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Abstract: Photoinduced charge separation into free carriers and subsequent charge transfer are key processes that govern
the efficiencies of third generation solar cell technologies based on donor-acceptor heterojunctions. As these processes
typically occur on picosecond to femtosecond timescales, it is necessary to employ ultrafast spectroscopic methods to
enhance our understanding and provide vital information that can aide in furthering material design. Within the framework
of the National Centre of Competence in Research “Molecular Ultrafast Science and Technology” (NCCR MUST), we have
developed and utilized a suite of different ultrafast optical, infrared and terahertz techniques to study charge generation,
separation, and transport in a variety of small molecule based organic and lead halide perovskite solar cells. Here, we
provide an overview of the main techniques used in our laboratory and examples of recent results obtained using these

experimental tools.
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1. Introduction

Photoinduced charge separation at donor-acceptor heterojunc-
tions is a concept central to many applications including photo-
catalysis,[! photovoltaics,2lphotography,3linformation storage,[!
and xerography.l! A sound understanding of the photophysical
phenomena that underpin the binding of charge carriers in ex-
citons, polarons and charge transfer states, as well as the fate of

free charges is necessary to aide in the design and optimization
of new systems of technological relevance. Furthermore, there
is also interest from a fundamental scientific standpoint in the
fields of physical chemistry and condensed matter physics, as the
mechanisms of exciton dissociation and carrier separation dynam-
ics are not fully established or understood.

The research carried out in the Group for Photochemical
Dynamics, within the framework of NCCR MUST, focuses on
investigating the mechanisms of photoinduced charge separation
in third generation solar materials such as in dye-sensitized solar
cells, small-molecule organic photovoltaics and hybrid organic-
inorganic lead halide perovskites. Whilst diverse in their material
makeup, these different technologies all generate charges via a
donor-acceptor heterojunction. The general principle of such sys-
tems is as follows: firstly, photons are absorbed in an active mate-
rial, generating pairs of charges of opposite signs. These charges
can then undergo a charge transfer process across an interface
between a donor and an acceptor material, with positive charges
(holes) being present in the donor material, whilst the electrons
are transported in the acceptor material. In contrast to first- (Si,
GaAs) and second-generation (CIGS, CdTe) p-n junction photo-
voltaics where carriers of opposite signs separate in a built-in elec-
tric field, charge separation in donor-acceptor systems relies on a
kinetic competition between forward and back-electron transfer
steps. Ultrafast time-resolved spectroscopic techniques are neces-
sary to probe the charge generation and separation processes, both
of which play a key role in determining the overall efficiency of
photovoltaic devices.

Organic materials and, in a lesser extent, perovskites are media
characterized by a low permittivity. Coulomb interaction between
charges of opposite signs can, therefore, be important and result
in their association in bulk excitons. Charge transfer states and
charge transfer excitons (CTEs) can also be formed with charge
pairs being located astride the donor-acceptor heterojunction.
Self-trapping of photocarriers in the form of polarons and trapping
within deeper states obviously affect their mobility and transport.

Various ultrafast techniques have been employed to directly
monitor photogenerated quasi-particles (excitons, CTEs, polar-
ons, polaritons, ...) and bound carrier states. Among them, ul-
trabroadband time-resolved terahertz, optical pump — IR push —
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THz probe, and time-resolved electroabsorption spectroscopies
have been developed and implemented in our laboratory. They
have been used in tandem with other conventional techniques,
such as femtosecond transient absorption and broadband fluo-
rescence up-conversion spectroscopies, to provide insight into a
variety of photophysical processes in both organic and lead halide
perovskite solar cells.

2. Hot Carrier Mobility Dynamics in 3D Lead Halide
Perovskites

Lead trihalide perovskites (LHPs) have surged over the past
ten years, becoming one of the most desirable materials for op-
toelectronic applications. They have been used to great effect in
solar cells; double heterojunction (p-i-n) photovoltaic systems
based on an intrinsic LHP absorbing layer, tin or titanium dioxide
as an acceptor and organic spiro-OMeTAD as the donor material
have demonstrated device power conversion efficiencies of over
25 %.181 The perovskite has the general formula ABX, forming an
octahedral crystalline structure where A is a large organic or in-
organic cation (such as methylammonium, MA*, formamidinium,
FA*, or cesium, Cs*), B is a divalent metal cation (such as Pb** or
Sn**) and X is a halide anion.

LHPs are direct-bandgap semiconductors, whose absorption
threshold can be easily tuned over the entire visible wavelength
domain by selecting X = CI', Br, I, or mixtures of these halides
in various proportions. The mechanisms which lead to the large
photocarrier diffusion length and the high device performance
of LHPs are still debated, with hot carrier cooling and polaron
formation known to play an important role in the charge sepa-
ration process. To examine these phenomena, an ultrabroadband
time-resolved terahertz spectroscopy (TRTS) setup was used in
conjunction with femtosecond transient absorption spectroscopy,
allowing the monitoring of photocarrier mobility changes in real
time.

