
PHOTOPHYSICS OF NOVEL OPTOELECTRONIC
MATERIALS UNDER HYDROSTATIC PRESSURE



ii

Front Image: Pressure-induced indirect to direct bandgap transition in methylam-
monium lead iodide.

Ph.D Thesis, University of Amsterdam, March 2019
Photophysics of Novel Optoelectronic Materials under Hydrostatic Pressure
Tianyi Wang

ISBN 978-94-92323-26-2



PHOTOPHYSICS OF NOVEL OPTOELECTRONIC
MATERIALS UNDER HYDROSTATIC PRESSURE

Academisch Proefschrift

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus

prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie

in het openbaar te verdedigen in de Agnietenkapel
op dinsdag 26 maart 2019 om 12:00 uur

door

Tianyi WANG

geboren te Jiangsu.



Promotiecommissie

promotor: prof. dr. A. Polman Universiteit van Amsterdam
copromotor: dr. B. Ehrler AMOLF

Overige leden:
prof. dr. T. Gregorkiewicz, Universiteit van Amsterdam
prof. dr. E. C. Garnett, Universiteit van Amsterdam
prof. dr. W. C. Sinke, Universiteit van Amsterdam
dr. K. Newell, Universiteit van Amsterdam
prof. dr. A. Rao, University of Cambridge

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

The work described in this thesis was performed at
AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands.
This work is part of the research programme of the Netherlands Organisation for Scien-
tific Research (NWO).
An electronic version of this dissertation is available at https://amolf.nl/.

https://amolf.nl/


Two roads diverged in a wood, and I—
I took the one less traveled by,

And that has made all the difference.

The Road Not Taken,
Robert Frost
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Energy is essential for the daily needs and development of our society. While a signif-
icant fraction of energy is generated via burning fossil fuels [1], tremendous amounts of
greenhouse gases such as carbon dioxide (CO2) and nitrous oxide (N2O) are produced,
leading to a global warming that may have severe consequences for the environment.
The Intergovernmental Panel on Climate Change (IPCC) has alarmed in its report that
the warming needs to be controlled to within 1.5 °C to avoid potentially disastrous im-
pact. To realize this goal, the annual emissions need to be reduced by 50 % between
now and 2030, and all fossil fuels need to be completely replaced by renewable energy
sources by 2050. [1]

Solar energy is a promising sustainable energy source. Compared to other sustain-
able energy sources like wind, hydrothermal, tide and biomass, solar energy is highly
abundant and relatively equally distributed around the globe. Among various ways of
utilizing solar energy, photovoltaics, the process that converts the energy of sunlight di-
rectly into electricity, is of great interest for the society. The price of solar panels has
dropped significantly in the past decade [2], making photovoltaics an even cheaper en-
ergy source than fossil fuels in certain areas of the world [3] and more competitive with
fossil fuels in general. Meanwhile, the record lab efficiency of crystalline silicon so-
lar cells has reached 26.7 % [4], which is significantly higher than the efficiency of the
best commercially available solar panels (22.8 %, SunPower), indicating that there is still
room for a further reduction of cost of solar panels in the future.

The steady increase in efficiency for both lab solar cells and commercial solar pan-
els brought their efficiency close to the fundamental thermodynamic limit for single-
junction solar cells like crystalline silicon and Gallium Arsenide (GaAs) solar cells, namely
the Shockley-Quiesser limit. Shockley and Queisser calculated the maximum theoreti-
cal efficiency of a single-junction solar cell in 1961, taking into consideration spectral
losses, blackbody radiation losses and recombination losses and demonstrated that a
maximum 33.6 % efficiency could be reached at an optimum bandgap of 1.34 eV under
AM1.5G illumination [5]. When realistic loss channels such as Auger recombination are
included in the calculation, the maximum efficiency suffers a further drop. The realis-
tic maximum efficiency for single-junction solar cell based on crystalline silicon peaks
at 29.8 % [6]. With a 26.7 % record lab efficiency for crystalline silicon solar cells, it is
worth noting that the progress of state-of-art manufacturing technology has performed
remarkably well in pushing silicon solar cells into its ultimate limit. On the other hand,
the room for further increase in efficiency for silicon solar cells is rather limited. New
concepts and new materials need to be developed to elevate the efficiency of solar cells
above the single-junction Shockley-Quiesser limit, and a clear understanding of the pho-
tophysics, especially the influence of micro-to-nanometre scale structure in novel pho-
tovoltaic materials will be helpful for material development and device optimization.

In this thesis we focus on the photophysics of novel photovoltaic materials that can
potentially help to surpass the Shockley-Quiesser limit and other relevant optoelectronic
materials under hydrostatic pressure. We first introduce metal halide perovskites and
two exciton conversion processes, singlet fission and triplet-triplet annihilation. For
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both we discuss the generation and application of hydrostatic pressure to study the structure-
property relationship and conclude with an outline of the thesis.

1.1. METAL HALIDE PEROVSKITES

First discovered by Gustav Rose in 1839 and named after Russian mineralogist Lev A. Per-
ovski, perovskite is a type of mineral that has an ABX3 structure, where an A-site cation
sits in between octahedra with B-site cation located in the center and X-site anion lo-
cated at the corners (Figure 1.1). For a long time since its discovery, research has been
mainly conducted on oxide perovskites with focus on ferroelectricity, superconductance,
and catalysis.

Even though the first metal halide perovskite has been synthesized from aqueous so-
lution in 1892 [7], extensive research on metal halide perovskites for solar cells took off
only in 2009, as researchers from Japan fabricated a solar cell with 3.9 % power conver-
sion efficiency exploiting methylammonium lead iodide and bromide as sensitizers for
dye-sensitized solar cells [8]. In 2013, one of the first solar cells incorporating a planar
metal halide perovskite thin film was fabricated by researchers from the University of
Oxford, achieving an astonishing efficiency of more than 15 % [9]. Nowadays, the high-
est efficiency of single-junction lab perovskite solar cell has reached 23.7 %, which is not
far from the best silicon solar cells [4], while a 27.3 % record efficiency has been reported
for monolithic tandem solar cell based on metal halide perovskites and silicon [4]. Be-
yond solar cells, many other applications based on metal halide perovskites have been
developed, such as light-emitting diodes, photodetectors, lasers and ionic conductors.
Perovskite LEDs with more than 20 % external quantum efficiency are reported recently
[10–12]. All these results demonstrate a great potential of this class of materials for opto-
electronics.

One useful property of metal halide perovskites is that their optical bandgap can be
tuned from ultraviolet to infrared by changing the chemical composition [13]. For pho-
tovoltaics, this wide range of tunability makes metal halide perovskites not only ideal
for single-junction solar cells, but also promising for tandem solar cells either in com-
bination with commercially available photovoltaic materials like crystalline silicon and
CIGS or by combining two perovskite materials with different bandgaps. Unlike for
III-V semiconductors, where the tuning of composition has to take place in (ultra)high
vacuum, the compositional tuning of metal halide perovskites can be achieved in so-
lution, providing great flexibility for device fabrication as well as material morphology
from nanocrystals, nanowires, polycrystalline thin films, to single crystals [14–17]. The
micro/nano-structure can also be tuned from two-dimensional sheets [18] to three-dimensional
frameworks. Surprisingly, despite the polycrystalline nature and the simple fabrication
methods of most solution processed metal halide perovskite, the photophysical proper-
ties remain top-tier among a variety of commonly used semiconductors. This is not only
beneficial from a production point of view, as high quality materials can be fabricated at
a relatively low cost, but also spurs a large number of fundamental research questions.
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Figure 1.1: Crystal structure of metal halide perovskites. The metal cation (blue) are located in the center
of halide (yellow) octahedra, while the organic or inorganic cations (green) are located in between the metal
halide octahedra.

One mystery is that metal halide perovskites have a high absorption coefficient and
a long charge carrier lifetime at the same time, which is a highly unusual combination
for conventional semiconductors. In this thesis, we focus on the structural origin of this
phenomenon and investigate how the structure of the material influences the photo-
physical properties that are relevant for optoelectronic applications. We also study the
photophysics of low dimensional perovskites, a promising candidate for light emitting
devices under pressure.

1.2. SINGLET FISSION AND TRIPLET-TRIPLET ANNIHILATION

Singlet fission and triplet-triplet annihilation are excitonic conversion processes that
only happen in organic (carbon-based) semiconductors. Organic semiconductors dif-
fer from inorganic semiconductors in a range of important photophysical properties,
perhaps the most important difference is that they form stable, Coulombically bound
electron-hole pairs, called excitons.

When light is absorbed in organic semiconductors, electron-hole pairs will be cre-
ated. Unlike in inorganic semiconductors, where the electron-hole pairs quickly dissoci-
ate into free charge carriers due to the low binding energy, electron-hole pairs in organic
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semiconductors have a much higher binding energy (up to 1 eV), forming a so-called
Frenkel exciton. When the spin of the electron and the hole is antiparallel, the exciton
has a net spin of zero and is called a singlet exciton. A triplet exciton is formed when
the electron and hole have parallel spins, yielding a net spin of one. The singlet exciton
normally carries a higher energy than the triplet exciton due to the exchange energy [19].

When the energy difference between the first excited singlet state (S1) and the first
excited triplet state (T1) is large enough such that E(S1)>2E(T1), the process of singlet
fission can occur, where one chromophore in its first excited singlet state can transfer
part of its energy to another chromophore close by and form two triplet excitons on the
two chromophores [20]. It is a spin-allowed process as the two triplets can have an over-
all spin of zero, and therefore singlet fission can occur on a femtosecond timescale in
certain materials [21]. Singlet fission was first introduced to explain the photophysics in
anthracene and tetracene [22, 23] and this assignment was confirmed by magnetic field
dependent measurements in 1969 [24, 25]. In the following decades, singlet fission has
been observed in a variety of materials, including polyacenes and their derivatives, con-
jugated polymers and carotenoids [26–30].

In 1979, Dexter proposed for the first time that singlet fission could be used for the
sensitization of photovoltaic devices to enhance their power conversion efficiencies [31].
In 2006 Hanna and Nozik proposed that singlet fission could potentially be utilized to in-
crease the efficiency of single-junction solar cells by 25 % if combined with an infrared
absorber, yielding a maximum 45 % efficiency theoretically [32]. This article has reju-
venated the interest in singlet fission solar cells. Solar cells incorporating singlet fission
layers have shown higher than 100 % external quantum efficiency [33–35], while near-
unity efficient transfer of triplet excitons from polyacenes to lead chalcogenide quantum
dots has been demonstrated [36, 37], providing solid evidence for the potential benefit
of singlet fission for photovoltaics.

Different mechanisms for singlet fission are proposed from the fundamental studies
as more experimental evidence is found for the relevant excited states for singlet fission.
For example, the process of singlet fission involves intermediate states, and proposals
for these states include triplet pair states [38, 39], charge transfer states [40], and quin-
tet states [41, 42]. Yet, a complete physical picture of singlet fission and design rules for
highly efficient singlet fission materials are still missing, requiring further investigation
into this photophysical process.

Triplet-triplet annihilation (TTA) is the reverse process of singlet fission, where two
triplet excitons fuse to form a higher-energy exciton, which can be a singlet, a triplet or a
quintet exciton. When a singlet exciton is formed, it can radiatively decay to the ground
state by emitting a high-energy photon. This process can be used for a so-called photon
upconversion process that converts low-energy photoexcitation into high-energy emis-
sion. The photon upconversion process can be of great use in many areas, for instance
biomedical therapy [43], solar cells [44] and light-emitting diodes [45]. Highly efficient
triplet-triplet upconversion can be realized in solution [46]. However, the liquid nature
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strongly limits the application of TTA upconversion. Solid-state and pseudo-solid mate-
rial systems have also been developed for TTA upconversion and the up-converted light
covers a broad range from red to the ultraviolet [47, 48]. However, the quantum efficiency
of these systems is significantly lower than the solution systems. A clear understanding
of the loss channels is thus needed for the development of solid-state material systems
with higher efficiency.

