PL decays at hundreds ps timescale, while the rest of PL
decays at >2 ns time. The slow decay reflects the radiative lifetime of the intramolecular
(CT-)excitons. The fast decay is ascribed to torsional deformation of the molecules upon
photoexcitation.53 For mTPA-based molecules, the decay is considerably faster compared to the
TPA-based derivatives due to the higher floppiness imparted by the methoxy groups: the
calculated difference in angle between benzene ring in the donor core and the plane of the
molecule in ground and charged state is ~6° for the mTPA-based molecules and only ~1° for the
TPA-based compounds43.
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Figure 4.4 (a) PL and (b) PIA dynamics and (c) shift of the mean energy of the PIA spectra for SSMs in
PMMA matrices (solid symbols) and films (open symbols). Experimental points are shown by symbols,
solid lines are the best fits with (bi)exponential functions. Excitation wavelengths were 510 nm (matrices)
and 550 nm (films), probe wavelengths were set to the maxima of the respective PIA responses (Figure
4.3a,c). The transients in (a,b) are normalized by their maxima. The numbers show the timescale of the
respective processes. PL is integrated in 580-850 nm region (SI, Figure S4.3).

The PIA signals in all SSMs decay with a single exponential time of several nanoseconds:
mTPA-DCV SSM produces the longest lifetime of 3.3 ns while the mTPA-Rh exhibits the
shortest lifetime of 2 ns. Since the excited state lifetime depends on the transition energy and the
transition dipole moment, it is not surprising that the lifetimes are different for different
molecules. Note that even though the torsional deformation leads to some PL quenching, the
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molecule remains in the excited state as no fast decay is observed in PIA measurements (Figure
4.4b, solid symbols).
In the solid films, both PL and PIA signals decay significantly faster compared to the isolated
molecules (Figure 4.4a,b). 70-95% of PL decays within first 20-70 ps in the SSM films (Figure
4.4a, open symbols), indicating fast depletion of the exciton population either via decay to the
ground state or dissociation into polarons. In contrast, the PIA signals last much longer and
demonstrate biexponential dynamics with the fast part decaying within tens of ps and the slow
part decaying on the nanosecond timescale (Figure 4.4b, open symbols). The fast component of
the PIA signal is generally slower as compared to the PL decay time. This indicates
interconversion of the initially photogenerated excitons to the polaron pairs, which slows down
the decay of the PIA signals probed at the polaron response maxima.
To verify this assumption, we measured the dynamical shift of the PIA spectra (Figure 4.4c):
since the response of intramolecular (CT-)excitons is red-shifted compared to the polaron
response, a dynamical blue-shift of the spectrum is expected when the relative share of the
polaron pairs increases. This is indeed the case: the PIA spectra gradually shift to higher energies
in all studied films, and the shift is more prominent for the molecules where polaron and exciton
responses are better separated (e.g. for TPA-DCV and mTPA-Rh). The spectral dynamics at the
timescale of tens of ps perfectly match the PL decay times in films, which is in line with the
assumption of exciton-to-polaron conversion. Note that the magnitude of spectral diffusion is
correlated with the PIA decay times probed at polaron absorption maxima: for the compounds
with prominent energy shift (i.e. TPA-DCV and mTPA-Rh) the PIA decay is considerably
slower compared to the PL decay (Figure 4.4a,b). This is due to the interplay between exciton
and polaron responses in the PIA signal. As the exciton PIA response is red-shifted compared to
the polaron response (Figure 4.3), at the early timescales the maximum of PIA spectra is blueshifted relative to the probe wavelength, i.e. the probe wavelength is detuned from the precise
resonance. At the later timescales, the exciton response decreases in amplitude, and the polaron
response becomes prevailing. The maximum of the PIA spectrum shifts toward the probe
wavelength making it on-resonance. Therefore, the decay times of PIA signal probed at the
polaron maximum is determined by two factors: (i) depopulation of the excited state (be it
polarons or excitons) and (ii) dynamical spectral response due to the exciton-to-polaron
conversion.
The exciton-to-polaron conversion is further supported by the fast decay of the photoinduced
anisotropy in SSM films (SI, Figure S4.2) as the transition dipole moments of the polaron pairs
are not necessary correlated with the polarization of the excitation light. Furthermore, in the
solid films the excitation migrates within the material, herewith losing the correlation with the
polarization of the incident light.
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From the PL and PIA measurements, we conclude that after 20-70 ps, the SSM films are
populated mainly by polaron pairs and not by excitons. Moreover, high amplitude of fast PL
decay and similarity of PIA spectra of neat films and BHJ blends suggest very high (>70%)
exciton-to-polaron conversion efficiency. This is beneficial for the OSC operation as the binding
energy of intermolecular polaron pairs is lower compared to the exciton binding energy due to
the larger separation of the electron and the hole. This echoes the previously proposed scenario
that relies on the importance of wavefunction delocalization (to increase the electron-hole
separation) for efficient charge separation.5 We further speculate that the formation of polaron
pair instead of excitons likely leads to reduced filling of the interfacial CT states in the BHJs. In
the case of an intermolecular polaron pair, the electron and hole belong to different donor
molecules in the donor phase and, therefore, after electron transfer to an acceptor (e.g. PC71BM)
the electron and hole are well-separated spatially. This effectively prevents formation of
interfacial CT-excitons where electron and hole are located at the adjusting donor and acceptor
molecules at the interface. Consequently, the high VOC (>0.5 eV) and JSC (>8 A cm-2) in SSMbased OSCs14 may be attributed both to the decreased Coulomb attraction between electron and
hole (and, therefore, increased charge collection) and reduced CT state recombination.

4.3 Conclusions
In this work, we studied the early time charge photogeneration in conjugated small molecules.
As benchmark systems, four star-shaped molecules (SSMs) with two different donor cores:
triphenylamine (TPA) and methoxy-triphenylamine (mTPA), and dicyanovinyl or
methyldicyanovinyl (DCV) and rhodanine (Rh) acceptor groups were selected. To separate the
intrinsic properties of the molecules and the collective effects, the photophysical responses of
molecules isolated in a PMMA matrix and closely-packed in solid films were compared.
The linear absorption of the separated molecules depends on the particular donor-acceptor
combination used: the absorption peak position varies from 499 nm to 526 nm, which is
rationalized by the TD-DFT calculations. In the solid films, however, the absorption properties
of the different molecules are almost similar and, therefore, are highly determined by collective
effects.
For the isolated molecules, the excited state lifetime varies from 2 ns (mTPA-Rh-based
molecule) to 3.5 ns (mTPA-DCV-based molecule), which is mainly determined by the radiative
lifetime of the excitons. In the films, the radiative lifetime shortens significantly due to
dissociation of the excitons into polaron pairs. The formation of polaron pairs is beneficial for
the OSC operation as the Coulomb attraction between intermolecular electron-hole pair is
significantly lower compared to the intramolecular exciton. In addition, as the electron and hole
in the polaron pair are located at different molecules (although of the same donor phase), a
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reduced amount of interfacial CT-excitons is expected to be formed after electron transfer to the
acceptor. These lead to improved charge collection and reduced recombination in SMs-based
solar cells. Therefore, enhancing the intermolecular interactions to promote exciton-to-polaron
conversion appears to be a promising way towards efficiency optimization.

4.4 Methods
Sample preparation
The SSMs were synthesized as described previously in Ref. [2] for TPA-DCV, in Ref. [14] for
TPA-Rh and m-TPA-Rh, and in Ref. [54] for m-TPA-DCV. All SSMs were separately dissolved
in ortho-dichlorobenzene at a concentration of 10 g/l, PMMA (Sigma-Aldrich, Mw=120000
g/mol) was dissolved in ortho-dichlorobenzene at a concentration of 150 g/l. All solutions were
stirred on a magnetic stirrer for at least 12 hours at 50°C. To prepare the separated SSMs in
PMMA matrix, PMMA was mixed with the SSMs to achieve 1:50 SSM:PMMA molar ratio (1
SSM per 60000 PMMA monomer units, ~20 nm separation between SSMs). Matrix samples and
neat films were prepared by drop-casting of 150 Pl of the solution on microscope cover glass
slips. Preparation of the BHJ samples is described elsewhere.14
Optical
Absorption spectra were measured with a Lambda-900 spectrometer. The PIA measurements
were performed with a setup based on Spectra-Physics Hurricane Ti:Sapphire system and two
Light Conversion TOPAS OPAs, which were used to generate excitation and probe pulses. More
detailed description of the PIA setup is given elsewhere.
The isotropic PIA signal and photoinduced anisotropy were recalculated from parallel and
perpendicular to the polarization of the excitation pulse PIA components as:55
οܶ݅ ݏሺݐሻ ൌ

ݎሺݐሻ ൌ

߂ܶ צሺݐሻ  ʹ ൈ ߂ܶ٣ ሺݐሻ

͵

߂ܶ צሺݐሻ െ ߂ܶ٣ ሺݐሻ

͵ ൈ ߂ܶ݅ݏ

(4.1)

(4.2)

The angle D between polarization of excitation pulse and photoinduced dipole moment was
calculated from the anisotropy value r:55
͵
 ݎൌ  Ͳݎሺͳ െ  ʹ݊݅ݏሺߙሻሻ
ʹ

(4.3)
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L was measured at a Hamamatsuu C5680 strreak-cameraa. The excittation
Time--resolved PL
waveleng
gths of 510 and 550 nm
m were seleccted from thhe white lighht superconttinuum geneerated
from a Mira
M Ti:sapph
hire laser outtput in a New
wport SCG- 800 hollow fiber.

4.5 Su
upporting Informatiion

Figure S4
4.1 Shape of the
t frontier molecular
m
orb
bitals (indicateed) for TPA--DCV as deriived from thee DFT
calculations. For other molecules, reefer to Ref. [4
43].

4.5.1 Anisotropy
A
dynamics
d
To gaain more info
formation ab
bout the exciited state dyynamics, wee measured tthe photoindduced
anisotrop
py. The ph
hotoinduced
d anisotropy
y provides valuable informationn on intra-- vs.
intermoleecular dynam
mics of the photoexcited
p
d species3,56-558 as it depennds on the m
mutual orienttation
of the po
olarization off the incomin
ng light and
d the transitioon dipole mooment of thee excited staate. In
an isotro
opic system of non-interracting dipo
oles, the maxximal anisotropy is 0.44 if the transsition
dipoles for
fo ground-sttate absorptio
on and photo
oinduced ab sorption aree parallel.55
In thee PMMA maatrix, the an
nisotropy is much lowerr than its m
maximum vallue of 0.4 fo
for all
SSMs (~
~0.1 for TPA
A-based and ~0.05 for mTPA-based
m
molecules). This indicaates instantanneous
change in
n the directio
on of the traansition dipole moment oof the exciteed state by 455-50°. Due tto the
high sym
mmetry of thee SSMs, thee lowest exciited state is ddoubly degeenerate and tthe two statees are
characterrized by diffferent distribution of th
he electron densities43 aand by orthogonal transsition
3
dipole moments.
m
Th
herefore, upon photoexccitation of thhe moleculee to one of tthe excited state,
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ultrafast interconversion occurs between the degenerate states which leads to the twist of the
transition dipole moment.

Anisotropy
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Figure S4.2 Anisotropy dynamics for SSMs in (a) PMMA matrix and (b) solid films. Excitation
wavelengths were (a) 510 nm and (b) 550 nm, probe wavelengths were set to the maxima of the
respective PIA responses (Figure 4.3a,d).