TRTS is a pump-probe technique utilizing ultrashort visible
pump and THz (far IR) probe pulses. In our case, the THz probe
is generated using a two-color plasma technique,[”! yielding ul-
trabroadband THz spectra (1-25 THz). The advantage of this
technique, over more conventional optical rectification in solid
semiconductors, is the short THz pulse duration (200 fs vs 1 ps)
it offers,8'which is advantageous for studying the early dynamics
of charge carriers. The transmitted THz beam is detected using a
home-built air-biased-coherent-detection (ABCD) system.[*]

Hot carrier dynamics of LHPs with different chemical compo-
sitions were analyzed using ultrabroadband TRTS. Samples were
fabricated on high density polyethylene slides to ensure full trans-
parency to the THz pulses. By exploiting the sensitivity of THz
radiation to carrier mobility, fluence and wavelength dependence
measurements were used to demonstrate a competition between
carrier cooling and dynamic screening, allowing us to propose a
model (shown in Scheme 1) to explain the fluence dependence
and the constant lifetime of the mobility rise, thus unifying the
previously reported phenomena of a phonon bottleneck and po-
laron formation.[10]

The perovskite composition was found to predominantly im-
pact the time constant of the dynamic screening, with Cs* result-
ing in a slower process when compared to its organic counterparts,
a result that can be explained by a reduction in the degrees of
freedom that allow for the lattice to be polarized in the presence
of charge carriers.[0]

Further developments have also been made to the TRTS set-
up to enable optical pump — IR push — THz probe spectroscopy
(PPTPS) measurements to be conducted. This is where an infrared
pulse, termed the ‘push’ pulse, irradiates the sample at a certain
time delay after excitation by the pump pulse which can result in
the detrapping of charge carriers as well as the splitting of charge
transfer excitons (CTEs). By changing the time delay between
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Scheme 1. Scheme detailing the different processes occurring in LHPs
resulting in an observed rise in the carrier mobility (1) as measured
using TRTS. Carrier cooling and hot polaron formation induced a strong
increase in the mobility within the measured time window. Longitudinal
optical (LO) phonons, thought to be produced upon polaron cooling,
are not observable due to being outside of the time window of the
measurement. Reproduced from ref. ™

the pump and the push pulses it is possible to determine the time
evolution of these processes, whilst tuning the push wavelength
can give information on the binding energy of species such as
CTEs. Proof of concept experiments were carried out on meso-
scopic TiO, layers. The decrease of the THz mobility of electrons
showed that about one third of charge carriers generated upon
photoexcitation gets trapped with a time constant of 3 ps (Fig. 1).
Application of a NIR push pulse 17 ps after the pump led to de-
trapping and a subsequent increase in the THz photo-conductivity
measured. After detrapping, a similar number of charge carriers
became trapped a second time, with both trapping processes pro-
ceeding with the same time constant.

3. Exciton and Carrier Dynamics in 2D Perovskites

Despite their high device efficiencies, one issue that has
consistently plagued 3D perovskites is their environmen-
tal stability, in particular with respect to humidity.l''l To
help minimize these issues, two-dimensional (2D) perovskites
can be made, where the A cation is replaced with a larger
organic cation (eg. phenethyl-ammonium, PEA) acting as a spacer
thus preventing the formation of a 3D crystalline structure.!!?!

These perovskites form a layered structure consisting of planes
of PbX octahedra separated by the organic spacer. 2D perovskites
can either be used on their own or be deposited atop conventional
3D perovskites, where their stability is enhanced by the outward
exposition of a monolayer consisting of the hydrophobic moieties
of the large cation spacers.!'31Depending on whether a monova-
lent or divalent spacer is used there are two different structures of
2D perovskites that can be formed.[14.15]

Despite having become a major area of interest within the field
of perovskite optoelectonics, there is still uncertainty surrounding
the process of hot carrier generation and cooling, exciton forma-
tion, and the potential generation of hot excitons in two-dimen-
sional LHPs, where a strong quantum and dielectric confinement
of charge carriers prevails.