A variety of aspects can have an impact on the rate and efficiency of excitonic con-
version processes. In this thesis, we modulate the intermolecular distance and packing
via hydrostatic pressure and focus on the effect of intermolecular electronic coupling on
the rate and efficiency of the excitonic conversion processes.

1.3. PHOTOPHYSICS UNDER HYDROSTATIC PRESSURE

The structure of a material often determines its properties, which is especially true for
semiconductors. For example, the band structure is entirely dependent on the crystal
structure of the semiconductor. Materials for photovoltaics, both organic or inorganic,
are no exception. Studying the structure-property relationship is therefore important
for photovoltaic materials, and the structures of the active materials may be strongly
influenced by the operation conditions, leading to variations in device performance.
In flexible devices, the strain induced via bending of the substrates can also influence
the performance and stability of the devices. Therefore, a clear understanding of the
structure-property relationship is important not only for fundamental research but also
from a practical perspective.

There are several ways to change the structure and study the influence on photo-
physical properties. These include direct variation of the structure by changing the chem-
ical nature of the crystal or molecules that form the semiconductor, or more subtle changes
like changing the temperature. However, these methods typically influence more than
just the structure alone. For solar cells for example, temperature can have an impact on
the performance because it also changes the phonon spectrum, the carrier mobilities,
the carrier density and the entropy of the systems [49].

In contrast, external pressure is a relatively clean approach to modify the structure of
semiconductor materials with little impact on other aspects of the photophysics. Pres-
sure induces strain that changes the intermolecular distance. Since many processes rely
exponentially on the molecular distance, even small variations in strain can lead to large
variations in the properties.

Various methods of generating pressure can be used in practice. The most common
method is a diamond anvil cell, where the sample is placed in between two diamond
anvils. When the diamond anvils are pushed closer to each other, a high pressure can be
generated on the sample. In the ultrahigh pressure regime (>100 GPa) exotic properties
of materials [50] can be reached in the diamond anvil cell, yet there are some drawbacks
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of this powerful tool. First, the sample volume allowed for diamond anvil cells is limited
to the cubic micrometer range. This limitation rules out the possibility of testing cen-
timeter sized thin film samples, which is the more relevant size for practical solar cell
and LED devices. Second, the accuracy of the pressure reading is relatively poor, leading
to uncertainties especially for low pressure measurements, the regime most interesting
to study subtle changes in semiconductors. Last but not least, for the photovoltaic mate-
rials the deformation under realistic operation is significantly below what can be reached
in the diamond anvil cells. For practical applications it is thus more interesting to study
the materials under mild strain (sub-GPa) that can be encountered in realistic operating
conditions, than pushing the materials towards the extremes.

To apply a sub-GPa pressure on semiconductor thin films, many possibilities are
available. For instance, pressure can be applied in a gas pressure cell [51], with a fluid/spring-
driven piston [52] and by substrate-induced strain [53]. The major concern for a gas
pressure cell is the safety. The possibility of gas explosion makes it dangerous for real-
istic operation. Strain can also be induced via driving a piston. However, the generated
pressure is anisotropic, leading to different degrees of deformation in different direc-
tions. As thin films are normally deposited on top of substrates, a change in the lattice
constant of the substrate can also induce strain in the thin film. However, the substrate-
induced strain is also anisotropic. And if the change of lattice constant in the substrate
is generated via heating, the temperature change could also induce unexpected changes
in the thin film in addition to the substrate-induced strain, as described above. In this
thesis we use a hydraulic pressure cell as a tool for pressure generation. This cell uses an
inert liquid to transfer the pressure from a piston onto the sample, which sits in a pres-
sure chamber. The sample area is large enough (2.25 cm2) to house full solar cells, and
macroscopic thin films, as well as cuvettes to measure liquids under pressure. The ma-
jor benefits are the hydrostatic (isotropic) nature of the generated pressure, large sample
size, and safe operation.

As pressure directly accesses the structure of materials, pressure-dependent studies
on materials have often focused on structural changes such as crystal phase transitions.
For materials relevant for optoelectronic applications, the steady-state and dynamic op-
tical properties under pressure are of great interest. Studying these properties under
pressure allows to directly link the structural changes with changes in the functionality.

While numerous steady-state optical measurements have been conducted under pres-
sure, time-resolved optical measurements, especially ultrafast optical measurements that
can provide information on the initial dynamics in optoelectronic materials upon exci-
tation, are still in very early stage. In this thesis, we perform one of the first ultrafast
pump-probe optical measurements of macroscopic semiconductors under hydrostatic
pressure.

Both our steady-state and time-resolved measurements focus on the exciton and
charge carrier dynamics in materials relavant for photovoltaics and optoelectronics. We
show that with this powerful tool, a clearer understanding of photophysics in various



1

8 1. INTRODUCTION

materials is achieved.

1.4. OUTLINE OF THIS THESIS

We use pressure to clarify the photophysics of photovoltaic materials and their evolution
in response to structural changes. It is not only interesting as a fundamental research
problem, but also highly relevant for realistic applications. In this thesis, we apply hy-
drostatic pressure on thin films of three- and two-dimensional metal halide perovskites,
the singlet fission material rubrene and an upconverting ionic liquid. We measure their
steady-state and time-resolved optical properties under pressure.

In Chapter 2, we study the photophysics of thin films of methylammonium lead io-
dide perovskite (MAPI), a prototypical material for metal halide perovskite photovoltaics,
under pressure. We observe a pressure induced phase transition at 325 MPa. From
the pressure-dependent steady-state photoluminescence (PL) and PL lifetime measure-
ments we find evidence for the theoretically predicted Rashba-splitting in metal halide
perovskites. With pressure we can change the band structure to be less split, and we
show that a high-pressure phase transition results in a purely direct bandgap semicon-
ductor.

In Chapter 3, we study the Rashba splitting of two-dimensional (2D) metal halide
perovskites under pressure. We find the steady-state optical response of the 2D per-
ovskites to hyrostatic pressure is strongly dependent on the organic spacer in between
the lead halide octahedra sheets. The quantum confinement effect is relaxed in a system
with short spacers with increasing pressure, while no significant change is observed for
a system with long spacers. We do not see evidence for Rashba splitting in monolayer 2D
perovskites from time-resolved optical measurements under pressure. We propose pres-
sure studies on multilayer 2D perovskites for a thorough investigation of Rashba splitting
in 2D perovskites.

In Chapter 4, we study the effect of intermolecular electronic coupling on singlet
fission. Coupling should have a strong effect on singlet fission because it is an intrinsi-
cally intermolecular process. We vary the micro-morphology of rubrene thin films and
measure their exciton dynamics under pressure. We find that a higher singlet fission
efficiency is achieved in amorphous rubrene under high pressure while a slower disso-
ciation rate of the triplet pair is observed in crystalline rubrene. Our study shows that a
balance between electronic coupling and energetics needs to be considered for design-
ing highly efficient singlet fission materials.

Similarly to singlet fission, triplet-triplet annihilation involves the interaction of molec-
ular chromophores, and should hence depend strongly on the molecular coupling. In
Chapter 5, we study the effect of external pressure on a photon-upconverting ionic liq-
uid network. We find the response of the network to external magnetic field is solid-like.
The effect of pressure on the upconverting properties of the network remain inconclu-
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sive due to the photo-bleaching damage of the sensitizers. We propose approaches that
can be taken to improve the stability.

In Chapter 6, we discuss opportunities of valorization that emerge from the preced-
ing chapters. We propose singlet fission sensitized perovskite solar cells as a potentially
cheap and efficient alternative for single-junction silicon solar cells. We discuss the ben-
efits of such devices and the requirement of materials and stability that need to be ful-
filled for the realization of such devices. Finally, we look into the potential of such devices
compared to single-junction solar cells.





2
INDIRECT TO DIRECT BANDGAP

TRANSITION IN METHYLAMMONIUM

LEAD HALIDE PEROVSKITE

Solar cells made from hybrid perovskite semiconductors have seen an unprecedented rise
in efficiency over the past few years, now reaching efficiency values close to the best silicon
solar cells. However, the understanding as to why these materials perform so efficiently
is lacking behind the device progress. One of the great mysteries is the unusually long
charge carrier lifetime. Conventional semiconductors show either strong absorption and
short charge carrier lifetime (direct bandgap semiconductors), or weak absorption and
long lifetimes (indirect bandgap). Hybrid perovskites seem to offer both strong absorption
and long lifetime, which is very convenient for solar cell operation. Here we show that the
origin of the unusually long lifetimes could lie in the peculiar bandstructure of methylam-
monium lead iodide (MAPI). An indirect transition, arising from a relativistic spin-orbit
splitting of the lower conduction band, is present just below the direct bandgap of the per-
ovskites. This allows strong light absorption via the direct transition, then the generated
charges relax into the indirect band where they are protected from recombination. We also
show that the indirect bandgap disappears at high pressure. Then the lifetime is reduced
and the radiative efficiency is doubled which could open the route towards more efficient
light emitting devices such as LEDs and lasers.

11
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2. INDIRECT TO DIRECT BANDGAP TRANSITION IN METHYLAMMONIUM LEAD HALIDE

PEROVSKITE

2.1. INTRODUCTION

Solar cells based on methylammonium lead iodide perovskites (MAPI) have seen an un-
precedented increase in efficiency over a short period of time [8, 54–56], while other
applications including lasers and photodetectors have shown promise [57, 58]. The high
efficiency of these applications arises due to low defect density [17] with long charge
carrier lifetime [59] and diffusion length [60], in spite of the material being solution pro-
cessable. MAPI has widely been considered a direct bandgap semiconductor according
to both theoretical calculations and experimental observations [61, 62]. However, the
unusually long minority carrier lifetime with values more similar to those of indirect
bandgap semiconductors [63], and the associated long charge carrier diffusion length
has been a long-standing mystery in the field. It evoked explanations based on long-
lived trapping of charges,[64] large polarons [65], reabsorption [66] and triplet exciton
formation [67]. Recently, theoretical calculations predicted a slightly indirect bandgap
in this material [68]. Brivio et al. calculated the band structure of MAPI using quasiparti-
cle self-consistent GW theory and found that a Rashba-splitting of the conduction band
should generate this slightly indirect bandgap [69]. The same relativistic effect has been
reported in other calculations. [70–72]

Recent experimental indications point towards a Rashba-split band in MAPbBr3 and
MAPI [73]. However, there is little experimental evidence that directly correlates the
changes of bandstructure and the charge carrier dynamics of MAPI. The bandstruc-
ture of a semiconductor can be altered by structural changes under external application
of pressure [74, 75]. Pressure has been applied to MAPI to understand the structural
changes [76–78] and the recombination dynamics [79]. It is found that MAPI under-
goes a phase transition at around 325 MPa. The phase at ambient pressure is tetragonal
[76, 77] and the high pressure phase has been subject to debate, assigned to orthorhom-
bic [76, 78, 79] and cubic [77] crystal phases. A further phase transition is known to occur
in the GPa regime [76–78].

Here we find that MAPI has an indirect bandgap 60 meV below the direct bandgap
both in absorption and emission spectra. This indirect gap is responsible for the unusu-
ally long carrier lifetime because the thermalized carriers are protected against recombi-
nation via the fast direct transition. The indirect transition arises from Rashba splitting
of the conduction band. The band is split due to the local electric field generated by the
absence of inversion symmetry around the Pb site, which acts on the 6p orbitals of the
lead-atom where most of the conduction band minimum is located [69, 80].