In the films, the anisotropy is systematically lower and decays to zero within ~10 ps timescale
for all SSMs studied. The reason of the fast anisotropy decay is two-fold. First, as discussed
earlier, due to the close packing of the molecules, the polaron pairs are formed whose transition
dipole moments are not necessary correlated with the polarization of the excitation light. Second,
in the solid film, the excitations migrate within the material, losing the correlation with the
polarization of the incident light. Therefore, in the solid films, the anisotropy reflects the
intermolecular dynamics of the excitons/polarons and do not provide any information about the
intramolecular processes.
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Figure S4.3 PL spectra for SSMs in (a) PMMA matrices after 510 nm excitation and (b) films after 550
nm excitation.
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Chapter 5

5.1 Introduction
Bulk-heterojunction (BHJ) organic solar cells (OSC) based on solution-processable small
molecules (SM) donors have recently attracted much interest as an alternative to more
conventional polymer-based OSCs.1-8 SM-based OSCs combine advantages of polymers flexibility, solution processability, ease of manufacturing etc., with benefits of small molecules
such as high purity, batch-to-batch reproducibility, well-de¿ned molecular structure and
molecular weight, and easy mass-scale production.9-14 Nowadays, both linear and star-shaped
SMs are successfully used as donors in OSCs.15-24 OSCs based on linear SMs have been studied
more thoroughly,15,16 and recently demonstrated power conversion efficiency (PCE) as high as
10%.17 OSCs based on star-shaped molecules (SSMs) have also shown impressive results of PCE
exceeding 5%.18 SSMs have a number of attractive advantages over linear conjugated oligomers
since the LUMO orbital degeneracy increases the number of pathways for light conversion.19
Furthermore, the SSMs have a propensity to stack in films, thereby providing enhanced ʌ-ʌ
interactions between neighboring molecules to form pathways for hole transport.20,25 Finally,
high solubility and low anisotropy of optical and electrochemical properties21-24 represent
another attractive feature of SSMs.
The most common SSMs are push-pull materials with triphenylamine (TPA) core as a donor,
benzothiazole5,9,14 or dicyanovinyl (DCV)12,13,19,26-29 as acceptor units, and oligothiophene arms
as ʌ-bridges.30 Such SSMs have been thoroughly investigated by Roncali and coworkers, who
demonstrated PCE of ~2% in planar heterojunction SSM:C60 OSC.19,26,31-33 Recently, a number
of TPA-based SSMs with different lengths of the solubilizing alkyl chain ends and thiophene
arms were proposed and synthesized.20,28 Such SSMs demonstrated enhanced solubility in
organic solvents, high stability, good hole mobility (>10-3 cm2/VÂs),20 broad absorption spectrum
in the visible region, and homogeneous packing in film. Additionally, ultrafast exciton-to
polaron conversion occurs in SSM phase which is beneficial for the OSC operation34 (see
Chapter 4 for details). Altogether, these developments have led to a PCE increase to more than
5% for bulk heterojunction (BHJ) based devices,18 which put such structures at the frontline of
perspective materials for OSCs.9,13,19,27
One of the key processes occurring in the OSC BHJ active layer is the photogeneration of free
charges, which includes the following steps: photoexcitation of the donor (acceptor), exciton
formation, and its subsequent dissociation at the donor-acceptor interface.35 These processes take
place at a wide range of ultrafast time scales (from tens of fs to ns’s), and their efficiency directly
influences the final PCE of the OSC.36 Efficient charge generation is counterbalanced by loss
processes such as exciton annihilation, geminate and non-geminate charge recombination,
charge-transfer (CT) state trapping etc.36 These losses lead to reduced photocurrent, voltage, and
116

Ultrafast Ch
harge Generatiion Pathways in
n Photovoltaicc Blends Basedd on Novel Starr-Shaped Conjuugated
Mollecules

CE.37 Optimiization of thhe active layyer to
fill factor of the OSC and subseequently to reduced PC
ding of patthways to efficient loong-lived chharge
minimizee the lossees calls forr understand
generatio
on. Insofar, this
t
fundam
mental issue has
h been verry little adddressed for B
BHJ active llayers
based on SSMs.

Figure 5.1
1 Chemical structure
s
of the
t SSMs. Notations
N
1T (in red), 2T
T (in blue) annd 3T (in greeen)

refer to th
he number of
o thiophene rings in the star arm. Thhe inset show
ws the frontier energy levvels
for the SS
SMs20,28 and PC71BM,38 as
a obtained from cyclic voltammetryy.
In thiss Chapter, charge
c
generration and reecombinatioon processess are studiedd in thin film
ms of
three diffferent SSMss with N(Pheenylene-nThiiophene-Diccyanovinyl-A
Alkyl)3 struccture (Figuree 5.1),
as well as
a in their blends
b
with [6,6]-phenyl-C71-butyricc acid methhyl ester (PC
C71BM) acceeptor.
The moleecules mainlly differ from
m each otheer by the lenngth of the cconjugated arrm (n = 1, 2 or 3
thiophene rings). Ch
harge dynamics are probed by ultraffast polarizattion-sensitivve visible-puump –
IR-probee photoinducced absorptiion spectrosscopy (PIA)). The expeerimental reesults are fuurther
supported
d by quanttum-chemicaal calculatio
ons at the (Time-Dependent) Deensity Functtional
Theory (TD-DFT)
(
leevel to charracterize the absorption spectra of nneutral and singly posittively
charged SSMs.
S
From
m the PIA traansients we conclude
c
thaat the long-liived chargess in the blendds are
117

Chapter 5

produced via intermolecular channel on the timescale up to 10’s ps. Charges separated within the
same SSM and/or trapped in the interfacial SSM:PC71BM CT states recombine via
intramolecular channel on the timescale of 100’s ps, providing the main loss pathway. For the
blends with optimal PC71BM concentration, up to 30% of the long-lived charges are generated
via hole transfer upon PC71BM photoexcitation, underlining the significance of this pathway.
The efficiency of hole harvesting is limited by the exciton diffusion length in PC71BM domains
which calls for blend morphology optimization. For each star-shaped donor molecule, the
optimal SSM:PC71BM concentration in the blend is assessed that allows generation of up to 60%
of long-lived charges.
In a broader context, the results presented herein demonstrate how ultrafast spectroscopy
combined with quantum-chemistry calculations can be used to reveal pathways of charge
generation and losses, thereby providing an efficient means for optimization of OSCs materials.
We envision that this approach is not limited by OPV but can also be extended to emerging
fields of hybrid39,40 and perovskite-based41 photovoltaics.

5.2 Experimental Results
5.2.1 UV-VIS Absorption
Thin films of neat SSMs exhibit strong absorption in the visible region (Figure 5.2a), with two
absorption bands centered at ~400 nm and ~530 nm. From time-dependent Density Functional
Theory (TD-DFT) calculations (see Ref. [42] for details) both transition are ascribed to
intramolecular charge transfer (CT).9,13,19 The high-energy band is red-shifted with the
elongation of the conjugated arm, while the position of the low-energy band remains almost
unchanged for 2T and 3T molecules most probably due to intramolecular distortions. Moreover,
the band at higher energy gains oscillator strength compared to the lowest absorption peak. The
presence of two intense absorption bands in the visible extends the light harvesting capacities of
the chromophores.
The absorption spectra calculated for the neutral molecules with an imposed C3 symmetry do
not match well the corresponding experimental spectra (Figure 5.2b; calculations were
performed by Y. Olivier and J. Cornil, University of Mons, Belgium). While the calculations
yield a red shift for the two bands with elongation of the conjugated arm going from 1T to 2T in
consistency with the experimental spectra, this effect is exaggerated for the low-energy
absorption band, and the calculated ratio between the intensities of the two bands is largely
overestimated. The origin of this discrepancy is rooted in the conformational disorder present in
the thin films due to the relative floppiness of the interring torsions. To illustrate this effect, TDDFT calculations on multiple conformations were performed with intentionally-introduced
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Without loss in generality, we analyzed the nature of the two bands on the basis of the results
obtained for the molecule with an imposed C3 symmetry. Since the three branches of the
molecule are interacting via the central core, the molecular levels are not triply degenerate, as it
might have been intuitively expected. The low-energy absorption band of the three SSMs
originates from two degenerate excited states mostly described by a HOMO to LUMO or
LUMO[+1] transition, respectively.42 In view of the shape of the orbitals, there is a clear
reshuffling of the electronic density upon excitation, thus leading to an intramolecular chargetransfer character of the absorption band42. This situation is illustrated in Figure 5.2c for the
HOMO-LUMO transition in 2T (see also Chapter 4, Figure S4.1 for exemplary charge density
distributions in 2T molecule). Indeed, the HOMO is principally localized around the center of the
molecule and over the three donor branches while the LUMO or LUMO+1 have large weights at
the outer parts, over one or two acceptor units. The high-energy absorption band is described by
a larger mixing of one-electron excitations (with their weighting factor depending on the actual
torsion angles in non-planar structures).42 Thus, based on these TD-DFT results, we question the
usual assignment of these two bands as being S-S* vs. CT.9,13,19 In fact, both electronic
excitations have a mixed character and, remarkably, the intensity of the high-energy absorption
feature is a direct measure of the degree of conformational disorder in the SSMs.
5.2.2

Polaron Absorption

The time-dependent concentration of photogenerated charges in the blends has been evaluated
via the polaron absorption of the SSMs.43 Photogenerated charges on a conjugated molecule lead
to the appearance of additional absorption bands in the near-IR region (Figure 5.a) with intensity
proportional to the amount of generated charges.43,44 This provides a simple and convenient
means for tracking charge dynamics in a pump-probe arrangement. For conjugated polymers,
these bands are usually located at ~1 ȝm (the so-called high-energy polaron band) and at ~3 ȝm
(the low-energy band).45,46 However, in the SSMs the band positions are expected to be different
because of shorter conjugation lengths as compared to polymers. In order to localize these
energetic positions, polaron spectra (i.e. dependences of the photoinduced IR response on the
probe wavelength)43 were measured. Note that in diluted solutions of SSMs and partly in their
neat films, CT excitons (i.e. bound electron-hole pair residing at the same molecule) rather than
polarons (i.e. a hole on a particular SSM with an electron located on another molecule) are
generated upon photoexcitation (see also Chapter 4 for more detailed discussion of exciton and
polaron formation and their interconversion in SSMs).
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Figure 5. Normalized measured polaron spectra of the 1:1 SSM:PC71BM blends at 1 ps (solid symbols)
and 1.5 ns (open symbols) delays, and calculated polaron peak positions broadened by a lorentzian
function with a width of 0.02 eV (shaded contours). The positions of the calculated peaks are red-shifted
by 0.1 eV.