To selectively probe excitons within 2D perovskites, broad-
band fluorescence upconversion spectroscopy (FLUPS) was used
in combination with TRTS. Broadband FLUPS is a time-resolved
photo-luminescence technique where the fluorescence is gated
by an ultrashort laser pulse with the complete emission spectrum
being measured for each time delay in a single scan pump-gate
measurement, without any mechanical movement of the up-con-
verting crystal.l!1®I This results in a fs resolution, which is required
to build a deeper understanding of ultrafast processes occurring
in perovskites.[17]

After conducting fluence dependence FLUPS and TRTS mea-
surements exciting at 400 nm and 510 nm we were able to con-
clude that sequential carrier cooling and exciton formation were
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able to accurately describe the dynamics observed in these mea-
surements (Scheme 2); furthermore, we were able to show that
exciton-exciton interactions play a key role in the form of Auger
heating and biexciton formation resulting in a longer lived popula-
tion of carriers.
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Scheme 2. The kinetic model which relates hot carriers (in red), cold
carriers (blue) and excitons generated after photoexcitation at 400 and
510 nm. The rate constants, k, are used to describe the processes

of carrier cooling (k,), exciton formation and dissociation (k,, and k.,
respectively), exciton-exciton annihilation (k, ) and exciton recombination

(k.,)- Reproduced from ref. [18]

The influence of the organic cation was once again studied,
and whilst the impact on the steady state photophysics are mini-
mal, it was found that the cation plays a crucial role in deter-
mining sample stability under illumination, as well as impacting
upon hot carrier cooling, thus strongly affecting phonon bottle-
neck effects.[18]

4. Carrier and Quasi-Particle Dynamics in Colloidal
Perovskite Nanoplatelets

Whilst 3D perovskites still rule the roost when it comes to
photovoltaics, it is also possible to confine the bulk 3D structure
into materials of reduced dimensionalities such as nanoplatelets

free carrier

Fig. 1. THz dynamics recorded
in a proof of principle PPTPS
measurement of TiO, colloidal
nanoparticles. By analyzing the
amplitude of the THz signal, it
is possible to determine that
approximately one third of the
conduction band electrons are
trapped following excitation,
followed by detrapping upon
the irradiation of a near-IR push
pulse.

THz probe

/

[e)

hvz push

polaron

hvy pump

(2D), nanorods (1D) and quantum dots (0OD). This leads to new
applications including photodetectors,'91LEDs,[20land lasing ma-
terials.[2!1 The quantum confinement introduced in the formation
of perovskite nanocrystals results in a large exciton binding en-
ergy which leads to greatly increased photoluminescence when
compared to their 3D counterparts.[22!

However, whilst the photoluminescence can be further en-
hanced for strongly confined regimes (defined as being at least
one dimension smaller than the exciton Bohr radius), this is ac-
companied by an increase in the surface to volume ratio result-
ing in an abundance of surface defects. Understanding the photo-
physical processes of these trap states is vital for improving device
performance.

Here, both FLUPS and fs-transient absorption spectroscopy
were used in tandem to obtain a complete photophysical picture
of the spectroscopic properties of strongly confined perovskite
nanocrystals. A fast (3-10 ps) decay of the photoluminescence
of quasi-1D CsPbBr, perovskite nanocrystals was evidenced
using FLUPS and was assigned to the reversible trapping
of band-edge excitons into dark states lying close to the
band edge.

Furthermore, the impact of aging on the perovskite nano-
crystals was investigated (Fig. 2), where deep trap states formed
because of ligand desorption from the nanocrystal surface re-
sulted in a decrease in the photoluminescence quantum yield.[23]

Further investigations into strongly confined CsPbBr,
perovskite nanoplatelets revealed that emittive band edge states
which form instantaneously upon photoexcitation relax, within
the first picosecond, into confined hole states. The impact of
nanoplatelet concentration was then studied and it was found that
when the concentration of nanoplatelets became very high the
nanoparticles overlap, thus causing a decrease in their absorption
cross-section and a subsequent increase in the Stokes shift of the
emission as a result of photon reabsorption.24

5. Proof of High Efficiency Intrinsic Charge Generation
in Organic Salt Semiconductors

Within the field of organic optoelectronics, devices based on
small molecules are growing in their usage. Dye molecules such
as cyanine, squaraine and diketopyrrolopyrrole (DPP) are of par-
ticular interest due to several advantageous properties such as the
facile tuneability of their absorption spectra and high extinction
coefficients, allowing them to be used to great effect in bilayer
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architecture devices.[2>201 Elsewhere in the optoelectronic field,
cyanine dyes have also been used in organic photodiodes to take
advantage of their high absorption in the near infrared and their
propensity to form J-aggregates.[27:28] Recently, pristine pentam-
ethine cyanine dyes (Cy5) have been shown to exhibit intrinsic
photogeneration of charges, despite an absence of a donor-accep-
tor interface.[2%]
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Fig. 2. a) Absorption spectra of fresh (blue) and aged (red) CsPbBr,
nanoplatelets. b) Normalized emission spectra, taken at t = 1 ps, for
samples of different ages. c) Normalized PL decays, atA_ =4 _ for
samples of different ages. Reproduced from ref. [23].