We study the optoelectronic changes of thin polycrystalline MAPI films under mild
hydrostatic pressure up to 400 MPa, below and just above the phase transition at 325
MPa. We show that the bandgap changes with pressure and that the direct transition is
enhanced. Above the phase transition MAPI behaves like a purely direct bandgap semi-
conductor. As the bandgap becomes more direct, the charge carrier lifetime decreases
drastically with increasing pressure and the photoluminescence quantum yield (PLQY)
exhibits a two-fold increase. These changes can be understood in terms of an increase in
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Figure 2.1: Scanning electron micrograph of the MAPI film on fused silica substrate prepared via one-step
spin-coating in combination with antisolvent treatment.

inversion symmetry around the Pb site due to a reduction in the in-phase ordering of the
MA ions under pressure. These changes lead to a reduction in Rashba splitting, resulting
in a more direct bandgap of MAPI. Our results show that small structural changes can
significantly improve relevant optoelectronic properties of MAPI.

2.2. RESULTS AND DISCUSSIONS

2.2.1. SAMPLE PREPARATION

We prepare MAPI thin films via a one-step spin-coating method in combination with
antisolvent treatment [81]. 1.2 g of PbI2 was first mixed with 2 mL of anhydrous N,N-
dimethylformamide (DMF) and heated to 100 °C while stirring. After PbI2 was fully dis-
solved, 0.4 g of methylammonium iodide (MAI) was added to the solution. The solution
was kept stirring at 100 °C until MAI was completely dissolved. For the formation of thin
films, 100 microliter of solution was deposited onto the glass substrates by spin-coating
at 5000 rpm for 20 seconds. After 5 seconds of spinning, 100 µL of chlorobenzene was
placed on the sample for the anti-solvent treatment. The sample was then transferred
to a hotplate and annealed at 100 °C for 10 min. A dark brown film was obtained after
annealing. A scanning electron micrograph of the MAPI film is shown in Figure 2.1.
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Figure 2.2: Absorption spectra with transparent and translucent pressure liquid. The inset shows the normal-
ized absorption spectra of the pressure liquid without sample at elevated pressure. The spectral response is
flat around the band-edge.

2.2.2. ABSORPTION OF MAPI FILM UNDER PRESSURE
We apply hydrostatic pressure to 400 nm thin polycrystalline films of MAPI using a pres-
sure cell filled with an inert, mechanically pumped pressure liquid 2.4. The pressure was
first applied from ambient pressure to 400 MPa (pressure upstroke) and then down from
400 MPa to ambient pressure (pressure downstroke), both in steps of 25 MPa. A 5–7 min
waiting step after application of pressure and before the measurement was used to allow
the material to equilibrate under pressure. The pressure liquid FC-72 started to scatter
a fraction of light from 300 MPa onwards (Figure 2.2), presumably because it crystal-
lizes. This effect varies from measurement-to-measurement, so we corrected for it in
the absorbance spectra by fitting a linear model to the part of the spectra where MAPI
does not absorb (>820 nm ) and subtracting the background. From the measurement-to-
measurement variability we estimate the upper limit on the error of the pressure reading
(following the 5–7 min waiting step) to be 20 MPa. The material is continuously com-
pressed up to a maximum strain of 3 % at 400 MPa, as calculated from a Young’s modulus
of 12.8 GPa [82]. This value is in good agreement with the change of lattice volume up to
400 MPa, derived from powder X-ray diffraction (PXRD) data [77].

The corrected absorption spectrum remains constant in shape, but the onset of ab-
sorption clearly changes with pressure (Figure 2.3a, see Figure 2.13 for complete set of
absorption spectra under pressure). To extract the (direct) bandgap, we used the linear
part of Tauc plots [83] of the absorption edge. For the pressure upstroke, a continu-
ous red-shift of the absorption edge by 30 meV is observed until 325 MPa (Figure 2.3b).
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Figure 2.3: (a) Absorbance spectra of MAPI at three characteristic pressures and (b) bandgap shift of MAPI
under pressure and DFT calculations (dashed line) predicting the bandgap change

This unusual trend arises due to the electronic band structure associated with the corner
sharing lead iodide network [84]. While many semiconductors have negative bandgap
deformation potentials (the bandgap increases with increasing pressure), hybrid lead
halide perovskites have positive values as the band extrema are found at the boundary
of the Brillouin zone (R point) that corresponds to out-of-phase interactions between
neighboring unit cells [85]. An abrupt blue-shift occurs above 325 MPa which can be
understood as a result of a phase transition from a tetragonal to an orthorhombic or
cubic crystal structure [76–79]. The phase transition is followed by a continuous blue-
shift. Upon release of pressure from 400 MPa, i.e. the pressure downstroke, the change
in bandgap is completely reversible, thus we can infer that the deformation of the crys-
tal lattice is elastic and therefore the pressure-induced structural changes, including the
phase transition, are reversible. The change in bandgap is in good agreement with the re-
sult of density functional theory (DFT) calculations before the phase transition (dashed
line in Figure 2.3b). Atomistic modeling was not attempted on the high-pressure struc-
ture that emerges above 325 MPa, so the secondary blue-shift is not recovered in the
calculations.

2.2.3. STEADY-STATE PHOTOLUMINESCENCE OF MAPI FILMS UNDER PRES-
SURE

The steady-state photoluminescence (PL) spectra of MAPI reveal peculiar behavior un-
der pressure (Figure 2.4, see Figure 2.14 for complete set of PL spactra under pressure).
We find that the PL spectrum is composed of two distinct peaks before the phase transi-
tion, and that one peak is sufficient to fit the data after the phase transition (see Section
2.5.1 for details). At 0 MPa, the dominating emission peak is located at around 1.61 eV,
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Figure 2.4: (a) Steady-state photoluminescence (PL) spectra of MAPI at three characteristic pressures, inset
shows ambient pressure PL spectra of MAPI at low and high excitation densities and (b) Shift of main and side
PL peaks of MAPI and the ratio between main and side peaks under pressure

while a side emission peak is located at around 1.55 eV. The side peak disappears at high
excitation densities (as shown in the inset of Figure 2.4a). Many reports at high excitation
densities hence do not resolve the side peak [67, 86, 87], and in reports at low excitation
density the asymmetric PL spectrum is often ignored [79, 88–91]. The main peak has
been assigned to band-to-band recombination and speculations about the origin of the
side peak include phonon-assisted recombination [87] and exciton–phonon interaction
[92]. A PL side peak has also been observed in the low-temperature orthorhombic phase
of MAPI. However, that side peak has been assigned to trapped [93, 94] or bound [57, 67]
charge-carrier pairs, which, as we show, is different compared to the side peak at room
temperature. With increasing pressure up to 325 MPa, the main peak exhibits a red-
shift by 10 meV and side peak exhibit a red-shift by 20 meV (Figure 2.4b). The main peak
shows an abrupt blue-shift at the phase transition followed up by a continuous blue-shift
up to 400 MPa, which is consistent with the shift of absorption edge. Following previous
work [79] and from the PL peak position [93] we assign the high-pressure phase to the
orthorhombic phase. In the following we will show that the side peak in the low pressure
phase arises from an indirect transition 60 meV below the direct bandgap.

Recent theoretical studies have predicted that a Rashba splitting of the conduction
band is present for MAPI, leading to a slightly indirect transition 50 to 75 meV below
the direct bandgap28 (Figure 2.5). This is due to strong spin–orbit coupling (SOC) in the
MAPI crystal. The conduction band minimum in MAPI is mainly formed by the lead (Z
= 82) 6p orbitals, while the valence band maximum is mainly formed by iodine (Z = 53)
5p orbitals. As the spin-splitting scales approximately with Z2, the valence band is less
affected than the conduction band. Therefore, although a small splitting of the valence
band is observed in the calculations, it is negligible compared to the large splitting in
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Figure 2.5: Schematic illustration of theoretical prediction of bandstructure of MAPI and pressure-induced
changes

conduction band. The flattened valence band provides a large density of states that en-
ables strong direct absorption. However, when MAPI is excited at low intensities, mainly
the bottom of the conduction band will be filled, which means that (slow) indirect tran-
sitions will play a significant role.

In our PL spectra, the energy of the side peak is 60 meV below the main peak, which
fits the theoretical prediction (the energy of the phonon required is small in comparison,
see Section 2.5.2 for details). The ratio between the area of side and main peak is increas-
ing with increasing pressure up to 325 MPa (Figure 2.4b). At the same time the difference
in energy between the peak positions is reduced, from 60 meV to around 50 meV at 300
MPa (Figure 2.6). After the phase transition at 325 MPa only one PL peak is present.
These phenomena can be understood as a result of changes in the ordering of MA ions.
In-phase ordering of MA ions increases Rashba-splitting, while out-of-phase ordering
decreases the splitting. The ordering of MA ions decreases at low pressure before the
phase transition to decrease the occupied volume. The ambient tetragonal phase fea-
tures in-phase ordering of the MA ions [95], hence the decrease in order at low pres-
sure reduces the splitting. After the phase transition MAPI is in the orthorhombic phase,
which features out-of-phase order [95], where the splitting vanishes and MAPI becomes
a purely direct bandgap semiconductor.

2.2.4. INDIRECT BANDGAP IN PHOTOTHERMAL DEFLECTION SPECTROSCOPY

The indirect bandgap is also apparent in the absorption spectrum below the direct bandgap.
We find that data gathered from photothermal deflection spectroscopy (PDS, data taken
from [96–98]) can only be fitted with both a direct bandgap and an indirect bandgap be-
tween 46 and 60 meV below the direct gap, in addition to the Urbach tail (Figure 2.7, see
Section 2.5.3 for details). Combining only a direct bandgap and the Urbach tail (dashed



2

18
2. INDIRECT TO DIRECT BANDGAP TRANSITION IN METHYLAMMONIUM LEAD HALIDE

PEROVSKITE

Figure 2.6: Energy difference between main and side PL Peaks of MAPI under pressure.

lines in Figure 2.7) yields a very poor fit. We note that the Tauc analysis is only valid in the
absence of significant excitonic contribution to the absorption spectrum in the relevant
region [99]. An excitonic and a continuum contribution following the Elliott formula can
also yield a reasonable fit to the absorption spectrum, though with much larger residu-
als in the region where we expect the indirect bandgap (see Figure 2.15). This indicates
that accurately describing the below-bandgap absorption spectrum does require an in-
direct bandgap. Additionally, the dramatic changes we observe under pressure cannot
be explained by an excitonic contribution alone, without invoking the indirect bandgap,
since the change in excitonic contribution to the absorption spectrum under pressure
is small (see Section 2.2.6), in stark contrast to the strong changes in the optoelectronic
properties.