The photoinduced IR absorption spectra of the 1:1 SSM:PC71BM blends obtained at 1 ps and
1.5 ns pump-probe delays are presented in Figure 5.b. The spectra were reconstructed from the
transients taken at several probe wavelengths. All spectra show a broad intense peak in the nearIR region (below 2.6 ȝm); no other spectral peaks except for vibrational modes were observed in
the 3-10 ȝm region (Supporting Information (SI), Figure S5.10) making the observed peaks
lowest in energy. The peak is red-shifted with elongation of the conjugated length, i.e. with
increase in the number of thiophene rings. The positions of the IR peaks are also well predicted
by DFT calculations (Figure 5.b, shaded contours), providing their assignment as low-energy
polaron absorption bands (as opposed to e.g. exciton absorption). Interestingly, these calculations
had been performed well before the experimental spectra were measured experimentally thereby
illustrating predictive power of calculations.
The lowest-energy absorption band is mostly described by a transition between the HOMO
and SOMO levels (see Figure 1.2 in Chapter 1). The red shift can be intuitively understood from
the fact that the HOMO level raises up with the extent of delocalization in contrast to the SOMO
level which is more localized. The ~0.1 eV shift between the theoretical and experimental
spectra most probably originates from the fact that the molecules are not fully symmetric in the
thin films, as assumed in the calculations, and/or solid-state polarization effects.
The positions of the absorption peaks in the blends remain unchanged with the pump-probe
delay which indicates no spectral relaxation due to, for instance, transient polarisability of the
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environment. This is in sharp contrast with neat films of the SSMs where blue shift of ~0.5 eV
was observed (SI, Figure S5.1) within ~100 ps. This blue shift is due to exciton-to-polaron
conversion occurring in the neat SSM films (see Chapter 4 for detailed discussion). The minor
but persistent narrowing of the polaron spectra for the blends of all three SSMs was also detected
at long time delays (Figure 5.b). Most probably, it originates from the superposition of polaron
and CT exciton responses with different time dynamics; in any case, this does not affect the
positions of the peaks. Therefore, we selected a single probe wavelength near the respective
polaron absorption maxima at 1.2, 1.7 and 2.1 ȝm for 1T, 2T and 3T SSMs, respectively, and
consider the amplitude of the PIA response proportional to the concentration of photogenerated
charges.
5.2.3

Photoinduced Absorption Dynamics

Figure 5.3 shows isotropic PIA transients for blends of all three SSMs with different fullerene
content. Since the absorption of blends with different composition is not a constant (SI, Figure
S5.2), the transient amplitudes were normalized by the number of absorbed photons to yield the
(relative) amount of generated charges per absorbed photon. This allows for direct comparison
between not only the transient dynamics but also the amount of charges generated in different
blends.
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Figure 5.3 PIA isotropic transients for SSM:PC71BM blends at different PC71BM contents as indicated
next to the transients. Circles represent the experimental data points while solid lines show best fits
according to Equation (5.1). All transients are normalized to the number of absorbed excitation photons to
allow direct comparison of their amplitudes.
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For all neat films, a fast build-up of the pump-probe signal occurs around zero pump-probe
delay within the apparatus function raise time. Since the amplitude of the signal is proportional
to the amount of generated charges, we conclude that initial charge separation occurs within 100
fs timescale. This is consistent with instantaneous separation of photogenerated charges in
ground-state charge transfer complexes.46,47 Further evolution of the transients is quite complex,
featuring both decaying and growing components. In order to quantify the dynamics, the
experimental data were fitted with a multiexponential function:

'TISO

A0  A1 exp(t / W1)  A2 exp(t / W 2 )  A3(1  exp(t / W 3 ))

(5.1)

convoluted with a Gaussian apparatus function with standard deviation of V~100 fs. Here, Ai
stands for the amplitude of the terms with the respective lifetimes Wi. The fit parameters are listed
in Table 5.1.
An initial decay at a timescale of ~60-100 ps takes place for films of neat SSMs and 5:1
blends. The amplitude of this component diminishes with decreasing donor content in the blend
until it totally vanishes for the 1:1 blend, so that it cannot be ascribed to the back electron
transfer from PC71BM to SSM. Furthermore, no similar decay component was observed in
diluted solutions (SI, Figure S5.3) where the SSMs are well separated and therefore
noninteracting. All these make us attribute this channel to intermolecular recombination of
charges initially separated between neighboring SSMs. Additionaly, exciton-to-polaron
conversion at the given timescales may contribute to the PIA decay (see Chapter 4 for details) as
polarons and initially generated exciton likely have different absorption cross-section at the
probe wavelength.
For PC71BM concentrations higher than 1:1, the initial decay changes into a growing
component with a characteristic timescale of ~10-20 ps for 1T and ~2 ps for 2T and 3T. Both
amplitude and time of this component increase with increasing PC71BM content so it cannot be
ascribed to exciton diffusion in the SSM-rich domains. On the other hand, the PC71BM
absorption at the excitation wavelength of 550 nm amounts to 20-25% in 1:1 blends, and further
increases to ~50% at the highest fullerene concentration (SI, Figure S5.4). Therefore, it is
reasonable to assign the increasing component to the hole transfer process48 which is preceded by
exciton photogeneration in the fullerene phase and its diffusion to the donor-acceptor interface
(see Chapter 3 for details). This process leads to a gradual increase in the amount of holes at the
donor phase, which in turn leads to the signal growth. To check the consistency of this
assignment, we substituted PC71BM with [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM),
which optical absorption is noticeably lower. Indeed, no initial growing was observed in SSM
blends with PC61BM (SI, Figure S5.7), which strengthens the argument on the hole-transfer
origin of the process.
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Table 5.1 Fit parameters (Equation (5.1)) for all blends of SSMs with PC71BM

1T

2T

3T

A0

A1

W1 [ns]

Neat

0

0.36±0.03

2.3±2

5:1
1:1
1:3
1:5

0.38±0.06
0.26±0.06
0.19±0.03
0.15±0.01

0.44±0.05
0.45±0.06
0.46±0.03
0.42±0.02

A2

W 2 [ps]

0.58±0.03 100±10

0.8±0.3 0.18±0.07
0.9±0.3
0.8±0.1
0.8±0.1

85±40

Neat 0.15±0.02 0.41±0.03 0.5±0.1 0.41±0.03

40±10

5:1
1:1
1:3
1:5

0.4±0.1 0.02±0.01
0.5±0.1
0.4±0.1
0.4±0.1

60±40

Neat 0.18±0.03 0.30±0.06 0.4±0.2 0.48±0.06

45±15

5:1
1:1
1:3
1:5

0.46±0.02
0.47±0.04
0.30±0.02
0.20±0.02
0.37±0.03
0.34±0.06
0.33±0.03
0.1±0.02

0.48±0.06
0.43±0.03
0.48±0.02
0.60±0.04

-

0.43±0.04
0.57±0.06
0.42±0.02
0.38±0.02

0.8±0.2 0.09±0.02
0.9±0.2
0.6±0.1
0.7±0.1

-

60±30
-

A3

W 3 [ps]

-

-

0.16±0.02
0.13±0.02
0.20±0.01

9±3
15±11
23±3

-

-

0.10±0.03
0.12±0.02
0.20±0.03

2±1
3±2
7±5

-

-

6Ai
0.94±0.06
1.0±0.2
0.87±0.14
0.78±0.08
0.77±0.04
0.96±0.08
0.96±0.09
1.0±0.1
0.90±0.06
1.0±0.1
0.96±0.15

0.9±0.1
0.10±0.03 1.6±0.5 1.0±0.1
0.17±0.02 2±0.7 0.92±0.07
0.20±0.01 2 ±0.3 0.68±0.05

The fact that the time scale of the hole-transfer processes is limited to ~2-7 ps for 2T and 3T
SSMs, indicates short diffusion distance of the fullerene excitons, and therefore a small size of
the PC71BM clusters even at the highest fullerene concentrations. In contrast, in 1T-based blends
hole transfer occurs at longer timescales, which is indicative of larger PC71BM domain sizes. It is
known from X-ray diffraction (XRD) experiments20 that 1T molecules, unlike 2T and 3T, tend to
form crystalline domains in films thereby enhancing phase segregation. Furthermore, the time
constant associated with the hole transfer process in 1T (and in 2T albeit to lower extent)
increases with a growing PC71BM concentration (Table 5.1) which points to longer diffusion
times and therefore larger PC71BM domains. Nonetheless, the fastest time of ~10 ps obtained in
1T exceeds by far respective times for 2T and 3T molecules (~3 ps). This is consistent with the
less favorable HOMO-HOMO energy offset for 1T (Figure 5.1, inset) which results in a lower
rate of the hole transfer process compared to 2T and 3T molecules. Therefore, 2T and 3T-based
films possess a two-fold advantage over 1T for production of the long-lived charges: first, they
create a finer domain structure for maximizing the interfacial area where charge separation
occurs, and, second, they feature a larger HOMO-HOMO energy offset for making hole transfer
more efficient.
It is important to note that the peak amplitude of the transients decreases with increase of the
PC71BM content in the blends of all SSMs (Figure 5.3, last row in Table 5.1). This means that
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not all PC71BM excitons are harvested which points towards co-existing small and large PC71BM
domains, where the bulk excitons simply cannot reach the interface within their lifetime (see
Chapter 3 for detailed discussion). Our estimations show that these losses are as high as ~60% of
all PC71BM excitons in the 3T-based 1:5 blend. As approximately half of the blend absorption is
due to PC71BM (see SI, Figure S5.4), the hole transfer process becomes of utmost importance for
device functionality and hence a special attention has to be paid to its optimization. For instance,
it has been demonstrated that a small amount of 4-Bromoanisole (BrAni) solvent additive leads
to increase in the short-circuit current and fill factor of the 2T-based device.27 No difference in
the PIA transients from 2T:PC71BM 1:2 blends prepared with and without the BrAni additive
(see SI, Figure S5.11) was observed at the experimental timescale. This most probably indicates
that the additive rather affects microscopic parameters like hole mobility27 than ultrafast charge
dynamics and nanomorphology.
Finally, for all blends, the transients decay was found at a longer time scale of ~ 0.5-0.8 ns.
Similar timescales were also observed in diluted solutions of SSMs, i.e. in a system of noninteracting molecules (SI, Figure S5.3).49 This allows us to assign this part of the transients to
intramolecular recombination of charges initially separated within the same molecule (i.e. to CT
excitons recombination). The share of this channel changes very little in blends with different
PC71BM content implying that such charges are not involved in the further (electron) transfer to
e.g. PC71BM. It is plausible to suggest that the electron after being transferred to the end DCV
group is trapped in a local potential energy well which results in recombination times that are
much longer than typically observed for push-pull architectures (10-100 ps).50,51 Such an
assignment makes the intramolecular electron transfer a waste channel in the charge generation
process, through which ~40% of overall generated charges are lost in investigated blends (see
Table 1). It is also possible that back electron transfer from PC71BM to SSMs (i.e. interfacial CT
state recombination) occurs at a similar timescale and therefore cannot be clearly disentangled
from the intramolecular process.
The transients similar to those in Figure 5.3 were also observed for 2T SSM with 6 carbon
atoms in the alkyl chain N(Ph-2T-DCN-Hex)3 (SI, Figure S5.5). This shows that small variations
in the alkyl chain do not affect ultrafast charge generation (having nevertheless strong influence
on the hole mobility).28 Moreover, transients after photoexcitation of the high-energy absorption
peak at 400 nm (SI, Figure S5.6) are almost identical to those with 550 nm excitation (Figure
5.3). This points towards wavelength-independence of the origin of photogenerated charges and
is consistent with the EQE spectral response following the blend absorption of the OSC based on
2T SSM.27
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5.2.4 Efficiency of Long-Lived Charge Generation
For a good-working OSC, the photovoltaic blend should provide a sufficient amount of longlived separated charges. The amount of long-lived charges is determined by both the amount of
the initially generated charges and the efficiency of the back recombination processes. Amongst
blends with the same SSM, the efficiencies of long-lived charge generation can be compared
straightforwardly because all transients are normalized to the number of absorbed photons.
Comparison of charge generation efficiencies for blends based on different SSMs is more
challenging since signal amplitudes depend not only on the amount of generated charges per
absorbed photon, but also on the polaron absorption cross-section which is not identical for
different SSMs. We circumvent this problem by assigning tentatively a unity polaronic yield to
the maximal amplitude amongst all blends of the same SSM. After this normalization, the signal
amplitudes at delays of 1.5-1.7 ns (where most of the ultrafast dynamic processes are completed)
directly provide the share of long-lived charges (Figure 5.4).
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Figure 5.4 Share of long-lived charges in SSM:PC71BM blends vs PC71BM content (colored bars). The
patterned areas inside the colored bars indicate the PC71BM share in the long-lived charges via the holetransfer process. The horizontal grey lines show the PC71BM share in the long-lived charges derived
directly from the fits of the PIA transients (i.e. A3 column in Table 1).