Understanding the mechanism of this intrinsic charge gen-
eration could therefore present new material design concepts for
future organic photovoltaics (OPVs) and photodiodes. Transient
absorption spectroscopy was used to monitor the charge transfer
processes occurring in single layer Cy5 thin films incorporating
hexafluorophosphate counterions (Fig. 3).

Excitation of the thin film yielded oxidized CyS5 species, gen-
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Fig. 3. Transient absorption spectra of solid thin films of PF,~ salts of the
cyanine dye Cy5 (Cy5-P) diluted by polymethylmethacrylate polymer
(PMMA) with various PMMA:Cy5-P blend ratios. Samples were excited
at 580 nm. With increasing proportion of PMMA there is a decrease

in H-aggregation within the sample and the positive feature, which is
assigned to oxidized Cy5 chromophores, shifts from 470 nm to 500

nm. A second feature is resolved corresponding to the singlet excited
state of the dye. This demonstrates the impact of H-aggregation on the
charge transfer process in pristine Cy5 thin films. Adapted from ref. [30]

erated from a charge transfer process between Cy5 monomers and
their H-aggregate counterparts. This symmetry breaking photo-
induced charge generation process was found to proceed with a
yield of up to 86 %, thus providing the first direct proof of high
efficiency intrinsic charge generation in organic salt semiconduc-
tors.

Counterions have been shown to play an important role in
controlling thin film properties and device efficiency in cyanine
based OPVs. Therefore, we also studied the impact of counter-
ion size on the intrinsic charge generation process. The degree of
H-aggregation, which provides the driving force for the symme-
try breaking charge separation, diminishes with increasing anion
size, resulting in a reduced yield of charge transfer. Interestingly,
however, there was little change in the carrier mobility, as the
increase in interchromophore distance is compensated for by a
reduction in charge trapping by H-aggregates.[30!

6. Dissociation of Charge Transfer States in Bilayer
Organic Solar Cells

Cyanine dyes have typically been employed as donor ma-
terials in bilayer architecture organic solar cells, alongside
fullerene-based acceptors. Whilst bilayer architecture device
efficiencies are lower than those achieved using bulk hetero-
junctions, their simpler morphology allows for a clearer under-
standing of the charge separation processes occurring in organic
solar cells.

Charge transfer (CT) states are formed in the process of charge
carrier generation in organic solar cells, and their formation has
been well studied. However, studies on bulk heterojunction ar-
chitecture OPVs have yielded different conclusions on how these
states stabilise and subsequently split into free carriers.[3!-34]

By taking advantage of the simpler bilayer device morpholo-
2y, the dissociation and subsequent charge separation of CT states
in C:Cy3-P bilayers was investigated in order to determine the
mechanism of CT state dissociation in OPVs.

Time resolved electroabsorption spectroscopy (TREAS) was
used to probe the interfacial CT states. This is a technique where-
by an electric field is applied across the sample causing a shift in
the absorption spectrum of a material as a result of the Stark effect.
1351Upon photoexcitation of the sample with a pump beam, charg-
es are generated. As these charges separate from each other, the
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local field between them opposes that of the applied electric field.
The resulting decrease of the field experienced by the surrounding
material and of the associated optical Stark shift translates to a
time-resolved change of the electroabsorption spectrum. As the
recorded signal depends on the distance separating charges of op-
posite signs, the carrier mobility and spatio-temporal information
can be extracted (Fig. 4).

Fig. 4. lllustration of charge formation in a C:Cy3-P bilayer architecture
organic solar cell. The processes that occur after excitation, with a)
showing C,, excitation and b) Cy3-P excitation, are: (1) exciton diffusion
to the D-A interface; (2) the formation and subsequent splitting of the
interfacial charge transfer state; (3) the drift of free charge carriers away
from the D-A interface. (1*) and (2*) refer to the electric field assisted
generation and drift of free charge carriers in bulk C_ , respectively.
Adapted from ref. [38].

607

TREAS can be used in different ways, for example to study
the impact of phase morphology in polymer:fullerene blends, 36!
the dynamics of photocarriers in perovskites 137! or, in this case,
charge transfer states in organic bilayers. As the electroabsorp-
tion signal corresponding to Cy3-P and C appeared in different
regions of the spectrum, it was possible to independently monitor
the dynamics in each material using TREAS. The results indicated
that electron motion was responsible for carrier separation, whilst
further modelling of the electroabsorption dynamics allowed us to
determine that the rate limiting process for free carrier generation
is the escape of electrons from the Coulomb potential in fullerene
domains. These results have important implications regarding fu-
ture design of electron acceptor materials.[38]
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