2.2.5. RECOMBINATION DYNAMICS OF MAPI FILMS UNDER PRESSURE
We expect the transition towards a more direct bandgap under pressure to result in a
shorter excited state lifetime. We use time-correlated single photon counting (TCSPC)
to probe the excited state lifetime at different pressures. The sample is excited with a
red laser at 640 nm (12 nJ cm−2), at a low initial charge carrier density of around 6 ×
1014cm−3 . This mild excitation density reduces the filling of the conduction band and
thus enhances the contribution seen from the indirect transition. The PL decay curves
at representative pressures are shown in Figure 2.8a. By modelling the decay curves us-
ing the equation shown in the inset of Figure 2.8a, the monomolecular and bimolecular
decay rates can be extracted. We find that both bimolecular and monomolecular decay
rates increase at higher pressure (Figure 2.8b) . We note that this is contrary to the trend
recently measured for MAPI powders [79]. To determine how well bimolecular recombi-
nation competes with monomolecular recombination we calculate the fraction of charge
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Figure 2.7: PDS data from (a) Sadhanala et al., (c) de Wolf et al. and (e) Zhang et al. fit with an exponential
Urbach tail (orange) and indirect (blue) and direct (green) bandgaps. A fit of only a direct bandgap and Urbach
tail is shown in dashed green. The energy distance between direct and indirect bandgap is 60, 46 and 53 meV,
respectively. A large Urbach tail overlaps with the indirect bandgap. (b), (d) and (f): Linearized data according
to the Tauc rule with linear fits.
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Figure 2.8: Time-Correlated Single Photon Counting (TCSPC) data of the PL of a MAPI film under pressure,
excited with a 640 nm laser. (a) TCSPC data of 0 MPa, 320 MPa and 400 MPa pressure. The black line shows
the fit from the model shown in the inset. (b) Monomolecular (top) and bimolecular (bottom) decay rates of
the charge carriers, extracted from the fit. The bimolecular recombination rate (bottom) changes faster with
pressure than the monomolecular recombination rate, with both changing slope after the phase transition at
325 MPa (dashed line). Black bars inside symbols represent the error from the fit. (c) Fraction of charge carriers
that decayed through the monomolecular channel and bimolecular channel.

carriers that decayed via the bimolecular (radiative) and monomolecular (non-radiative)
path (Figure 2.8c) . The internal radiative efficiency increases from 20 % at ambient
pressure to 40 % at 325 MPa and remains at around 40 % from 325 to 400 MPa (Figure
2.8c). The increasing fraction of radiatively decaying charge carriers and hence increase
in PLQY is a result of an increasingly direct nature of the bandgap. The cross-section for
vertical electron–hole recombination is increased as Rashba splitting is decreased. This
model is consistent with the strong increase in PLQY with increasing excitation density
[100, 101] as higher excitation density saturates the indirect transition and enhances the
direct transition (numerically shown in [80]). Similar effects can also be seen in the low-
temperature orthorhombic phase of MAPI where an ordered anti-ferroelectric structure
is formed that suppresses internal electric fields [88]. We therefore propose that the en-
hancement of PLQY at high pressure has the same microscopic origin as the recently
reported low temperature optoelectronic behavior.

2.2.6. DISCUSSIONS

The PL side-peak and the slow recombination have been associated with trap states
[93, 94] and excitonic effects [57, 67], and cation reorientation could also affect the PL
spectrum [68]. In the following we discuss our reasoning for assigning the effects ob-
served under pressure to the indirect bandgap instead.

We can exclude trap states as a major factor that causes the effects under pressure



2.2. RESULTS AND DISCUSSIONS

2

21

Figure 2.9: Photoluminescence quantum yield (PLQY) of MAPI as function of excitation intensity.

as trap states cannot account for the simultaneous increase in the PLQY and in the side
peak contribution of the PL spectra. If the trap states were to become more relevant un-
der pressure one would expect the PLQY to decrease instead. To confirm that the charge
carrier dynamics are not dominated by trap states, we measure the external PLQY of our
films (Figure 2.9, see Section 2.5.4 for details), which is comparable to values measured
for films showing very high solar cell performance [89].

We also compare the PL spectra of samples made by different processing methods,
and compare several samples made by the same method (see Section 2.4 for details). We
observe the same PL side peak in all samples, with differences in the magnitude of the
effect, and a slight difference in the energy difference between main and side peak (Fig-
ure 2.10). These differences might arise from different doping levels induced by different
preparation methods.

We also observe the same behavior under pressure (Figure 2.11) for a sample pre-
pared via dipping method (see Section 2.4 for details). It is unlikely that the same photo-
luminescence behaviour appears for such different samples if it came from deposition-
induced traps or phase separation.

MA cation reorientation following excitation could also lead to a lower-energy state
with a long lifetime. However, we think that it does not explain our dataset. For example,
the absorption spectrum should show no significant features of such a low-energy tran-
sition, because the cation re-orientation only happens after charge generation. Also, the
PL spectrum shows that the majority of the carriers decays via the high-energy transi-
tion, which can be easily explained by the Rashba-split conduction band, but would be
very unlikely if the charge carrier protection would arise through the re-orientation of
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Figure 2.10: Steady-state PL spectra of MAPI film prepared via (a) one-step spin-coating using lead iodide as
precursor with antisolvent treatment in glovebox and (b) in air and (c) one-step spin-coating using lead acetate
as precursor.

Figure 2.11: (a) Steady-state photoluminescence (PL) spectra of MAPI film prepared via dipping method at
three characteristic pressures, inset shows ambient pressure PL spectra of MAPI at low and high excitation
densities and (b) Shift of main and side PL peaks of MAPI and the ratio between main and side peaks under
pressure.



2.2. RESULTS AND DISCUSSIONS

2

23

Figure 2.12: (a) Excitonic peak in absorbance data. No change in height (indicating a change in exciton binding
energy) is visible in the raw data. (b) Change in exciton binding energy in percent over pressure. No structure
is visible, the variation is likely from measurement noise. Black line is the mean, error bars from the noise
standard deviation.

the cations. In that case the emission would come from the low-energy transition, with
the exception of the very early-time PL, before the reorientation.

It is conceivable that the exciton in perovskites also stabilizes the excited state. We
calculate the change of exciton binding energy over different pressures (Figure 2.12).
Our data is consistent with no change in exciton binding energy over the entire pres-
sure range, even across the phase transition, with an upper bound of a relative change
of 26 %. Such mild changes are unlikely to result in a 5-fold decrease in charge carrier
lifetime and a 2-fold increase in PLQY.

We note that Rashba splitting is still a controversial topic in the field. Recent ex-
perimental and theoretical studies have proposed that MAPI is a purely direct bandgap
material [102–104] or a Rashba type material that behaves like a direct bandgap mate-
rial [105], and that the Rashba-splitting may not be responsible for the slow recombi-
nation of charge carriers [106]. Other experimental and theoretical evidence supports
the notion of an indirect behavior [91, 107, 108]. Our results, together with this intense
discussion show that it is important to carefully consider the material and the mea-
surement conditions (in particular carrier density), and that further work is needed to
elucidate on both the presence of Rashba splitting, and its effect on the photophysics.
Angular-resolved photoemission spectroscopy (ARPES) measurements such as done for
MAPbBr3 [73] and magnetic field dependent measurements could provide further in-
sights.
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We note that the reduction in recombination rate by the indirect bandgap appears
beneficial for solar cells because it means that charge carriers can be extracted easily.
This, however, is only the case if carrier transport is limiting device performance. In
most perovskite devices transport is efficient, and then the increased radiative rate of a
direct bandgap is, in fact, beneficial for a solar cell as it could increase the open-circuit
voltage [109].

2.3. CONCLUSIONS

In conclusion, our results indicate that the prototype hybrid perovskite MAPI has an in-
direct bandgap. This arises from distortion of the lead iodide framework, which leads
to an electric field across the Pb atom, splitting the conduction band (Rashba splitting).
The position of the indirect transition 60 meV below the direct transition is consistent
with an absorption spectrum that almost resembles a direct bandgap semiconductor. At
the same time, charges thermalized in the conduction band are protected from recom-
bination because recombination requires a change in crystal momentum. Hence, the
slightly indirect bandgap explains the apparent contradiction between the long charge
carrier lifetime and diffusion length, and the efficient absorption of perovskite semicon-
ductors. Under pressure, the electric field across the Pb atom is reduced, increasing the
relative strength of the direct transition, which reduces the charge carrier lifetime and in-
creases the radiative efficiency. This tunability opens the path towards new, rational ma-
terial and structural developments of perovskite semiconductors with engineered band
structure. These materials could be even better suited for solar cells with a higher pho-
tovoltage, highly efficient LEDs, and lasers with low lasing threshold.

2.4. METHODS

Methylammonium lead iodide (MAPI) thin films were prepared via solution-based meth-
ods, including spincoating, spincoating in combination with antisolvent precipitation
and a dipping method. All chemicals were purchased from Sigma-Aldrich and used as
received. Fused silica glass substrates were sonicated with detergent Micro 90, deion-
ized water, acetone, and isopropanol sequentially for 10 min and oxygen plasma treated
at 100 W for 15 min.

For the data shown in the main text we use spincoating in combination with antisol-
vent precipitation following [81]. The details are described in Section 2.2.1.

To investigate the influence of trap states, impurities, and morphological changes
induced by different sample preparation methods, we prepared MAPbI3 thin films with
various methods, namely spincoating with and without antisolvent precipitation, so-
lution casting, and two-step dipping (lead iodide (PbI2) used as lead precursor for all
methods mentioned above) and spincoating using lead acetate (PbAc2) as lead precur-
sor. All operations were performed in a nitrogen-filled glovebox unless specified. All PL
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measurements were performed under the same experimental condition as described in
the main text unless mentioned specifically.

For spincoating with antisolvent precipitation, the procedure was described in Sec-
tion 2.2.1. We repeat the preparation method described in the main text to estimate the
sample-to-sample variation. Additionally, we prepare the same sample in air without
changing other parameters.

For solution casting, 100 µL of hot (100 ºC) MAPI solution (37 %, wt.) in DMF with a
molar ratio of 1:1 between PbI2 and MAI was deposited on top of fused silica substrate
that was placed on a hotplate at 100 ºC under nitrogen atmosphere for 30 min.

For using PbAc2 as lead precursor, PbAc2 and methylammonium iodide (MAI) were
dissolved in DMF with a molar ratio of 1:3 at 100 °C to obtain a 1M solution of MAPI. The
solution was then spincoated onto fused silica substrates at 2000 rpm for 45 seconds.
Then the sample is left to dry at room temperature for 10 min. The dried sample was
transferred to a hotplate and annealed at 100 °C for 10 min.

For the two-step dipping method, we prepare a PbI2 solution by dissolving PbI2 (Sigma
Aldrich, 99.999 %) in DMF by stirring it at 70°C overnight. The PbI2 solution was filtered
through a 0.2 µm PTFE filter to obtain a clear solution. This PbI2 solution was spun on a
pre-heated (50 °C) silica slide at 4000 rpm for 5 s. The PbI2 covered slide was then dipped
in 15 ml of homemade MAI solution (10 mg/ml in IPA) for 10 min. After 30 s a black film,
consisting of micron sized crystallites (see Figure 2.16), is formed.

Hydrostatic pressure was generated through a pressurizing liquid Fluorinert FC-72
(3M) inside a high pressure cell (ISS Inc.) using a manual pump. The pressure was first
applied from ambient pressure to 400 MPa (pressure upstroke) and then down from 400
MPa to ambient pressure (pressure downstroke), both in steps of 25 MPa. A 5-7 min wait-
ing step after application of pressure and before the measurement was chosen to allow
the material to equilibrate under pressure. The pressure liquid FC-72 started to scatter
a fraction of light from 300 MPa onwards (flat spectral response, see inset Figure 2.2),
which we corrected for in the absorbance spectra. The PL spectra and lifetimes were
unaffected. From the measurement-to-measurement variability we estimate the upper
limit on the error of the pressure reading (following the 5-7 min waiting step) to be 20
MPa.

Scanning electron microscope images were taken with a FEI Verios scanning elec-
tron microscope. The acceleration voltage was set to 15 kV and the sample current was
set to 100 pA. The working distance was set to 4.1 mm. The images were generated via
collecting secondary electron signals using a Everhart-Thornley type detector.