In order to estimate the PC71BM contribution to the long-lived charges, we used the amplitude
of the growing component in Equation (5.1), that is A3 in Table 5.1 (Figure 5.4, grey horizontal
lines). For example, for 1:5 1T:PC71BM blend the contribution of PC71BM charges can be
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estimated as 20%. However, this approach underestimates the yield of PC71BM excitons because
only the bulk PC71BM excitons, i.e. photogenerated within the PC71BM clusters and delayed by
diffusion to the SSM/PC71BM interface, are counted. In contrast, the interfacial excitons that are
photogenerated at the interface and delayed by the hole transfer time (which falls within the
apparatus function) are fully omitted. To evaluate the integral interface and bulk contribution, we
have developed a complementary method to account for the both types of PC71BM excitons.
We assume that the only factor for the decreasing maximal amplitudes of the transients at
high PC71BM concentrations (Figure 5.3) is exciton losses within large PC71BM domains. Thus,
the contribution of PC71BM to charge generation may be calculated as a difference between
PC71BM contribution to blend absorption (SI, Figure S5.4) and the share of lost charges. For
example, in the 1:5 1T:PC71BM blend, PC71BM absorbs ~53% of the incoming photons (SI,
Figure S5.4). Since ~23% of the overall charges are lost (last row in Table 5.1), the share of
PC71BM-related charges amounts to ~30%; these values are shown in Figure 5.4 by crossed
pattern.
For all the films of neat SSMs, the amount of surviving charges is extremely low, <20%. This
is consistent with electron transfer upon optical excitation within the same SSM or between
adjacent SSMs. The initially separated charges can hardly escape their short-time locations
because the energy landscape provides no gradient for further charge separation,52 and therefore
the electron is bound to recombine eventually with the hole. This situation changes dramatically
with addition of a small amount of PC71BM (Figure 5.4, 5:1) because a new pathway opens up
for electron transfer to the fullerene. As a result, the share of long-lived charges increases to
~40%. This increase grows for the 1:1 blends although for heavier PC71BM loading the number
of long-lived charges diminishes because of two counterbalancing factors. On the one hand, the
recombination losses (i.e. the ratio between the long-time and maximal amplitudes of the
particular transient) keep on decreasing due to the higher fullerene content and therefore the
more efficient charge separation. On the other hand, the maximal amplitude of the 1:1 transient
for 1T and 2T falls down to 80% at higher PC71BM content because not all PC71BM excitons can
reach the interfaces to dissociate onto charges. The second trend becomes prevalent at the 1:3
ratio, with the exception of 3T where most probably finer (smaller) PC71BM domains help
balancing both the electron and hole transfer processes. At the highest PC71BM content, when its
absorption amounts to about 50% of all absorbed photons, large fullerene domains do not allow
the fullerene excitons to escape, thereby leading to an even lower share of the surviving charges.
Figure 5.4 demonstrates that for all SSMs the optimal donor:acceptor ratio is between 1:1 and
1:3, where the blends provide more than 50% of long-lived charges. This is consistent with Refs.
[20,28] where an external quantum efficiency of ~50% was observed for OSCs based on the
SSMs. The highest short-circuit current was observed for the 1:2 blend of 2T molecule28 with
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~30% PC71BM absorbance (SI, Figure S5.4) which is in line with the described interplay
between PC71BM cluster sizes and their absorption. Moreover, from the dependence of signal
amplitude on acceptor concentration and efficiency of the hole transfer process, we conclude that
the holes generated from PC71BM excitons play a significant role in device operation. Thus, the
size of PC71BM clusters has to be optimized in order to achieve both efficient exciton splitting at
the donor-acceptor interface and electron transport to the electrodes.
5.2.5 Charge Generation and Recombination
Figure 5.5 summarizes charge separation pathways and their dynamics in donor:acceptor blends
of SSMs in an artist representation. After absorption of a photon from the incoming light, charge
separation processes occur via three independent channels.
The first channel is an intramolecular charge separation with CT exciton formation within the
molecule that has absorbed a photon. This process occurs for blends with any acceptor
concentration, and is followed by CT exciton recombination, which takes place at a timescale of
about 0.5-0.8 ns. The share of this channel is comparable for all blends and neat-molecule films,
which prompts us to conclude that intramolecular charge separation does not yield a subsequent
electron transfer to PC71BM.
The second channel is intermolecular (interSSMs) charge separation. In this case, the charges
are separated not within the same SSM, but between two (or more) neighboring molecules. To
make this process possible, a dense packing of the SSMs is required. The herein separated
charges recombine with ɚ characteristic time of ~60-100 ps. Upon adding PC71BM into the
blend, the share of this channel decreases, approaching zero at 1:1 concentration. We assign this
decrease to fast (much faster than the charge recombination time) electron transfer from the SSM
to PC71BM, resulting in a pair of long-lived free charges.
In films with high acceptor concentration (more than 50%), PC71BM absorption becomes
substantial, and initial excitons are also generated within the fullerene phase. Such excitons
diffuse within the PC71BM cluster, reach the interface and dissociate into charges, creating a hole
on the SSM. The exciton diffusion process takes place at timescales up to 20 ps depending on the
size of the PC71BM clusters and the particular SSM. With the increase of the PC71BM
concentration (and, as a consequence, of the clusters size), the efficiency of the exciton
harvesting through this channel decreases because of limited exciton diffusion length in the
PC71BM domains.
Finally, the separated charges are likely trapped in the interfacial CT states an can recombine
within sub-ns timescale. The interplay between charge generation and recombination processes
result in up to 60% of long-lived separated charges.
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generated PC71BM excitons are lost because of too large sizes of the PC71BM domains.
Additionally, in blends with PC71BM, geminate recombination of charges trapped in interfacial
CT states take place at sub-ns timescale.
The amount of long-lived charges which are available to contribute to the organic solar cell
photocurrent has been obtained from the transient dynamics for all blends. The optimal
SSM:PC71BM ratio in the blends is estimated as ranging from 1:1 to 1:3 where up to 60% of
long-lived charges are produced via both electron transfer (40-20%) and hole transfer (20-25%)
pathways (for 2T).
Summarizing, triphenylamine-based SSMs with oligothiophene arms and electron-accepting
dicyanovinyl substituents provide efficient charge separation in blends with PC71BM, which
makes them attractive donor material for organic solar cells. Amongst this series, 1T molecule
appears the least promising because of blue-shifted absorption and too coarse phase separation
between the donor and acceptor phases. On the other hand, 2T and 3T molecules have more
favorable absorption spectra and provide efficient long-time charge separation (Figure 5).
However, hole mobility in 3T-based blends20 is typically lower in comparison with 2T,28 which
makes the latter molecule the most promising donor amongst the three. We believe that further
optimization of the molecular structures and blend morphology will result in increase of ~5%
efficiency already achieved for 2T:PC71BM blends.28

5.4 Methods
Samples Preparation
For the films preparation, each SSM and PC71BM (Solenne BV) were dissolved separately in
o-dichlorobenzene at a concentration of 25 g/l (2T and 3T molecules) or 15 g/l (1T molecule).
Solutions were stirred on a magnetic stirrer for at least 12 hours at 50°C. For neat SSMs the
respective solutions were used as is; for blends, each donor solution was mixed with PC71BM
with weight ratio of 5:1, 1:1, 1:3, and 1:5. Mixed solutions were again stirred for at least 1 hour
at 50°C. Films were spin-coated from solutions (1000 rpm, 2 min) on microscope cover-glass
substrates. This procedure resulted in the maximal optical density (OD) of ~0.4.
Optical
Absorption spectra of the samples were recorded with a Perkin-Elmer Lambda 900
spectrophotometer. Polarization-sensitive ultrafast PIA measurements were performed at a VISpump, IR-probe setup based on a Spectra-Physics Hurricane system (~120 fs, 800 nm, 1 KHz
repetition rate) and two optical parametrical amplifiers (Light Conversion TOPAS) operating in
the visible (400-800 nm ) and IR (1.2-12 Pm) regions.
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The wavelength of the pump pulse was chosen near the absorption maxima of the blends at
550 nm or 400 nm (see SI, Figure S5.2). The wavelength of the IR probe pulse was varied in the
range between 1.2-10 Pm to record complete polaron spectra43 of the blends. The polarization of
the probe pulse was rotated by 45° with respect to the polarization of the pump pulse, and after
the sample signal components with parallel and perpendicular to the pump polarizations were
selected by two orthogonal polarizers and detected by nitrogen-cooled MCT detectors. The
energy density of the pump pulse was as low as ~35 PJ/cm2 (~5·10-3 absorbed photons per 1
nm3, i.e. 1 photon per ~6 nm distance) to insure linearity of the detected signal with pump
intensity and to prevent exciton annihilation and/or non-geminate recombination of
photogenerated charges in blends (see SI, Figure S5.8).
The population isotropic signal was calculated using the following standard relation53 to
ensure that polarization-dependent effects do not interfere with the isotropic signal:
οܶூௌை ሺݐሻ ൌ

οܶȁȁ ሺݐሻ  ʹοܶୄ ሺݐሻ
ǡ
͵

(5.2)

where 'T|| and 'T٣ are the relative transmission changes with the pump open/closed for the
parallel and perpendicular components of the probe, respectively. Due to molecular symmetry
(see DFT calculations), depolarization (also known as anisotropy dynamics)53 decayed at the
time scale of ~1-10 ps regardless the blend (see SI, Figure S5.9) and therefore does not contain
any information of, for instance, hole dynamics.48
For details of synthesis and DFT calculations, refer to Ref. [42]
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5.5 Supporting Information
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Figure S5.1 Normalized charge-transfer (CT) exciton absorption spectra for the neat 2T film at different
delays (indicated). The spectra were reconstructed from the transients measured at different probe
wavelengths. Excitation wavelength is 550 nm. The CT exciton absorption spectra demonstrate apparent
spectral dynamics. The blue spectral shift of ~0.5 eV occurs within ~100 ps while the low-energy wing of
the spectrum steepens within first 5 ps. The spectral shift and narrowing are assigned to exciton-topolaron conversion in the films and interplay between exciton response at early times and polaron
response at later times (see Chapter 4 for details). Such dynamics do not show up in the SSM:PC71BM
blends (Figure 5.b of the main text) because of further electron transfer to PC71BM molecules and/or
lower medium polarizability due to dilution of SSMs with PC71BM. Note that the spectral dynamics have
very little effect on the transients at the probe wavelength of 1.65 Pm because of its proximity to the
spectrum peak.
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Figure S5.2 Absorption spectra of the investigated
71BM blends. Vertical dashed lines
show the wavelength of the excitation pulse.
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Figure S5.3 PIA transients for the 2T and 3T SSMs diluted in toluene. The pump wavelengths are 520
and 550 nm for 2T and 3T, respectively; the probe wavelengths are 2 Pm and 3 Pm for 2T and 3T,
respectively. The signals decay monoexponentially with times of ~0.4 ns for 2T and ~0.9 ns for 3T. Note
logarithmic scale of the Y-axis.
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Figure S5.4 Contributions of SSMs (red line) and PC71BM (blue line) absorption into the overall blend
absorption at the pump wavelength of 550 nm as derived from decomposition of the absorption spectra to
SSM and PC71BM contributions (not shown). Note substantial (~50%) PC71BM contribution to the overall
absorption at high concentrations.
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Figure S5.5 (top) PIA transients for blends of 2T SSMs with 2 (2T-Et, left) or 6 (2T-Hex, right) carbon
atoms in the alkyl chain with PC71BM at different PC71BM contents (indicated next to the transients).
Circles represent the experimental data points while solid lines show best fits according Equation (5.1)
(see the main text). All transients are normalized to the number of absorbed excitation photons to allow
direct comparison of their amplitudes. Unity polaronic yield is assigned to the maximal amplitude
amongst all blends of the same SSM. (bottom) Share of long-lived charges at 1.5-1.7 ns delay.
The transients are similar for both molecules, which indicates minor influence of the alkyl chain on the
charge generation and recombination processes. Nonetheless, the amount of long-lived charges for the
2T-Hex:PC71BM 1:1 blend is slightly lower compared to 2T-Et based blend. This is most probably related
to less efficient “interstar” charge separation (which leads to generation of long-lived charges, see the
main text) due to weaker intermolecular interactions because of the longer alkyl chain.
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Figure S5.6 (top) PIA transients for the 2T:PC71BM blends at different PC71BM contents (indicated) after
excitation of the low-energy absorption band at 550 nm (left panel) and the high-energy absorption band
at 400 nm (right panel). Circles represent the experimental data points while the solid lines show best fits
according to Equation (5.1) (see main text). All transients are normalized to the number of absorbed
excitation photons to allow direct comparison of their amplitudes. Unity polaronic yield is assigned to the
maximal amplitude amongst all blends. (bottom) Transient amplitude at 1 ns delay.
Similarity of the transients for both excitation wavelengths strongly suggests that the origin of charge
generation and recombination processes is the same in both cases. This also confirms the charge-transfer
character of both 400 nm and 550 nm absorption bands. The only noticeable difference is for the 1:5
blend where the 400-nm excitation is more efficient than the 550-nm one. This is because of stronger
PC71BM absorption (~70% vs ~50) and, therefore, lower share of the waste channel associated with
intramolecular charge generation and recombination processes.
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Figure S5.7 (top) Decomposition of absorption spectra and (bottom) PIA transients for 1T:PC61BM and
1T:PC71BM 1:5 blends. Circles represent the experimental data points while solid lines show best fits
according Equation (5.1) (see main text). The signal amplitudes are normalized by SSM absorption (note:
not blend absorption). The recombination timescales were set identical for both blends. The blend with
PC61BM was prepared with the standard procedure, and measured under similar conditions to the
PC71BM-based blend (see main text). For the PC71BM-based blend a noticeable increase of the signal
occurs within first 50 ps while for the PC61BM-based blend no growing signal is observed. Since at 550
nm pump wavelength, share of PC61BM absorption is considerably lower that the PC71BM share (~30%
and ~50%, respectively), we conclude that the signal growth for the 1T:PC71BM case is caused by the
hole-transfer process.
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80

Figure S5.8 Pump intensity dependences of transients for (a) neat 3T and (b) 1:1 3T:PC71BM films.
Excitation and probe wavelengths are 550 nm and 2.1 Pm, respectively. Open circles represent the
experimental data points while solid lines show best fits according Equation (5.1). Insets show signal
amplitudes at 1 ps (black symbols) and 100 ps (red symbols), and their ratio (blue symbols, the right
axis). For neat films (a), the initial decay at high power densities is (partially) caused by exciton-exciton
annihilation; its amplitude decreases with decrease of pump intensity (see inset, blue symbols). In 1:1
blends (b) the initial decay is replaced by growth for lower pump intensities. For both cases, extrapolation
to zero pump intensities results in no more than 5% of residual share of bi-exciton annihilation, which is
lower than experimental uncertainty.
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Figure S5.9 Anisotropy dynamics for all investigated blends. The anisotropy was calculated from parallel
and perpendicular components of the probe using the following equation53: r (t )

'T|| (t )  'TA (t ) . The
'T|| (t )  2'TA (t )

anisotropy dynamics does not depend on the SSM structure and/or PC71BM concentration which is
assigned to intramolecular mixing of the excited states due to C3 symmetry of the molecules. The low
anisotropy values and its ~1-ps decay time precludes using anisotropy as a contrast parameter48 for e.g.
distinguishing processes of electron and hole transfer.
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Figure S5.10 Transient spectra responses in the 3-11 m probe region (black and red symbols) and IR
absorption (blue lines) of (a) the neat 3T film and (b) 1:1 3T:PC71BM blend. The transient spectra were
obtained at delays of 3 ps (black symbols) and 100 ps (a) and 400 ps (b) (red symbols). Note that the peak
around 7.5 Pm in the transient spectra in (a) matches positions of IR absorption peaks of 3T which
suggests that this peak originates from altering of amplitudes or/and frequencies of the vibrational modes.
The peak in IR absorption at ~5.7 Pm in 1:1 blend in (b) is assigned to the fullerene carbonyl mode.
Increase of the spectral response above 9 Pm of the 3T:PC71BM blend (b) could be a high-frequency tail
of the far-IR response of quasi-free charges that do not exist in the neat 3T film.
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Figure S5.11 PIA transients for 2T:PC71BM 1:2 blends with (left, red) and without (right, blue) BrAni
additive. For the blend with the additive, 2 vol% of BrAni were added to oDCB before dissolving the
materials. The blends were measured under similar conditions to the other blends (see main text). Note
that no noticeable difference is observed for both transients within experimental accuracy.

5.5.1 Influence of Donor and Acceptor Units1
To complement the study presented herein, influence of donor and acceptor units on ultrafast
dynamics was investigated (for the chemical structures and notations of respective molecules
refer to Chapter 4, for details of the experiment and sample preparation see Ref. [54]). Note that
the TPA-DCV molecules studied in this section does not have any alkyl chain attached to the
DCV group.
Representative PIA transients for the studied blends are shown in Figure S5.12. All starshaped donors in blends with PC70BM demonstrate similar behavior, which is consistent with our
previous findings described in this Chapter. For all blends, a fast build-up of the signal occurs
due to immediate formation of charge-transfer (CT) excitons and/or separated charges. At later
times, the PIA signal grows with timescale of ~2 ps, which is attributed to the hole-transfer
process from PC70BM to the star-shaped donor molecule. Finally, the signals decay at ~500 ps
timescale due to the intramolecular recombination of the CT excitons and/or geminate
recombination of the charges trapped in CT states. Both processes lead to a decrease of the
amount of the long-lived separated charges thereby impeding the maximal attaining PCE. Note

1
This Section is based on the following publication:
Yuriy N. Luponosov , Jie Min , Alexander N. Solodukhin, Oleg V. Kozlov, Marina A. Obrezkova, Svetlana M.
Peregudova, Tayebeh Ameri, Sergei N. Chvalun, Maxim S. Pshenichnikov, Christoph J. Brabec, Sergei A.
Ponomarenko, “Effects of electron-withdrawing group and electron-donating core combinations on physical
properties and photovoltaic performance in D-ʌ-A star-shaped small molecules”, Organic Electronics 32, 157 (2016)
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that at higher excitation densities (>20 ʅJ/cm2) substantial non-geminate exciton-exciton
annihilation was observed which prompted us to limit excitation intensities is such a way to
ensure the exciton density of ~3Â10-3 nm-3.
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Figure S5.12 PIA transients for (a) TPA-Rh:PC71BM (1:3, wt%), (b) TPA-DCV:PC71BM (1:2, wt%), (c)
mTPA-Rh:PC71BM (1:4, wt%), (d) mTPA-DCV:PC71BM (1:2.5, wt%), respectively, after excitation at
the wavelengths of 550 nm. Open circles represent the experimental data while solid lines show the best
multiexponential fits (Equation (5.1)), with the fit parameters given in Table S5.1. The insets show the
dependence of the efficiency of generation of long-lived charges on PC70BM concentration.

Maximizing the amount of long-lived separated charges is important for the optimization of a
good-working device. Insets in Figure S5.12 show the efficiency of charge separation as a
function of the PC71BM content. Efficiencies were calculated as a ratio of the amount of the
long-lived charges (i.e. the signal amplitude at 1.5-1.8 ns delays) to a maximal amount of
charges which is provided by the given molecule. The efficiency of charge separation for all
donor molecules depends strongly on both PC71BM content and the particular donor molecule
structure. At the optimal PC71BM contents the blends provide up to 60% of long-lived separated
charges, which perfectly matches the values of external quantum efficiencies (EQE) for the
OSCs (see Ref. [54]). Importantly, for all donor molecules, the optimal PC71BM content for
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ultrafast charge separation directly correlates with the optimal blend composition for the OSCs
(see Ref. [54]). This indicates optimized performance at both the ultrafast sub-ns timescale (i.e.
maximized amount of the long-lived charges) and the ultraslow timescale at which the device
operates.
At the optimal PC71BM concentration, the blends behave quite similarly at the ultrafast
timescales, providing about 50-60% of long-lived charges. However, there are some important
differences in the initial growth of the PIA signal. Noticeably, for the TPA-Rh and mTPA-Rh
molecules that demonstrate the best performance in devices, there is a prominent delayed buildup of the transients at a ps timescale that is more suppressed at the other two transients. This
initial growth is attributed to the diffusion-delayed splitting of PC71BM excitons, so that in
blends based on TPA-DCV and mTPA-DCV: no PC71BM exciton diffusion is observed. The
absence of such exciton diffusion may be caused by either of the two scenarios. First, the
PC71BM domains in BHJ blends are too large (larger than the exciton diffusion length of ~10
nm) so that the excitons cannot make it to the interface and therefore produce no charges.
Second, intermixing of the donor and PC71BM phases is too fine, with the typical scale that is
much lower than exciton diffusion length, which leads to almost instantaneous dissociation of the
PC71BM excitons. Large PC71BM domains cause decreased contribution of the PC71BM excitons
to the overall photocurrent. However, no signs of this are observed in the EQE spectra (see
Ref. [54] for details) which shapes look essentially similar for all blends. Therefore,
contributions of the donor and PC71BM to the photocurrent are comparable for all molecules.
Fine intermixing, in turn, would not affect the EQE shape, since both donor and PC71BM
excitons split with high efficiency. However, very small domain sizes imply extremely large
interfacial area in the BHJ films and, most probably, lack of intercalated pathways to the
corresponding electrodes. Such nanomorphology leads to the increased non-geminate
recombination and decreased charge extraction, which explains low FF and Jsc values of the
devices based on the TPA-DCV and mTPA-DCV molecules (see Ref. [54] for details). In
contrast, in the well-performing blends based on TPA-Rh and mTPA-Rh the PC71BM cluster
sizes seem to be more optimal, i.e. close to ~10 nm. In this case the clusters are hardly detectable
by standard AFM due to its limited spatial resolution and/or poor contrast between the donor and
PC71BM domains.
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Table S5.1 Fit parameters (Equation (5.1)) for the studied blends.

A0
TPA-Rh

0.17

TPA-DCV

0.3

mTPA-Rh

0.24

mTPA-DCV

0.48

A1

-

A2

W2 [ps]

A3

W3 [ps]

0.49

530±60

0.34

1±0.7

0.53

430±60

0.17

0.7±0.6

0.34

500±50

0.31

2.3±0.3

0.5

550±70

0.02

1±1
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6.1 Introduction
Solar cells are the devices that are capable of converting the incoming solar photons into
electricity. Typically, one absorbed photon creates one electron-hole pair which (if no loses
occurs) is collected as the electron and the hole at the electrodes. Not all photons are converted to
the electron-hole pairs with similar efficiency: the photons with energies lower than the bandgap
of the material, are not harvested at all while excessive energy of high-energetic photons is lost
in the thermalization process. The interplay between photon collection and thermalization losses
results in intrinsic limitation of power conversion efficiency of a single-bandgap solar cell: the
famous Shockley-Queisser limit.1 According to this limit, maximal possible efficiency which can
be achieved with single-junction solar cell is ~32% with the optimal bandgap of the absorbing
semiconductor of 1.34 eV.1
One of the possibilities to overcome this limit is more effective management of high-energy
photons: if a photon with energy twice as high as the band gap produced two electron-hole pairs,
the maximal possible efficiency increases to ~42%.2 Among a number of mechanisms which
allow for such a process to occur, one is singlet fission in organic molecular crystals.3-8 In singlet
fission materials, absorbed photon creates a singlet exciton which is further converted to a triplet
pair (see Chapter 1, Section 1.2.2 “Triplet excitons” for details) which is further to be separated
into two electron-hole pairs.
Efficient singlet fission is known to occur in family of polyacene materials (e.g. tetracene,
pentacene and their derivatives).4,9,10 However, the ability to produce a triplet pair from a single
photon is not the only requirement for the efficiency enhancing: the triplets are also must be able
to dissociate to the electron-hole pair at the donor-acceptor interface. For this, elaborate material
and device engineering is needed in order to ensure property energy alignment. Additionally, the
morphology of singlet fission material may affect both singlet fission efficiency and energies of
the excitons.11 Recently it was shown that rubrene obtained in crystalline and amorphous forms
exhibit highly different energetics which can affect the singlet fission process and exciton
harvesting efficiency.12
Here we use time-resolved photoluminescence (PL) to track the exciton dynamics in
amorphous and crystalline rubrene layers of rubrene/C60 planar heterojunctions. We show that in
both crystalline and amorphous rubrene fast singlet fission occurs populating the rubrene layer
with triplet excitons. The dynamics of the triplets are monitored by delayed PL caused by triplettriplet annihilation (TTA) events. In the amorphous system, dramatic quenching of prompt
singlet PL is observed in rubrene/C60 bilayer, while delayed PL dynamics are unchanged.
Therefore, only singlet excitons undergo dissociation at the amorphous rubrene/ɋ60 interface,
while the triplet excitons cannot be harvested. This is in sharp contrast with the crystalline
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namics are noticeably
n
diifferent in thhe bilayer beecause the ttriplet
samples, where delayed PL dyn
a the interfface. The ex
xperimental data are suuccessfully ddescribed byy the
excitons dissociate at
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inn crystalline rubrene-based bilayers.
analyticaal model whiich confirmss the triplet quenching

6.2 Ex
xperimental Resultss
6.2.1 Absorption
A
and
a PL Specctra
For transsient PL exp
periments, 17 nm of am
morphous andd crystallinee rubrene were fabricateed on
glass, witth and witho
out a 5 nm C60 quenching
g layer (Figuure 6.1a).