Absorbance spectra of MAPI thin films were measured with a LAMBDA 750 UV/Vis/NIR
Spectrophotometer (Perkin Elmer) from 550 nm to 850 nm. A correction of the absorp-
tion spectra was done for all the spectra obtained above 300 MPa by subtracting the
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background signal from scattering in the liquid. The background was obtained from
a fit in the region of 820 nm to 850 nm where MAPI does not absorb.

Steady-state photoluminescence (PL) was measured with a home-built setup equipped
with a 640 nm continuous-wave laser as source of excitation (PicoQuant LDH-D-C-640)
at a power output of 0.7 mW. The PL spectra were collected at an angle of 45°. Two Thor-
labs FEL-700 highpass filters were used to remove the excitation laser from the signal.
The PL was coupled in a fiber connected to a OceanOptics USB4000 spectrometer, set to
an integration time of 2000 ms for each measurement. The PL spectra were fitted with
either one or two Voigt profiles (see Section 2.5.1).

Time-correlated single photon counting (TCSPC) measurements were performed with
a home-built setup equipped with PicoQuant PDL 828 “Sepia II” and a PicoQuant Hydra-
Harp 400 multichannel picosecond event timer and TCSPC module. A 640 nm pulsed
laser (PicoQuant LDH-D-C-640) with a repetition rate of 5 MHz was used as source of
excitation and a single-photon avalanche diode (SPAD) detector (Micro Photon Devices,
MPD-5CTD) was used for the detection of photoemission. A Thorlabs FEL-700 long-
pass filter was used to remove the excitation laser. The TCSPC data was collected over
the course of 60 seconds per measurement.

The photoluminescence quantum yield (PLQY) measurement was performed with
a home-built setup. A supercontinuum laser (Fianium WL-SC-390-3) was fiber coupled
into an acousto-optical tunable filter (AOTF), which has a visibile output for wavelengths
400-750 nm. A Mitutoyo objective focused the light on the sample inside the integrat-
ing sphere. Light inside the integrating sphere is monitored by the integrating sphere
photodetector. The incident intensity was controlled by the AOTF RF power. Thorlabs
PDA100 calibrated photodiodes were used as photodetectors. The acousto-optical tun-
able filter (AOTF) output was modulated with a 50 percent duty cycle at 3kHz. The ab-
sorption and photoluminescence measurements were done with Thorlabs FELH0650
and FESH0650 long pass and short pass filters, and the excitation wavelength was 600
nm.

First-principles materials modelling was employed to assess the bulk response of the
electronic structure to external pressure. Calculations were performed by our collabo-
rator, Prof. Aron Walsh from Imperial College London, within the Kohn-Sham Density
Functional Theory (DFT) formalism as implemented in VASP [110]. Projector-augmented-
wave core potentials were combined with a kinetic energy cutoff of 600 eV for the plane
wave basis set describing the valence electrons including spin-orbit coupling. A scalar-
relativistic description of Pb[Xe] was used with the 5d semi-core electrons included as
valence. The phonon-stable crystal structures reported previously [111] were taken as
the starting point for a series of isobaric calculations with a stress tensor ranging from 0
to 500 MPa. A positive bandgap deformation was found (bandgap decrease with increas-
ing pressure) in agreement with initial calculations31. No attempt was made to model
the phase change above 325 MPa, which would require sampling changes in spatial and
temporal structural disorder.
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2.5. SUPPLEMENTARY INFORMATION

2.5.1. FITTING OF STEADY-STATE PL SPECTRA
Steady state PL spectra are measured as function of wavelength. For a quantitative analy-
sis of the data, a Jacobian transformation of the spectra to an energy scale was performed
following literature [112]. The PL spectra are best fitted with Voigt profiles [113], which
include the contributions from both Gaussian and Lorentzian components. The Voigt
profile is given by

P (x, y) = 1

ωG

√
ln2

π
K (x, y) (2.1)

Where K (x, y), the so-called “Voigt function”, is given by
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exp(−t 2)

y2 + (x − t )2 d t (2.2)

with x = ν−ν0
ωG

p
ln2, y = ωL

ωG

p
l n2 and where ωG and ωL are the half widths of the

Gaussian and Lorentzian components respectively, ν is the wave number, and ν0 is the
wave number at the line center.

The goodness of fit is evaluated by adjusted R squared (also known as coefficient of
determination). Fits with adjusted R squared between 0.95 – 1.00 are considered to be
“good” fits and all the Voigt fits for PL spectra fulfill this criterion. We define our error in
the peak position as the standard errors of the Voigt fit.

The Voigt profile shape is chosen because it (a) offers the best description of the data
since the emission broadening is a combination of homogeneous (Lorentzian) and in-
homogeneous (Gaussian) broadening [114, 115] and (b) is the most general curve shape,
as it is a convolution of Gaussian and Lorentzian line shapes.

2.5.2. ESTIMATION OF PHONON ENERGY
The phonon momentum can be calculated by assuming two parabolic bands that have a
60 meV difference from the k=0 point and the band edge. The curvature of the parabolic
bands is determined by the effective masses, taken from literature [85]. The resulting
wave vector is k= 0.048 Å−1. This value is comparable to k of 0.05 Å−1 from literature
[80]. To calculate the energy of an acoustic phonon with this wave vector we use the
phonon dispersion relation [116]:

ω= 2

√
γ

M
|sin(ka/2)| (2.3)

where ω is the angular frequency, γ is the force constant, M is the mass of the unit
cell, k is the phonon wave vector, and a is the lattice constant.
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The force constant γ is connected to Young’s modulus Y and the lattice parameter
a via γ=Y ×a. The Young’s modulus was derived from the phonon dispersion relation in
literature [117] and found to be Y =(13 ± 2) GPa. The lattice parameter is a=6.4 Å [118].
The mass of the unit cell is the sum of all unit cell constituents. These values lead to a
phonon energy of 0.6 meV, for a phonon with momentum such that the indirect transi-
tion can occur.

2.5.3. MODELLING OF PHOTOTHERMAL DEFLECTION SPECTROSCOPY (PDS)
DATA

To fit the photothermal deflection spectroscopy data, we use equations for the direct
bandgap, the indirect bandgap, and the Urbach tail. We extracted the absorption data
for MAPI from [96] using the website (http://arohatgi.info/WebPlotDigitizer/) (Figure
2.7). As above, the data was then linearized according to the Tauc rule for both direct
and indirect bandgaps:

αhν= A(hν−EG )r (2.4)

with the absorption coefficient α, photon energy hν, the scaling constant A, the
bandgap energy EG and the coefficient r (r = 2 for indirect allowed transition, r = ½
for direct allowed transition) [119, 120]. Then the linear region of the plot is identified
and a straight line is fitted (with Mathematica using LinearModelFit) (Figure 2.7). The
beginning of the absorbance can be fitted separately with an exponential, the Urbach
tail, usually assigned to shallow traps and Gaussian disorder [121]. The Urbach energy
we extract is 21 meV, comparable to the 15 meV measured before [96, 98].

The dashed lines depict an attempt of fitting the whole bandedge with only a direct
bandedge and an Urbach tail. The fit with only a direct bandgap does not describe the
data well, with non-Gaussian distributed residuals, which led us to the conclusion that
an indirect bandgap is also supported from PDS absorption data.

2.5.4. DETERMINATION OF PLQY
We used an integrating sphere setup to estimate the photoluminescence quantum yield
of the identical MAPI film used in the main text. We determine the absorbed power and
the luminescence directly, by using a photodetector combined with a long-pass filter (for
photoluminescence). The experimental approach is based on an experimental setup
described by Mann et al. [122], inspired by Leyre et al. [123]. Here, the absorptance A is
determined as:

A = 1− Phi t

Pmi ss
(2.5)

where Phi t and Pmi ss are the power on the integrating sphere photodetector behind
a short-pass filter, when the beam hits or misses the sample, respectively. The photo-
luminescence is determined by repeating the measurement, but now with a long-pass
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Figure 2.13: Complete set of absorption spectra of MAPI under pressure

filter. Using a calibrated photodiode the collection efficiency of the integrating sphere
and the excitation power are determined, which allows us to determine the PLQY:

PLQY = PPL

C A
(2.6)

where PPL is the photodetector signal due to photoluminescence, and C is the col-
lection efficiency calibration factor.

The excitation power is varied by modifying the transmission of an acousto-optic
tunable filter (see below), while the normalization to suns is performed by converting
the incident power to a power density. The area of the spot is determined using a knife
edge measurement, and the incident flux density is normalized to the above band gap
photon flux in the solar spectrum.

The errorbars are due to systematic and random errors. The systematic error is esti-
mated from a calibration measurement on R6G+ dye and is 9 % rel., while the random
error is only significant at low intensities.
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Figure 2.14: Complete set of PL spectra of MAPI under pressure
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Figure 2.15: Comparison of Tauc fit and Elliott fit on PDS data of Sadhanala et al.. Left Top: Best Elliott fit with
data in between dashed lines as produced by fitting with Mathematica. Right Top: The same fit as before, on a
log scale. Left Bottom: Zoom in the data of the band edge. The residuals shown in the bottom panel are larger
than in the Tauc fit. Right Bottom: Manually improved fitting of band edge. The band edge can be fitted better
by decreasing the broadening parameter from 19 meV to 16 meV. Fitting the remaining parameters results in
the blue fit,
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Figure 2.16: Optical micrograph of MAPI sample prepared via two-step dipping method.
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PHOTOPHYSICS IN

TWO-DIMENSIONAL LEAD HALIDE

PEROVSKITES:
A PRESSURE STUDY

Two-dimensional (2D) lead halide perovskites are emerging as promising light emitting
materials due to their quantum confined electronic structure. Understanding the steady-
state optical properties and exciton dynamics in 2D perovskites is important for improv-
ing the emission efficiency of the materials and the performance of light emitting devices.
Here we study the changes in photophysics upon application of pressure. Most of the com-
pression is absorbed in the organic spacer lyaer, changing the quantum confinement for
the short spacers. We also study the Rashba splitting in 2D perovskites We find that the
steady-state response of 2D perovskites to pressure strongly depends on the length of the
organic spacer. Time-resolved optical measurements under pressure reveal no evidence
for Rashba splitting in monolayer 2D perovskites. We propose studies on multilayer 2D
perovskites under pressure for a more comprehensive understanding of Rashba splitting
in 2D perovskites.
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3.1. INTRODUCTION

The emergence of lead halide perovskites in recent years has shown the great potential of
this type of material for optoelectronic applications. Alongside with the rapid growth in
efficiency of the perovskite solar cells, where the perovskites are used as light absorbers,
there are also growing interests in exploiting perovskites as light emitters for applica-
tions such as light emitting diodes (LED) and lasers. For these applications, where effi-
cient recombination of charge carriers is needed, the variations of perovskites that have
a lower dimensionality, two-dimensional (2D) perovskites, have sparked interest of re-
searchers because of the stronger confinement of the charge carriers in these systems.
Unlike the 3D perovskites, where the lead-halide cages are interconnected in a three-
dimensional manner, 2D perovskites consist of mono- or multi-layers of lead halide
cages which are spatially separated by organic spacers. LEDs with high external quan-
tum efficiency have been demonstrated using 2D perovskites or a combination of 2D/3D
perovskites [12, 124]. Broadband white-light emission has also been discovered in a va-
riety of 2D perovskites [18, 125–127]. Besides the great optoelectronic properties, the 2D
perovskites and the 2D/3D mixtures show an increased stability compared to the pure
3D perovskites, which is normally ascribed to a better passivation at the grain bound-
aries [128, 129].