Figure 6.1
1 (a) Schemaatic drawing of
o the samplees studied (m
manufactured by M. Fusellla, Princeton,, US);
(b) absorp
ption and (c) PL spectra off amorphous (blue) and crrystalline (purrple) rubrene layers. PL sppectra
are obtain
ned by integraating the PL dynamics
d
meaasured after 4440 nm excitattion over firstt 2 ns.

Figuree 6.1b shows the absorp
ption spectraa for amorphhous and cryystalline rubrrene layers. Both
spectra exhibit
e
stron
ng vibration
nal structuree; however, the spectruum of crystalline rubreene is
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noticeably blue-shifted due to the stronger aggregation of the rubrene molecules in the crystal.
To ensure similar excitation of the two samples and simplify the data analysis, the excitation
wavelength of 440 nm was chosen where the optical densities of both samples are comparable.
Photoluminescence spectra for amorphous and crystalline rubrene layers are shown in Figure
6.1c. Both samples exhibit strong PL in the 550-700 nm region; the PL spectrum of amorphous
rubrene is slightly broader due to the higher orientational disorder of the rubrene molecules in
amorphous phase.
6.2.2 PL Dynamics
The PL dynamics of all samples exhibit a fast initial drop in the signal followed by slower decay
(Figure 6.2). This can be understood as follows: at early timescales, a decay process rapidly
removes emissive singlets from the system after which, at late timescales, a slower singlet
generation mechanism is present that results in a lower rate of decay. Previous studies have
reported negligible yields of intersystem crossing and internal conversion for isolated rubrene
molecules in polystyrene, along with a fluorescence lifetime of 16 ns.13 Therefore, singlet
fission, occurring in bulk rubrene on the order of 1-2 ns (amorphous)13,14 and 50-100 ps
(crystalline)6,15 is the fastest decay mechanism present which dominates the early-time PL
dynamics of each sample. Thus, the rubrene layer becomes populated with triplet excitons and
the PL at late timescales is assigned to delayed fluorescence due to TTA.13,16
Triplet population dynamics are described by the following equation:17
ܵ
߲ܶ
ܶ
ൌ ʹ݂௦ െ െ ߛܶ ଶ ǡ
߬௦ ߬ ்
߲ݐ

(6.1)

where S and T are singlet and triplet concentrations, respectively, Ws and WT are singlet and triplet
lifetimes, fs is the probability of singlet fission and J is bimolecular triplet interaction rate
(depends on the diffusivity of triplets, probability of TTA etc.). Note that if the quenching
interface is present, Ws and WT represent effective lifetimes which also account for the quenching
process.
If the singlet lifetime is short (Ws<<T-1J-1 and Ws<< WT),17 the singlet population remains low
compared to the triplet density, and the first singlet-related term in Equation (6.1) can be omitted.
In this case, the tripled density is calculated as:
ܶ
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where T0 is the initial triplet concentration. The delayed PL caused by TTA events is
proportional to the squared triplet density:
ଶ
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(6.3)

As the timescales of singlet fission and TTA events are significantly different, the total PL
dynamics are described as
ଶ
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where the first multiexponential term accounts for the singlet fission process. Equation (6.4) was
used to fit the PL dynamics with Ai, Wi, AT, T0, J and WT as fit parameters. As J depends on the
material properties and does not depend on the presence of the quenching interface, it was set as
global fit parameter for each pair (amorphous or crystalline) of samples.
In the neat amorphous rubrene film, the early-time PL dynamics follow triexponential decay
with timescales of 40 ps, 450 ps, and 1 ns (Figure 6.2a, inset; Table 6.1). Similar time constants,
226 ps and 2.2 ns, were identified in a previous work on solution-processed amorphous rubrene,
with the conclusion that the slower component reflects the majority of fission events.13 In our
measurements, the slow component was not as prominent as the fast components and the
timescale was somehow faster than in Ref. [13] (1 ns vs 2.2 ns), but variations in film
preparation, morphology, and the temporal resolution of the PL apparatus are likely to account
for differences in PL decay dynamics.
In contrast to the amorphous rubrene, in the crystalline rubrene film the initial PL dynamics
are dominated by a 50 ps decay (Figure 6.2b inset; Table 6.1) which has been previously
attributed to the extremely efficient singlet fission in this system.3,6 Because fission is so fast,
emission beyond 1 ns is unlikely to originate from the initial pool of optically excited singlets,
but rather from the process of TTA. In crystalline rubrene, direct quenching of triplets is favored
via the CT state12; therefore, the TTA rates (and, consequently, PL dynamics) after 1 ns are
expected to be substantially different for crystalline rubrene films fabricated with and without the
C60 quenching layer.
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Figure 6.2 The log-log plots of PL dynamics for amorphous (a) and crystalline (b) rubrene samples. The
experimental data are shown as the dots. The fits to PL transients according to Equation (6.4),(6.3)
convoluted with the apparatus function, are shown by the thick lines. The insets show the early-time
dynamics in the linear scale. Excitation wavelength is 440 nm; rubrene PL was integrated between 500
and 800 nm; all transients are normalized to maximum intensity. The abrupt decrease in noise level
around 1 ns is due to the data stitching.
Table 6.1 Fit parameters for all samples. ti and Ai stand for the timescales and amplitudes of exponent
decay functions in the multiexponential fit of the early-time PL dynamics, AT is the amplitude of TTArelated delayed PL and WT is the effective triplet lifetime.

t1 [ps] (A1)

t2 [ps] (A2)

t3 [ps] (A3)

WT [ns] (AT)

Amorphous

40 (0.36)

450 (0.31)

1000 (0.28)

 (0.05)

Amorphous/C60

40 (0.42)

200 (0.4)

550 (0.18)

 (0.005)

Crystalline

50 (0.79)

200 (0.15)

-

 (0.06)

Crystalline/C60

50 (0.9)

350 (0.1)

-

20 (0.008)

J>ns@
0.5
0.35

When the amorphous rubrene is paired with C60, as shown in Figure 6.2a, dramatic quenching
is observed within 1 ns. The fact that the singlet fission process in amorphous rubrene is
relatively slow13,14 implies that the significant amount of optically excited singlets is able to
diffuse to the C60 interface before undergoing fission. Therefore, we attribute the initial
acceleration of PL to the quenching of the singlet excitons at the rubrene/C60 interface. Some
singlets, however, do undergo fission, and the resulting triplets then have an opportunity to
annihilate and produce emissive singlets at late timescales, which is reflected in the late-time PL
dynamics. However, because the process of direct triplet transfer from amorphous rubrene to C60
is energetically blocked, as established previously by EQE measurements12, we expect the latetime TTA rates in the amorphous rubrene layer with and without C60 to be similar. This is indeed
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the case, as seen in the region beyond 5 ns in Figure 6.2a: in the amorphous rubrene samples
with and without C60, the fitting curves are essentially similar (see Table 6.1 for the parameters)
with the effective triplet lifetimes being much longer compared to the experimental timescale.
In the case of crystalline rubrene, PL behavior at short timescales are similar to the ones in
amorphous rubrene: the PL decays mainly due to the singlet fission events, which in crystalline
rubrene are somehow faster compared to the amorphous one (see Table 6.1). Note that even
though the “slow” decay time seems to be somehow slower in C60-covered sample, the
respective amplitude is also lower which most probably reflects quenching of the singlet excitons
at the interface. The delayed PL at late timescales are noticeably different for the two samples
(Figure 6.2). For the rubrene layer without C60, the effective triplet lifetime obtained from the fit
is still much longer compared to the experimental timescale which points towards PL originated
solely from the TTA process (this is confirmed by the power-dependence measurements; see
Section 6.2.3 “PL Intensity Dependence on the Excitation Power”). In the sample paired with
C60, the effective lifetime amounts to ~20 ns, which is consistent with the presence of a
competing cannel that depopulates diffusive triplets through charge transfer at the interface,
thereby reducing the effective triplet lifetime. This is clearly seen as acceleration of the delayed
PL decay in the C60-covered sample, especially in the 3-10 ns region where the decay is
dominated by the triplet quenching (Figure 6.2b).
6.2.3 PL Intensity Dependence on the Excitation Power
Following Akselrod and coworkers18, we analyzed PL intensity of the samples as a function of
excitation power. Such a study provides valuable insights into the origin of the emitting species
at different points in time. For example, if PL originates directly from singlets generated by the
excitation pulse, a linear PL intensity dependence on excitation power is observed. In contrast, if
the emission is delayed fluorescence due to annihilation of two diffusing triplets, a quadratic
dependence is expected, since the probability of bimolecular annihilation scales linearly with the
population of each species involved (assuming the likelihood of singlet fission is not affected by
the density of singlet excitons).
To investigate the intensity dependence of the PL decays, we measured the PL decay
transients in amorphous and crystalline neat samples at different excitation powers (Figure 6.3).
Then we plot the dependence of PL intensity on excitation power averaged over different time
delays (Figure 6.4) and fit the resulting curves with the power law function.
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Figure 6.3 The PL dynamics for neat amorphous (left) and crystalline (right) rubrene samples at different
excitation powers under 440 nm excitation. The PL dynamics are integrated in the 500-800 nm spectral
range.
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Figure 6.4 Dependence of PL intensity on excitation power at different time delays (indicated in legend)
for neat amorphous (left) and crystalline (right) rubrene samples. The dependences at each time delay
were fitted independently with a power law function PL=A*Ib, where PL is the PL intensity, A is a scaling
factor, I is the excitation power, and b is the fitting parameter. The fitted values of b are shown next to
each curve and summarized in Figure 6.5.

Figure 6.5 summarizes the PL intensity dependence on the pulse power. For the amorphous
sample, the power law slope is 1 at early timescales because fission is relatively slow, such that
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fluorescence at this timescale arises mainly from optically excited singlets. After around 20 ns,
the power law slope increases due to the enhanced population of triplet excitons that can
contribute to TTA to produce PL. This is independently verified by a log-log slope analysis of
the PL transients (Figure 6.2): at late timescales (>10 ns) the PL decay is linear with a slope
close to -2, confirming that delayed fluorescence of singlets generated by bimolecular TTA is the
primary mechanism at this timescale.
For crystalline rubrene, however, in the PL-to-pulse-power plot (Figure 6.5), the power law
slope remains at 1 for long after the initially excited singlets have undergone fission (up to ~20
ns). The origin of fluorescence at these intermediate time points can be understood if we consider
the evolution of the rubrene PL spectrum over time.

PL=A*I

2.0
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b

1.5

1.0
Neat amorphous rubrene
Neat crystalline rubrene
0

20

40
Time (ns)
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Figure 6.5 Photoluminescence (PL) intensity dependence on pulse power for the neat amorphous and
crystalline rubrene at different time delays. The PL transients under excitation powers of 5-90 PW (Figure
6.3) were averaged over a particular time range (horizontal bars) and fitted as a function of excitation
power according to the power law function PL = A*Ib, where PL is the PL intensity, A is an arbitrary
scaling factor, I is the excitation power, and b is the fitting parameter. Symbols represent fitting
parameters while solid lines are guides for the eye. Horizontal bars at the symbols show the time delays
ranges in Figure 6.3.

6.2.4 PL Spectra Time Dependence
Figure 6.6 shows the evolution of neat amorphous and crystalline rubrene PL spectra at different
times. For the amorphous sample, no spectral dynamics are observed, which implies that in all
three time windows, emission stems from a single species, namely the rubrene singlets generated
by either the excitation pulse or by TTA. The close-to-one power-law slope in this case may be
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explained by competition between the TTA process and other processes that are not quadratic
with triplet concentration (e.g. singlet fluorescence and/or geminate triplet-triplet fusion).13
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Figure 6.6 PL spectra integrated in different delay ranges (indicated) for amorphous (a) and crystalline (b)
neat rubrene layers. Spectra are normalized by their maxima and digitally smoothened with a Gaussian
filter with sd=5 nm.

In the crystalline sample a noticeable change in spectral shape is observed with time. At the
earliest time window, singlet fission is not yet complete, and the spectrum is equivalent to that
seen in the amorphous rubrene, indicating emission from identical species (the optically excited
rubrene singlets). PL spectrum demonstrates intense peak around 565 nm which was earlier
attributed to PL from the bc facet of the rubrene crystal.19 In the intermediate time window, a
prominent shoulder emerges in the spectrum around 650 nm. This 650 nm feature has been
investigated in a previous work, with the conclusion that it arises due to fluorescence from low
energy singlets formed by annihilation of a free rubrene triplet with a slightly lower energy
triplet trapped in amorphous pockets of the otherwise crystalline film.16
This explains the linear dependence on excitation power: the probability of TTA scales
linearly with the mobile triplet population (assuming the traps are prefilled). After around 20 ns
the power law slope rapidly increases to 2, which is indicative of mobile TTA, and we can
assume that the majority of trapped triplets have been exhausted. Indeed, at late timescales in the
PL spectrum shown in Figure 6.6, the 650 nm feature has receded and the spectral line shape
approaches that seen at early times.
Taken together, the analysis of PL decay (Figure 6.2) and the power dependent analysis
(Figure 6.5) establish the time scales at which singlet fission and TTA represent the dominant
mechanisms of singlet depopulation and population, respectively. As following from the PL
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dynamics, amorphous rubrene/C60 interface is singlet dissociating and triplet blocking. In
contrast, triplet dissociation is observed at crystalline rubrene/C60 interface. This behavior, when
coupled with extremely fast singlet fission, makes crystalline rubrene-based devices essentially
triplet-driven.

6.3 Conclusions
In this Chapter, we demonstrate how the morphology of singlet fission material (rubrene) affects
the triplet harvesting in rubrene/C60 solar cells. In the amorphous rubrene/C60 system, where the
energetics at the interface does not allow for triplet dissociation, only singlet excitons are
quenched with high efficiency which results in similar dynamics of delayed photoluminescence
caused by triplet-triplet annihilation events. In contrast, in the crystalline rubrene/C60 bilayer,
photoluminescence dynamics suggest that both singlet and triplet excitons are quenched because
of the favorable energy alignment. Therefore, morphology of the singlet fission material has
strong impact on the functioning of singlet-fission solar cells, and achieving optimal morphology
which ensures both efficient singlet fission and triplet harvesting is a prospective way to increase
the efficiency of organic solar cells.