While the device efficiency is advancing, there is still a lack of clear understanding of
the fundamental aspects of the photophysics in 2D perovskites, especially the structure-
property relationship, which is important for further improvement in materials and de-
vices. As we have shown experimentally in Chapter 2, a Rashba splitting at the band
extrema, induced by strong spin-orbit coupling, may be existent in the prototypical 3D
perovskite methylammonium lead iodide. We have also shown that the degree of Rashba
splitting can be tuned via the application of external pressure and the changes in Rashba
splitting can have huge impact on the dynamics of charge carriers. Since the building
blocks of 2D perovskites are still lead halide cages, it is of interest to see whether the
Rashba effect is also existent in 2D perovskites despite the layered structure which is
different from the 3D analogs. If 2D perovskites show Rashba splitting, we need to un-
derstand how the structural changes influence the degree of Rashba splitting and the
photophysical properties of 2D perovskites, to utilize the tunability via the structural de-
gree of freedom. Several reports have shown theoretical and experimental evidence of
Rashba splitting in 2D perovskites [130, 131]. Yin et al. showed that for 2D perovskites
separated by PEA ligands, the n=1 layer perovskite should show no significant Rashba
splitting, while the n=2 material should. Similarly, n=3 layers should show no Rashba
splitting [131]. This difference arises because of the different tilting angles of the Pb-I
bond, which is 180 ◦ for n=1, 174.0◦ and 172.5◦ for n=2 and 176.3◦ and 177.3◦ for n=3.
This means that the n=2 variant shows a stronger tilting, leading to breaking the inver-
sion symmetry around the lead atom, which ultimately leads to the Rashba effect.

Since the symmetry of the lead-halide cages can be tuned with pressure, we hypoth-
esize that we should see a difference in the pressure response of the n=1 and n=2 2D
perovskites. With the increased pressure the angle between the octahedra of both sys-
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tems should be close to 180◦, leading to a diminished Rashba splitting. For that compar-
ison, however, we first need to fully understand the photophysical behavior of the n=1
perovskite, where we expect no changes relating to Rashba splitting under pressure, be-
cause there is already zero tilt at ambient pressure.

In this chapter we study the photophysics of two types of n=1 2D perovskites un-
der hydrostatic pressure, namely hexylammonium lead iodide (HA2PbI4) and dodecy-
lammonium lead iodide (DA2PbI4) and perform steady-state and time-resolved optical
measurements to track the changes in charge carrier dynamics under pressure. These
materials have two ligands of very different length, and we expect the ligand spacer layer
to be softer under compression compared to the inorganic 2D sheets. Comparing the
two materials allows us to distinguish the effect of ligand compression from halide cage
tilting. In addition, these 2D perovskite variants have shown white-light emission at
low temperature, and because under pressure perovskites behave somewhat similar as
under low temperature, pressure might provide a good probe to better understand the
white-light emission.

We find that the ligands induce significant differences in the behavior under pres-
sure. For the shorter (HA) ligands, we see a red-shift of the absorption and emission
energy, assigned to a weaker confinement of the excitonic wavefunction, while the wave-
function in the perovskite with long DA ligands remains confined even at high pressure.
As predicted, we see no evidence for the Rashba splitting in the n=1 perovskite, and, as a
result, no changes under pressure in the dynamics after photoexcitation. Our results also
strongly suggest that most of the deformation under pressure is in the ligands, and that
the lead iodide octahedra remain relatively uncompressed. We see no white-light emis-
sion under pressure, confirming that the lead iodide octahedra are largely unaffected by
pressure. Finally, we point towards experiments with n=2 and n=3 layer perovskites, and
lay out the remaining challenges towards studying Rashba splitting in 2D perovskites.

3.2. RESULTS AND DISCUSSIONS

3.2.1. ABSORPTION OF HA2PBI4 AND DA2PBI4 UNDER PRESSURE

The absorption spectra of HA2PbI4 and DA2PbI4 thin films prepared via one-step spin-
coating (see Section 3.4 for details) under pressure up to 400 MPa are shown in Figure
3.1. Strong excitonic features are present in both materials in the absorption spectra,
which is a result of strong quantum confinement induced by the spatial separation of
lead iodide octahedra. The absorption of DA2PbI4 at ambient pressure is blue-shifted
with respect to that of HA2PbI4, which can be understood as a result of stronger quan-
tum confinement effect induced by the longer length of the DA spacer. The absorption
of HA2PbI4 shows a continuous red-shift of around 40 meV under pressure up to 400
MPa, while the absorption spectra of DA2PbI4 remain static despite increasing pressure.
Below we discuss the possible origin of the different response of the two materials under
pressure.
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Figure 3.1: Absorption spectra of (a) HA2PbI4 and (b) DA2PbI4 under pressure.

The wavefunction in the 2D perovskite sheets is highly confined to a single layer of
PbI6 octahedra. This confinement leads to a strong blue-shift of the bandgap as com-
pared to the 3D perovskite, and a discretization of the electronic levels, leading to a
strong excitonic absorption and emission spectrum [132]. By applying pressure, we find
that the absorption spectrum red-shifts. This shift is consistent with a partial release of
the confinement, by a narrower distance between the 2D sheets. The wavefunction can
tunnel partially into the next layer, leading to a weaker effective confinement, similar
as in quantum dots, where the spacing between individual dots, induced by surface lig-
ands, also has influence on the confinement [133].

The DA ligands (12 C-atoms) pose a larger distance between the perovskite sheets
compared to the HA ligands (6 C-atoms). As a result, the wavefunction is more confined,
leading to an even more blue-shifted bandgap. Under pressure we observe no changes
in the absorption spectrum, suggesting that even under compression, the spacer layer
between the perovskite sheets is large enough to prevent any leakage of the wavefunc-
tion into the neighboring layers.

3.2.2. STEADY-STATE PHOTOLUMINESCENCE OF HA2PBI4 AND DA2PBI4

UNDER PRESSURE

The steady-state photoluminescence (PL) spectra of HA2PbI4 and DA2PbI4 under pres-
sure are shown in Figure 3.2. Both films show asymmetric PL line shape, which might
be a result of self-absorption due to the relatively large thickness of the films. Like in
absorption, the PL of DA2PbI4 at ambient pressure is blue shifted with respect to that of
HA2PbI4, again confirming a higher degree of quantum confinement in DA2PbI4. The PL
spectrum of the HA perovskite shows a similar continuous shift in the emission spectrum
as in the absorption spectrum under pressure. This indicates that, besides the release
of confinement, no other effects play a significant role for the emission energy. At high
pressure the peaks become slightly narrower, indicating changes in the electron-phonon
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Figure 3.2: Steady-state photoluminescence spectra of (a) HA2PbI4 and (b) DA2PbI4 under pressure.

coupling [134]. The DA perovskite shows again no shift in the bandgap at elevated pres-
sure. This is consistent with the absorption spectrum, and again shows that the com-
pression in this case is mostly absorbed in the long DA ligands. At higher pressure, the
peak width does become significantly narrower, with a strong reduction of emission at
the red end of the peak. This may indicate that under high pressure, some lower-energy
states (e.g. shallow trap states, disordered phases) cannot be accessed any more.

The HA and DA perovskites have shown to emit white light at low temperatures (< 100
K). This broad emission has been assigned to emission via sub-bandgap defect states,
either an interstitial of iodide, or iodine related Frenkel defect states [127] . In previous
experiments we could show that high pressure has a similar effect on the band struc-
ture as low temperature [91, 135], yet without changing the temperature and therefore
the phonon bath. It would therefore be interesting to observe the defect emission at
high pressure and room temperature. As apparent from Figure 3.2, we cannot observe
the white-light emission at high pressure <400 MPa. This, again, is consistent with the
picture that the lead-halide cages do not significantly strain when surrounded by soft or-
ganic ligands. For 2D lead bromide perovskites, white-light emission has been observed
at much higher pressures (> 4 GPa), where presumably also the cages distort [136].

3.2.3. PHOTOLUMINESCENCE LIFETIME OF HA2PBI4 AND DA2PBI4 UN-
DER PRESSURE

To study the existence of Rashba splitting, we study the dynamics of the excited states in
the 2D perovskites. For 3D MAPbI3, the dynamics become faster at high pressure, and
the emission more efficient, consistent with a reduction in Rashba splitting. Here, we
study the 1-layer perovskite, where we do not expect Rashba splitting, so we would ex-
pect no changes related to the splitting in the dynamics at high pressure. The PL decay
curves of HA2PbI4 and DA2PbI4 thin films under pressure are shown in Figure 3.3. Both
materials show a faster decay compared to the 3D perovskites, suggesting the excitonic
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Figure 3.3: PL decay curves of (a) HA2PbI4 and (b) DA2PbI4 under pressure.

nature of the 2D perovskites, i.e. the high binding energy between the electron and the
hole, accelerates the recombination of the electrons and the holes. The changes in PL
lifetime of both materials under pressure seem to be minimal. As the electronic struc-
ture of perovskites are located mainly within the lead-halide octahedra, no change in
the recombination dynamics might indicate that there are limited changes in the lead
halide octahedra, consistent with the picture that the compression mainly takes place in
the ligands.

If there were Rashba splitting in these perovskites, however, we would expect a change
in the decay dynamics, even at low compression values. For example, for MAPbI3 we
observed a change in the dynamics already at 50 MPa [135]. Here, we see no changes,
consistent with no Rashba splitting in the n=1 perovskites.

3.2.4. TRANSIENT ABSORPTION OF HA2PBI4 UNDER PRESSURE

To make sure that the fast dynamics that we see in the PL decay curves are not domi-
nated by the instrument response, we exploit transient absorption (TA) spectroscopy as
a tool with higher time resolution (fs to ps) to probe the ultrafast exciton dynamics un-
der pressure. Also, with TA, all excited states become visible, not only the emissive ones.
Thus, with TA we can get insights into the broad trap state distribution that has been
attributed to the origin of the white-light emission.

The TA spectra of HA2PbI4 at ambient pressure and 400 MPa are shown in Figure
3.4. Note that the spectra are not corrected for the dispersion throughout the optical
path, leading to a shift of the pump-probe delay with wavelength, as apparent from the
shift in the onset of the TA signal. At ambient pressure, a sharp photo-induced absorp-
tion (PIA) and ground state bleach (GSB) feature is observed around the band edge of
HA2PbI4, while a broad PIA feature is observed from 560 nm to 700 nm (Figure 3.5). With
increasing pressure, the sharp PIA and the GSB red-shift, consistent with the changes
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Figure 3.4: 2D transient absorption map of HA2PbI4 (a) at ambient pressure and (b) at 400 MPa. The scale of
the colorbar is 10−2.

that we observe in steady-state measurements. The reduction in signal intensity might
be related to the scattering from the pressure liquid at high pressure.

The sharp PIA feature lies close to the band-edge, and it was previously shown that
the dynamics of this PIA feature coincide with the dynamics of photoluminescence [127].
We find that the decay consists of two timescales, a fast decay of 0.3 ps, and a longer de-
cay with a time constant of 7.0 ps (Figure 3.6). In the PL lifetime we can only observe the
longer decay. Note that the TA spectra were taken at much higher light intensity, making
a comparison of the absolute time constants difficult.

The very fast decay indicates a fast de-population of the exciton, within 1 ps. We find
that the broad PIA feature does grow in on the same timescale (Figure 3.7). Also, the
broad PIA feature lives longer than the sharp PIA. Both observations are consistent with
a picture of fast trapping of the initial exciton population into a broad distribution of
trap states. We therefore assign the broad PIA to induced absorption from a broad trap
distribution. We further hypothesize that this broad trap state distribution is the same
distribution that is responsible for the white-light emission at low temperature.