6.4 Methods
Samples preparation
The samples were prepared by vacuum evaporation technique by M. Fusella (Princeton, US). For
the details of sample preparation, refer to Ref. [12].
Optical
Absorption spectra of the samples were recorded with a Perkin-Elmer Lambda 900
spectrophotometer. Transient photoluminescence measurements were performed using a
Hamamatsu C5680 streak-camera system. The 440 nm excitation wavelength was produced by
doubling of the output from a Mira Titanium:Sapphire laser. Unless otherwise specified, PL
transients were measured with a 40 ȝW excitation power, which corresponds to an estimated
initial singlet exciton density of 4×10í5 nmí3, or one exciton per 30 nm. The emission signal was
collected at a 90° geometry with respect to the excitation beam. The wavelength range from 500
to 800 nm was detected.
Because of strongly different timescales of the processes observed (fast singlet fission and
slow TTA), the experiments were performed at two repetition rates of the laser (2 MHz and 76
MHz) to adequately resolve the relevant timescales. At both repetition rates, the effects of the
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nonequilibrium triplet population buildup can affect the measurements due to the extremely long
triplet lifetime (~100 Ps 17).
Singlet fission processes were observed at the 76 MHz repetition rate with high temporal
resolution (~10 ps) in the time region up to ~1.5 ns. In this case, the PL observed is caused by
singlet emission. As the triplet population does not affect the PL dynamics because of the
extreme difference in the timescales (0.1-1 ns vs. 100’s Ps), the PL from TTA was directly
subtracted as a constant baseline.
The delayed PL caused by the TTA events was studied at the 2 MHz repetition rate as a
compromise between the triplet lifetime and signal-to-noise ratio with resolution of ~200 ps. The
time window of 75 ns was limited by the extremely low signal at long delays and ultimately by
the streak camera dynamic range. The TTA-based PL first of all depends on triplet concentration
and triplet diffusion constant but not the triplets’ lifetime. Taking into account quadratic
dependence of PL dynamics on excitation power (Figure 6.5), we conclude that only few triplets
contribute to the TTA process after 500 ns (i.e, the time interval between the adjacent pulses) and
therefore the PL dynamics are not affected by the build-up of the triplet population.
After the correction for triplet build-up, the data measured with high and low repetition rates
were stitched at 1 ns.
Data analysis
The PL dynamics were fitted with Equation (6.4) using Ai, Wi, AT, J and WT as fit parameters; J was
set as global fit parameters for each (amorphous or crystalline) pair of samples; T0 was set to
unity to avoid interference with AT. The Poisson statistics was assumed to account for five
decimal orders dynamical range. The final fit parameters are summarized in Table 6.1.
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Organic photovoltaics is an emerging technology which aims to supplement conventional
inorganic (e.g. silicon-based) solar cells. Because of unique features of organic devices such as
light weight, possible semitransparency, flexibility, strong absorption in the visible and nearinfrared regions etc., the possible application area of organic solar cells seems to be endless. The
main difference between organic solar cells and their inorganic counterparts is the physics of
photon-to-charge conversion. In the conventional inorganic solar cells, the absorbed photon
generates a pair of free charges which are further collected at the electrodes. In contrast, in
organic semiconductors the charges which are generated after photoexcitation are not free – they
are bound in a neutral quasiparticle called an “exciton”. In order to be dissociated into free
charges, the exciton needs to be “shaken”, i.e. extra energy needs to be provided. Typically, this
is achieved by bringing two materials with different energy levels in close proximity, i.e.
creating an interface. At such an interface, one material acts as electron donor while the other
plays role of electron acceptor. Often the donor and the acceptor materials are mixed together
and form a self-organized network, the so-called bulk heterojunction. After being generated
within the donor or acceptor phase, the exciton needs to diffuse to the interface to have the
possibility to dissociate into the separated charges. Finally, the separated charges need to travel
to the electrodes to be extracted there producing photocurrent. Thus, the photon-to-charge
conversion process in organic solar cells is complex, with the intermediate quasi-particle – the
exciton – involved.
Such important steps of photon-to-charge conversion process as exciton photogeneration, its
diffusion to the interface and dissociation occur at nanosecond and sub-nanosecond timescales,
i.e. faster than one billionth of a second. Even at such incredibly short times, there might be
losses which cannot be recovered later. Thus, each process of early-time photon-to-charge
conversion needs to be carefully monitored and controlled. This Thesis aims to address this issue
step-by-step using time-resolved ultrafast spectroscopy as a tool. Each chapter of the Thesis
addresses a particular process of exciton or/and charge dynamics, explains its physics and
suggests possible ways to maximize the efficiency of this process.
The very first step of photon-to-charge conversion is the photon absorption and exciton
formation, i.e. the exciton photogeneration. After photogeneration, the exciton needs to reach the
interface between the donor and the acceptor. To prevent any losses at this step, it is a must to
understand how the exciton reaches the donor-acceptor interface. In Chapter 2, we present a
new spectroscopic technique which allows for tracking of the exciton motion in real time. The
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donor (acceptor) material is populated by excitons with the excitation laser pulse, and the
dynamics of the exciton dissociation at the interface is monitored by the delayed probe pulse.
With this technique, it is readily possible to measure how fast the exciton reaches the interface
and to estimate the exciton harvesting efficiency for any donor-acceptor system.
The ability to monitor the exciton harvesting is especially important for the bulk
heterojunction organic solar cells. The efficiency of exciton dissociation in the bulk
heterojunction active layer strongly depends on the particular configuration of the blend, mainly
on the spatial separation of donor and acceptor phases (the so-called morphology). Bulk
heterojunction morphology is of utmost importance for the organic solar cell operation; however,
it is extremely difficult to characterize the morphology due to the nanometer-scale phase
separation. In Chapter 3, we demonstrate how the morphology of donor-acceptor blends can be
characterized by spectroscopic means. Combining the exciton-tracking technique (Chapter 2)
with extensive computer simulations, we are able to identify the length scale of donor-acceptor
phase separation with nanometer precision. As the technique is non-invasive, it can be applied to
the operating organic solar cells without any special preparation thus paving a new way for
device optimization.
In the organic solar cell active layer, not all photogenerated excitons reach the interface and
dissociate into the charges. In the classical picture, the photogenerated exciton can also relax to
the ground state due to its limited lifetime. In Chapter 4, we demonstrate that this dual behavior
of the exciton is not always guaranteed. We study the exciton dynamics in thin films of organic
semiconductors without the external acceptor using push-pull star-shaped molecules as
benchmark materials. We show that in such films the exciton can spontaneously dissociate into
separated (quasi-)free charges even without presence of external acceptor. In this case, no
energy gradient is needed anymore to separate the charges. This is extremely beneficial for the
organic solar cell design as the second material may only be used as a charge transport layer. We
envision this mechanism of intrinsic exciton-to-charge conversion to play a crucial role in the
forthcoming device design.
Chapter 5 summarizes the whole early-time photon-to-charge conversion processes. Using
photovoltaic blends based on push-pull star-shaped molecules as benchmark systems, we
demonstrate that the early-time charge generation can be broken down to a series of consequent
substeps. After photon absorption, the excitons are generated both in donor and acceptor phases.
The photogenerated excitons are dissociated either almost instantaneously (from the donor
phase) or after delayed transport to the interface (from the acceptor phase). The separated
charges, however, are not free but are trapped in the interfacial charge-transfer state. Due to the
relatively high Coulomb attraction between negative electron and positive hole in the chargetransfer state, up to a half of the initially separated charges recombine. Thus, we demonstrate that
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geminate charge recombination is the main loss mechanism at early timescales and that it needs
to be suppressed in order to maximize the charge generation efficiency.
We further discuss a possibility to fundamentally improve the efficiency of solar cells by
efficient utilizing the high-energy photons. In organic materials, this can be done via a singlet
fission process – splitting high-energy singlet exciton into two triplet excitons with lower
energies. If both triplet excitons are collected, one absorbed photon results in two electron-hole
pairs, i.e. the internal quantum efficiency reaches 200%. In Chapter 6, we demonstrate that in
organic solar cells based on a singlet fission material – rubrene – the efficiency of triplet exciton
dissociation highly depends on morphology of the rubrene layer. In crystalline rubrene:C60
devices, the triplets are collected due to the favorable energetics. In contrast, if the rubrene layer
is amorphous, the rubrene triplets are blocked at the interface with C60. This highlights the
importance of morphology control for the device optimization not only in the bulk heterojunction
solar cells but also in the next-generation photovoltaics.
Overall, the Thesis covers all initial steps of photon-to-charge conversion in both singlet- and
triplet- driven modern organic photovoltaics revealing the ultrafast processes which eventually
lead to the generation of photocurrent. Charge generation processes and loss mechanisms are
thoroughly examined by ultrafast spectroscopy, which provides a powerful and indispensable
tool for understanding the photophysics of organic optoelectronic devices. We envision the
results presented in this Thesis to be of great value for understanding the fundamental
photophysics of organic solar cells, which will eventually lead to improved device efficiency.
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Samenvatting
Organische fotovoltaïca is een opkomende technologie die beoogt verder te gaan dan de
technologie van de conventionele anorganische (bv op silicium gebaseerde) zonnecellen. Door
de unieke eigenschappen van organische ‘devices’, zoals het lichte gewicht, mogelijke
semitransparantie, flexibiliteit, sterke absorptie in het zichtbare en bijna infrarode spectrum, lijkt
het toepassingsgebied voor organische zonnecellen bijna eindeloos groot. Het belangrijkste
verschil tussen organische zonnecellen en hun anorganische tegenhangers is de fysica van de
foton-naar-lading conversie. In conventionele, anorganische zonnecellen genereert een
ingevangen foton een paar (twee) vrije ladingen, die vervolgens bij de electroden worden
verzameld. Echter, in organische zonnecellen zijn de gemaakte ladingen niet vrij - ze zijn
gebonden in een neutraal quasi-deeltje: het ‘exciton’. Om het exciton te splitsen in twee vrije
ladingen, moet het als het ware worden ‘opgeschud’ : er is extra energie nodig. Dit wordt typisch
gedaan door twee materialen met verschillende energie niveaus dicht bij elkaar te brengen, zodat
een grensvlak wordt gecreëerd. Bij zo’n grensvlak fungeert het ene materiaal als elektron donor
en het andere als elektron acceptor. Vaak worden de twee materialen door elkaar gemengd en
vormen zo een zelf-georganiseerd netwerk: de zogenaamde ‘bulk-heterojunction’. Nadat een
exciton is gegenereerd in ofwel het donor gedeelte ofwel in het acceptor gedeelte, moet het naar
het grensvlak toe diffunderen, om daar eventueel te worden gesplitst in twee afzonderlijke
ladingen. Deze ladingen moeten vervolgens naar de electroden gaan om daar de elektrische
stroom te vormen. Het is duidelijk dat de foton-naar-lading conversie in organische zonnecellen
(met het quasi -deeltje ’exciton’ als intermediair) een complexe zaak is.
De belangrijke stappen in de foton-naar-lading conversie, zoals het maken van een exciton
door een foton, de diffusie van het exciton naar het grensvlak en de splitsing aldaar, gebeuren op
nanoseconde en sub-nanoseconde tijdschalen, dat wil zeggen, sneller dan een miljardste van een
seconde. En zelfs met zulke ongelofelijk snelle tijden, kunnen er verliezen optreden, die later niet
meer ongedaan kunnen worden gemaakt. En dus moet elk proces in het eerste begin van de
foton-naar-lading conversie zorgvuldig worden bekeken en gecontroleerd. Dit proefschrift streeft
ernaar om dit stap voor stap aan te pakken, met als gereedschap de tijd opgeloste ultrasnelle
spectroscopie. Elk hoofdstuk van dit proefschrift behandelt een bepaald proces van de exciton
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en/of lading dynamica, verklaart de fysica ervan en geeft suggesties voor mogelijke manieren om
de efficiëntie van dat proces te maximaliseren.
De allereerste stap in de foton-naar-lading conversie is de absorptie van het foton en het
maken van het exciton : de exciton fotogeneratie. Na gemaakt te zijn moet het exciton het
grensvlak tussen donor en acceptor bereiken. Om verliezen te voorkomen in deze stap, is het
essentieel om te begrijpen hoe het exciton het donor-acceptor grensvlak bereikt. In hoofdstuk 2
presenteren we een nieuwe techniek die het mogelijk maakt om de exciton beweging in real-time
te volgen. Het donor (acceptor) materiaal wordt bevolkt met excitonen met de excitatie laserpuls
en de dynamica van de exciton splitsing aan het grensvlak wordt gevolgd met de in tijd
vertraagde ‘probe’ pulse. Met deze techniek is het gemakkelijk mogelijk te meten hoe snel het
exciton het grensvlak bereikt en een schatting te maken van de exciton ‘oogst’-efficiëntie van elk
donor-acceptor systeem.
De mogelijkheid om het exciton oogsten te monitoren is vooral belangrijk voor de bulkheterojunction organische zonnecellen. De efficiëntie van de exciton splitsing in de actieve laag
van de bulk-heterojunction hangt sterk af van de specifieke configuratie van het donor-acceptor
mengsel en dan vooral van de ruimtelijke scheiding van de donor en acceptor fasen (de
zogenaamde morfologie). De bulk-heterojunction morfologie is van het grootste belang voor de
werking van een organische zonnecel; het is echter extreem moeilijk om de morfologie te
karakteriseren vanwege de nanometer schaal van de afstand van de fasen. In hoofdstuk 3 laten
we zien hoe de morfologie van donor-acceptor mengsels kan worden gekarakteriseerd door
middel van spectroscopie. Door de techniek van het volgen van de excitonbeweging (hoofdstuk
2) te combineren met uitgebreide computer simulaties kunnen we de lengte schaal van de donoracceptor fase scheiding bepalen met nanometer precisie. Aangezien deze techniek niet invasief
is, kan het worden toegepast op werkende zonnecellen, zonder speciale voorbereidingen, en
maakt zo de weg vrij voor een nieuwe manier om deze devices te optimaliseren.
Niet alle door licht gegenereerde excitonen in de actieve laag van een organische zonnecel
bereiken het grensvlak en worden daar gesplitst in ladingen. In het klassieke verhaal kan een
exciton ook terugvallen naar de grondtoestand vanwege zijn eindige levensduur. In hoofdstuk 4
laten we zien dat dit tweevoudige gedrag niet altijd gebeurt. We bestuderen de exciton dynamica
in dunne lagen van organische halfgeleiders zonder een externe acceptor, door gebruik te maken
van push-pull stervormige moleculen als benchmark materiaal. We laten zien dat dat in zulke
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dunne lagen een exciton ook spontaan kan worden gesplitst in afzonderlijke (quasi-) vrije
ladingen, zelfs zonder de aanwezigheid van een externe acceptor. In dit geval is er geen energie
gradiënt meer nodig om de ladingen te scheiden. Dit is zeer gunstig voor het ontwerpen van
organische zonnecellen, omdat het tweede materiaal nu alleen nog maar hoeft te worden gebruikt
voor de verplaatsing van de ladingen. We denken dat dit mechanisme van intrinsieke excitonnaar-lading conversie een cruciale rol gaat spelen in toekomstige device ontwerpen.
Hoofdstuk 5 geeft een samenvatting van alle eerste stappen in de foton-naar-lading conversie.
We gebruiken fotovoltaïsche mengsels met push-pull stervormige moleculen als benchmarks en
laten zo zien dat het eerste begin van de ladingsgeneratie opgedeeld kan worden in een reeks van
consistente, afzonderlijke stappen. Na absorptie van een foton worden excitonen gegenereerd in
zowel de donor als de acceptor fase. Deze excitonen worden ofwel vrijwel meteen gesplitst
(donor fase) of even later, na transport naar het grensvlak (acceptor fase). Deze gescheiden
ladingen zijn echter niet vrij, maar zitten vast in een ‘charge-transfer’ toestand van het grensvlak.
Door de relatief hoge Coulomb aantrekkingskracht tussen het negatief geladen elektron en het
positief geladen gat in de ‘charge-transfer’ toestand, worden tot vijftig procent van de gescheiden
ladingen weer samengevoegd. We laten dus zien dat deze recombinatie van ladingen het
belangrijkste verliesmechanisme is in het begin en dat het onderdrukt moet worden om de
efficiëntie van het genereren van lading te maximaliseren.
Verder bespreken we een mogelijkheid om de efficiëntie van zonnecellen fundamenteel te
verhogen door gebruik te maken hoog energetisch fotonen. In organische materialen kan dit
gebeuren door het splitsen van een singlet aangeslagen toestand: het splitsen van een hoog
energetische singlet toestand in 2 triplet excitonen met een lagere energie. Als beide excitonen
worden benut dan resulteert één geabsorbeerd foton in twéé elektron-gat paren: de interne
kwantum efficiëntie bereikt dan de 200%. In hoofdstuk 6 laten we zien dat in organische
zonnecellen die gebaseerd zijn op materialen met singlet splitsing - rubreen - de efficiëntie van
de splitsing van de triplet excitonen zeer sterk afhangt van de morfologie van de rubreen laag. In
kristallijne rubreen:C60 devices worden de excitonen benut dankzij de gunstige energieën. Als de
rubreen laag daarentegen amorf is, dan worden de rubreen triplet excitonen geblokkeerd aan de
grens met C60. Dit illustreert het belang van de controle over de morfologie voor het
optimaliseren van een device, niet alleen bij bulk-heterojunction zonnecellen, maar ook bij
fotovoltaïsche devices van een volgende generatie.
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Samenvattend: dit proefschrift behandeld alle eerste stappen van de foton-naar-lading
conversie in zowel door singlet als door triplet gedreven moderne organische fotovoltaïca en laat
de ultrasnelle processen zien die uiteindelijk leiden tot het genereren van stroom door licht.
Ladingsgeneratie processen en verliesmechanismes zijn grondig onderzocht door middel van
ultrasnelle spectroscopie, wat een krachtig en onontbeerlijk hulpmiddel verschaft voor het
begrijpen van de fotofysica van organische opto-elektronische devices. We denken dat de
resultaten die in dit proefschrift zijn gepresenteerd van grote waarde zullen zijn voor het
begrijpen van de fundamentele fotofysica van organische zonnecellen, wat uiteindelijk zal leiden
tot een betere efficiëntie van deze devices.
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Summary for General Public
Imagine a world with free energy everywhere. You don’t need to take a phone charger with you
– your backpack generates energy. You don’t need to electrify your house – the energy is
produced by the walls and windows. Even though this sounds like science fiction, this world is
much closer to reality than you might think: our Sun provides more than enough energy to cover
mankind’s needs.
Already now, people successfully use solar energy by converting it to electricity with silicon
solar cells. However, these devices are quite heavy and bulky which essentially limits their
application area. Alternatively, solar cells can be made of special plastics – and those solar cells
can be foldable, semi-transparent, light-weight, shape-customizable, wearable – so that their
potential application areas seem unlimited. However, to date the efficiencies of such solar cells
are still twice as low as the efficiencies of their silicon analogues.
To promote the efficiency of plastic solar cells, we should understand all the photophysics
behind light-to-electricity conversion. Many crucial processes occur faster than one billionth of
a second but still have a great influence on overall device performance. In this Thesis, we use
laser spectroscopy to reveal main processes which contribute to the photocurrent of the solar
cells at such incredibly short timescales, along with possible losses which decrease the efficiency
of the overall device. Armed with this understanding, we propose the pathways to maximize the
efficiency of light-to-electricity conversion which we believe will make the Dream World a bit
closer to us!
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