At elevated pressure we find that the trapping timescale and magnitude does not
change. However, the decay of the trap population becomes slower at high pressure.
This indicates that the high-pressure regime is somewhat closer to the low temperature
regime, with a more stable trap population. We note, however, that the emission does
not show white light, which shows that even at high pressure, we are far from the regime
of low-T (<100 K) emission.
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Figure 3.5: TA spectra of HA2PbI4 at 1 ps after excitation at ambient pressure and 400 MPa

Figure 3.6: TA dynamics of (a) band-edge exciton and (b) trap states in HA2PbI4 at ambient pressure and at
400 MPa
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Figure 3.7: TA dynamics of band-edge exciton and trap states in HA2PbI4 at ambient pressure.

3.3. CONCLUSIONS AND OUTLOOK

In conclusion, we performed steady-state and time-resolved optical measurements on
two 2D perovskites with different organic spacer length, namely HA2PbI4 and DA2PbI4

under hydrostatic pressure. From the steady-state absorption and PL measurements,
the two materials show very different response to external pressure. For HA2PbI4, the ab-
sorption and PL spectrum continuously red-shift under pressure up to 400 MPa, which
can be understood as a result of relaxation of quantum confinement. The shift in the
absorption and PL spectra of DA2PbI4 is minimal until 400 MPa, which is presumably
due to the compression of the spacer layer between the perovskite sheets being not large
enough to cause the release of the quantum confinement. We do not observe white-
light emission within the pressure range that we can reach, suggesting a much higher
pressure might be needed to access the low-temperature regie of white-light emission.
From the PL lifetime measurements, we do not observe significant change in the decay
rate in either material, which indicates that the lead iodide octahedra are not signifi-
cantly compressed or tilted, leading to no changes in the Rashba splitting, or that there
is no Rashba splitting in the first place (as predicted from theory). We identify the photo-
induced absorption of both the band-edge excitons and the trap states from the transient
absorption measurements. The fast decay of the band-edge excitons coincides with the
rise of the trap states PIA. Under pressure, the decay of the band-edge excitons remains
unchanged, while the decay of the trap population becomes slower at high pressure,
which could be an indication of the initialization of the trap states emission. Our results
show that Rashba splitting is not present in the monolayer 2D perovskite HA2PbI4 and
the degree of quantum confinement can be manipulated by change the interlayer dis-
tance via external pressure.
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Figure 3.8: (a) Absorption and (b) PL of mono- and multi-layer 2D perovskites at ambient pressure

As Yin et al. have shown, Rashba splitting in PEA-terminated 2D perovskites could
be dependent on the number of layers per sheet [131]. It is therefore interesting to
see whether the layer thickness-dependence of Rashba splitting also applies in 2D per-
ovskites with other spacers, and if it can be manipulated by pressure. We have attempted
the synthesis for bilayer and trilayer 2D perovskites with HA ligands, by mixing methy-
lammonium iodide and hexylammonium iodide in stoichiometric ratio in the precursor
solution. However, the absorption spectra of the films suggest that a mixture of differ-
ent thicknesses is present, rather than a homogeneous material of a monodisperse layer
thickness (Figure 3.8). The PL measurements shows that the emission efficiency in the
obtained films is drastically reduced compared to the monolayer 2D perovskites, and
also strongly red-shifted, suggesting energy transfer to the thickest part of the material,
which has the lowest quantum confinement. To have a cleaner system for the study on
the layer thickness-dependence of Rashba splitting, films with better purity need to be
prepared. For the study under pressure, the choice of spacer, especially the length of the
spacer, is of great importance. A balance between the compression of the interlayer dis-
tance and of the lead halide octahedral needs to be considered. Also DFT calculations
for the mono- and multi-layer 2D perovskites under pressure will help to understand the
experimental observations.

3.4. METHODS

Sample preparation: HA2PbI4 and DA2PbI4 thin films were prepared via one-step spin-
coating of a precursor solution. Two portions of 0.46 g of lead iodide (99 %, Sigma
Aldrich) were first separately dissolved in 1 mL of anhydrous n-dimethylformamide (DMF)
under continuous stirring at 100 °C to form a 1M solution. Then 0.46g of hexylammo-
nium iodide and 0.62 g of dodecylammonium iodide (98 %, GreatCell Solar) were sepa-
rately added into the lead iodide solution to form the stoichiometric ratio of 2:1 between
the organic spacers and the lead iodide. The solution is then kept stirring at 100 °C un-
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til all precursors are fully dissolved, which is indicated by a translucent yellow solution.
Fused silica substrates are subsequently cleaned in ultrasonic bath with Alconox deter-
gent, DI water and acetone for 15 min, rinsed with isopropanol and treated in oxygen
plasma at 100 W for 15 min. The precursor solution was then spin-coated onto the pre-
cleaned fused silica substrates at 2000 rpm for 30 s. The substrates were transferred to a
hotplate after spin-coating and annealed at 100 °C for 10 min.

For the trial on multi-layer 2D perovskites, a solution that contains only hexylam-
monium iodide and lead iodide was first prepared. Methylammonium iodide was later
added in stoichiometric ratio into the solution to avoid formation of three-dimensional
perovskites. The thin films were then prepared following the same procedure mentioned
above.

Hydrostatic pressure was generated through a pressurizing liquid Fluorinert FC-72
(3M) inside a high pressure cell (ISS Inc.) using a manual pump. The pressure was first
applied from ambient pressure to 400 MPa (pressure upstroke) and then down from 400
MPa to ambient pressure (pressure downstroke), both in steps of 100 MPa. A 5-7 min
waiting step after application of pressure and before the measurement was chosen to al-
low the material to equilibrate under pressure. From the measurement-to-measurement
variability we estimate the upper limit on the error of the pressure reading (following the
5-7 min waiting step) to be 20 MPa.

UV/Vis absorption: Absorbance spectra of 2D perovskite thin films were measured
with a LAMBDA 750 UV/Vis/NIR Spectrophotometer (Perkin Elmer) from 350 nm to 700
nm in steps of 0.5 nm. A correction of the absorption spectra was done for all the spec-
tra obtained above 300 MPa by subtracting the background signal from scattering in the
liquid. The background was obtained from a fit in the region of 650 nm to 700 nm where
the samples does not absorb, and is typically lower than 10 %.

Steady-state photoluminescence: Steady-state photoluminescence (PL) of the sam-
ples was measured with a home-built setup, while HA2PbI4 was excited with a 485 nm
laser (PicoQuant LDH-D-C-485) in continuous-wave mode and DA2PbI4 was excited
with a 405 nm continuous-wave laser as source of excitation (S1FC405, Thorlabs) at a
power output of 2 mW. The PL of the samples was coupled in a fiber connected to an
OceanOptics USB4000 spectrometer, set to an integration time of 2000 ms for each mea-
surement.

Time-correlated single-photon counting: Time-correlated single-photon counting
(TCSPC) measurements were performed with a home-built setup equipped with Pico-
Quant PDL 828 “Sepia II” and a PicoQuant HydraHarp 400 multichannel picosecond
event timer and TCSPC module. A 485 nm laser in pulsed mode (PicoQuant LDH-D-
C-485) with a repetition rate of 20 MHz was used as source of excitation and a single-
photon avalanche diode (SPAD) detector (Micro Photon Devices, MPD-5CTD) was used
for the detection of photoemission. A notch filter at 488 nm and a 500 nm long-pass
filter were used to filter out the excitation in the detection path. The TCSPC data was
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integrated over 600 seconds per measurement.

Transient absorption: Transient absorption measurements were performed with a
home-built setup equipped with a Ti:Sapphire laser (Coherent, 800 nm, 1 kHz, 35 fs, 6.35
W). The 800 nm fundamental laser was split into two parts to generate the pump (400
nm) using a Barium borate (BBO) crystal and the broadband probe using a sapphire
plate. The time delay between the pump and the probe is controlled via a mechanical
delay stage. TA spectra at each pressure is taken in steps of 0.1 ps. An averaging of 2500
spectra was done at each delay time to yield signal to noise ratio.
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Singlet fission, the conversion from one singlet exciton into two triplet excitons, may help
to boost efficiencies of conventional solar cells. Electronic coupling between chromophores
plays an important role for singlet fission, but has thus far only been varied by chang-
ing the material system. Here we vary electronic coupling in amorphous and crystalline
rubrene by strain using hydrostatic pressure. Under pressure we perform ultrafast tran-
sient absorption measurements to probe the induced changes in the rate and efficiency of
single fission. We show that pressure can increase singlet fission efficiency in amorphous
rubrene close to unity by increasing electronic coupling between chromophores. In con-
trast, increased coupling slows down triplet pair dissociation in crystalline rubrene where
the efficiency of singlet fission is not limited by the intermolecular electronic coupling. Un-
der pressure the energetic barrier for triplet pair dissociation increases by 50 meV with in-
creasing electronic coupling, which leads to slower dissociation of these triplet pairs. Our
results show that singlet fission dynamics can be effectively tuned via external stress, and
that both electronic coupling and energetic driving force must be considered for designing
highly efficient singlet fission materials.
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4.1. INTRODUCTION

Singlet fission in organic semiconductors is a promising and potentially inexpensive
approach to surpass the Shockley-Queisser limit of single-junction solar cells [32]. By
converting one singlet exciton into two lower-energy triplet excitons, singlet fission can
down-convert the high-energy light in the solar spectrum with near-unity efficiency in
material systems like pentacene [21] and 1,3-diphenylisobenzofuran [137]. Highly effi-
cient triplet transfer into inorganic semiconductor nanocrystals [36, 37] and solar cells
with over 100 % external quantum efficiency [33–35] have been demonstrated utilizing
polyacenes, showing the great potential of singlet fission for photovoltaic applications.

Amongst many aspects that can have an impact on the rate and efficiency of singlet
fission, electronic coupling between chromophores has proven to be a critical one. By
studying a variety of materials that are capable of singlet fission, Yost et al. have demon-
strated that the kinetics of singlet fission are strongly dependent on the strength of cou-
pling between bright and dark states in the systems [138]. Tayebjee et al. studied co-
valently linked dimers of pentacene derivatives and found that the dissociation rate of
the triplet pairs is affected by the length of the linkers [42]. Le et al. modified the func-
tional groups of perylenediimides to change the displacement between chromophores
and found that electronic coupling and energetics strongly depend on the displacement
and both influence singlet fission efficiency [139]. Despite these insights on the influ-
ence of electronic coupling on singlet fission, they all rely on comparisons between dif-
ferent material systems, where the morphologies, energetics and entropic gains would
also differ alongside electronic coupling. Therefore, a method that can disentangle elec-
tronic coupling from other parameters is needed to study how singlet fission will be af-
fected by different degrees of electronic coupling in a specific material system.

In this study, we apply hydrostatic pressure on rubrene thin films as a clean method
for tuning the intermolecular distance, which affects electronic coupling without chang-
ing the material system. Rubrene has been extensively studied for organic transistors
[140] and organic light emitting diodes [141] due to its high hole mobility [141] and high
photoluminescence efficiency [142]. Recently, there has been a growing interest in ex-
ploring the possibility of using rubrene for singlet fission [143–149] as the triplet energy
of rubrene is around 1.14 eV [150], making it ideal for triplet transfer into crystalline
silicon, which has a bandgap of 1.12 eV. Pressure has been used for studying optical
[151], electrical [152] and structural [153] properties of rubrene crystals, thin films and
devices. Yet, a clear understanding on how pressure-induced changes in intermolecu-
lar electronic coupling influences exciton dynamics, especially the rate and efficiency of
singlet fission in rubrene, is missing.

To study the effect of electronic coupling on exciton dynamics, we perform steady-
state and ultrafast optical measurements on amorphous and polycrystalline rubrene
films under hydrostatic pressure up to 400 MPa. We observe increased electronic cou-
pling for both amorphous and polycrystalline rubrene films under pressure. Singlet fis-
sion efficiency is enhanced in amorphous rubrene with increasing electronic coupling,
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Figure 4.1: (a) Molecular structure of rubrene and (b) X-ray diffraction (XRD) spectra of crystalline and amor-
phous rubrene thin films

thanks to a more rapid formation of triplet pairs. In crystalline rubrene, the energy bar-
rier between S1 and 2T1 is higher with increasing electronic coupling, resulting in slower
dissociation of triplet pairs. Our results provide insight for designing highly efficient sin-
glet fission materials.

4.2. RESULTS AND DISCUSSIONS

4.2.1. SAMPLE PREPARATION

Amorphous rubrene thin films with a thickness around 100 nm are prepared via ther-
mal evaporation on fused-silica substrates. To obtain a crystalline film, we followed a
homoepitaxial method as is described in literature [154] (see Section 4.4.1 for details). A
pronounced peak at 6.6 ° which corresponds to an orthorhombic structure is shown in x-
ray diffraction spectra for the crystalline film, while it is missing for the amorphous film
(Figure 4.1). The other, much less pronounced peaks presumably indicate short-range
ordering.

4.2.2. STEADY-STATE ABSORPTION OF AMORPHOUS AND CRYSTALLINE RUBRENE

UNDER PRESSURE

The films are immersed in the hydraulic liquid Fluorinert FC-72 to apply hydrostatic
pressure up to 400 MPa to both amorphous and crystalline thin films. Figure 4.2 shows
the UV-Vis absorption spectra of amorphous and crystalline rubrene films at ambient
pressure and their evolution under pressure. The absorption spectrum of dilute rubrene
solution in chloroform is shown in Figure 4.2a for comparison. Clear vibronic progres-
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sions are visible for both amorphous and crystalline rubrene films. The absorption spec-
trum of the amorphous rubrene film shows a minor red-shift with respect to the solution
spectrum, indicating a weak interaction between chromophores that leads to a slightly
J-type aggregation and further confirming the amorphous nature of the film. The ab-
sorption of crystalline rubrene film is blue-shifted compared to the solution spectrum,
while the transition strength of the 0-1 peak is higher than that of the 0-0 peak, indicating
a H-type aggregation in the crystalline rubrene film [155]. With increasing pressure up to
400 MPa, absorption spectra of both amorphous and crystalline rubrene films show con-
tinuous red-shifts (Figure 4.2b and 4.2c) along with a broadening of the 0-0 peaks (Figure
4.2d). The red shifts and broadening of absorption peaks can be attributed to a stronger
polarization effect [19] under pressure due to the reduction of intermolecular distance,
indicating an increasing electronic coupling between chromophores. A red-shift of 15
meV is observed for the 0-0 vibrational peak of amorphous rubrene, while the 0-0 vibra-
tional peak of crystalline rubrene red-shifts by 30 meV when the pressure is increased to
400 MPa (Figure 4.2e). Presumably, the increasing polarization under pressure is partly
compensated by the higher degree of pi stacking between chromophores in amorphous
rubrene under pressure. This increase in pi stacking is evident by the higher ratio be-
tween the transition strength of 0-1 and 0-0 vibrational peaks [155], and the increasing
absorption in the 350-450 nm region which somewhat resembles the absorption of the
crystalline rubrene film .

4.2.3. STEADY-STATE PHOTOLUMINESCENCE OF AMORPHOUS AND CRYS-
TALLINE RUBRENE UNDER PRESSURE

The steady-state photoluminescence (PL) spectrum represents the relaxed state of the
excited singlet exciton (S1). This state is produced on the fs timescale. As singlet fis-
sion in rubrene is reported to occur on ps timescale 19, the steady-state photolumines-
cence (PL) spectrum is a better measure for the energetic starting point of singlet fission
than the absorption spectrum. The steady-state photoluminescence (PL) of amorphous
and crystalline rubrene films at ambient pressure and their evolution under pressure
are shown in Figure 4.3. The 0-0 and 0-1 transitions are clearly visible in the spectra
of amorphous rubrene (Figure 4.3a), while the low-energy 0-1 transition is significantly
suppressed in crystalline rubrene, which can be seen as a result of a H-type aggregation.
As demonstrated by Spano et al. [156], the ratio between the transition strength of 0-0
and 0-1 transitions in PL of organic semiconductors provides useful information about
the delocalization of singlet excitons. The higher ratio in the crystalline rubrene indi-
cates a more delocalized singlet exciton that results from a higher level of π-stacking of
the chromophores. The steady-state PL spectra of amorphous and crystalline rubrene
are fit with two or three Voigt profiles to retrieve the transition strength of relevant vi-
bronic transitions. Under pressure, the ratio of transition strength (R) between 0-0 and
0-1 transitions increases for both amorphous and crystalline rubrene (see Figure 4.8 for
details). A higher R in amorphous rubrene, a weakly J-aggregate, suggests that a higher
spatial coherence of the singlet exciton is facilitated by a higher level of intermolecular
coupling, while a more localized exciton in crystalline rubrene, a H-aggregate, is indi-
cated by a higher R [155]. We note that for Franck-Condon progressions, the width of
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Figure 4.2: (a) Steady-state absorption spectra of amorphous and crystalline rubrene at ambient pressure; (b)
Steady-state absorption spectra of amorphous rubrene from 0 to 400 MPa; (c) Steady-state absorption spectra
of crystalline rubrene from 0 to 400 MPa; (d) FWHM of 0-0 absorption peak of crystalline and amorphous
rubrene from 0 MPa to 400 MPa; (e) the shift of 0-0 peak position as function of applied pressure.
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Figure 4.3: (a) Steady-state PL spectra of amorphous and crystalline rubrene at ambient pressure; (b) Steady-
state PL spectra of amorphous rubrene from 0 to 400 MPa; (c) Steady-state PL spectra of crystalline rubrene
from 0 to 400 MPa; (d) the shift of 0-0 emission peak position as function of applied pressure.

the vibronic peaks should be equal, while our fitting of the vibronic peaks shows differ-
ent peak widths. The 0-0 emission peak of crystalline rubrene is moderately more blue
(by 8 meV) compared to that of amorphous rubrene, which is consistent with the ab-
sorption spectra. Under increasing pressure up to 400 MPa, the 0-0 emission peak of
dilute rubrene solution (see Figure 4.9 for details) red-shifts by 30 meV. The 0-0 emis-
sion peak amorphous rubrene barely shifts (Figure 4.3b and 4.3d), which could be at-
tributed to the opposing contribution of an increasing polarization effect and a more
H-type aggregation between chromophores, while a 50 meV red-shift is observed for
crystalline rubrene (Figure 4.3c and 4.3d), indicating that the polarization effect dom-
inates the spectral shifts while the molecular packing maintains which overall leads to a
significant reduction in S1 energy.
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Figure 4.4: (a) PL spectra and (b) PL lifetime of dilute rubrene solution in chloroform from 0 MPa to 400 MPa

4.2.4. SINGLET FISSION DYNAMICS OF AMORPHOUS RUBRENE UNDER PRES-
SURE

As the wavefunction of triplet excitons are relatively localized to a single molecule [157],
the energy of the first excited triplet exciton (T1) will hardly be influenced by intermolec-
ular electronic coupling. Thus, a higher energy barrier for singlet fission is expected for
crystalline rubrene under pressure, as a result from the reduced S1 energy. To probe the
exciton dynamics in amorphous rubrene under pressure, we perform PL lifetime mea-
surements using time-correlated single photon counting (TCSPC). The PL decay of di-
lute rubrene solution is mono-exponential and exhibits little change in lifetime under
pressure (Figure 4.4).

Figure 4.5a shows the PL decay curves of amorphous rubrene under pressure. The PL
decay in amorphous rubrene is significantly faster compared to the dilute solution due
to the occurrence of intermolecular interactions, e.g. singlet fission. The decay shows no
significant changes until 300 MPa. From 350 to 400 MPa, a faster decay of PL is observed.
As singlet fission is a process that competes directly with fluorescence, a faster PL decay
can indicate faster singlet fission. For a more quantitative analysis of the exciton dynam-
ics, the PL decay curves are fitted with a set of coupled differential equations based on
the following subsequent reactions (Equation 4.1) [158]: (see Section 4.4.2 for details):

S1 +S0
k−2←−→
k2

(T T )i
k−1←−→
k1

T1 +T1 (4.1)

Where (TT) is the intermediate triplet pair state; k−2 is the transition rate from S1 to
(TT); k2 is the transition rate from (TT) to S1; k−1 is the transition rate from (TT) to T1;
k1 is the transition rate from T1 to (TT). The fitted transition rates are plotted in Figure
4.5b. While k2, k−1 and k1 show little change with increasing pressure up to 400 MPa, k−2

shows a two-fold increase from 300 MPa to 400 MPa, suggesting a more efficient transi-
tion from S1 to (TT) under high pressure. It is worth noting that all emission is assumed
to come from the S1 in this model, while a recent report shows that (TT) states could also
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Figure 4.5: ((a) PL decay curves of amorphous rubrene from 0 to 400 MPa; (b) Fitted transition rates between
relevant excited states from 0 to 400 MPa, colors of transition rates in reaction equation correspond to the data
points in the plot, inset shows the calculated singlet fission efficiency as a function of pressure.

be emissive in polyacene derivatives [159, 160]. Also, the generation rate of S1 is not in-
cluded in the model, which may lead to an additional uncertainty in the values of fitted
rates. With the fitted rates, the population of the different states can be derived from the
kinetic model assuming equilibrium between the different states and steady-state con-
ditions (see Section 4.4.2 for details).

The efficiency of singlet fission is represented by the fraction of T1 population among
total population. We find that the singlet fission efficiency increases from 84.0 % to 93.3
% when the pressure is increased from 300 MPa to 400 MPa (inset of Figure 4.5b), indicat-
ing that an increase of the electronic coupling between the chromophores is beneficial
for singlet fission in amorphous rubrene. We note that the assumptions (equilibrium
populations, no S1 generation ) are not entirely satisfied in the experiment, and hence
the kinetic modelling allows only for an estimate of the relative efficiency changes. We
also note that the term singlet fission efficiency is used ambiguously in the literature, in
some instances it only refers to the efficiency of (TT) formation from S1, while here we
consider the full S1 → 2T1 efficiency.

4.2.5. SINGLET FISSION DYNAMICS OF CRYSTALLINE RUBRENE UNDER PRES-
SURE

PL decay curves of crystalline rubrene under pressure are also measured via TCSPC (Fig-
ure 4.6). The prompt fluorescence decays significantly faster compared to amorphous
rubrene, suggesting that singlet fission process proceeds more efficiently in crystalline
rubrene, while the delayed fluorescence appears to have a slower decay.

The changes of prompt fluorescence in decay curves for crystalline rubrene under
pressure is minimal, presumably due to the time-resolution of our instrument (0.5 ns).
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Figure 4.6: PL decay curves of crystalline rubrene from 0 MPa to 400 MPa.

Transient absorption spectroscopy (TA) is thus exploited to resolve the exciton dynamics
under pressure with picosecond time resolution. TA spectra could not be measured on
amorphous rubrene films due to rapid photo-degradation of the samples. Figure 4.7a
and 4.7b show the TA spectra of crystalline rubrene from 500 nm to 700 nm at various
delay times at ambient pressure and 400 MPa, respectively (see Figure 4.10 for spectra
at other pressures). Following Miyata et al. [145], we assign the sharp photo-induced
absorption (PIA) feature at 525 nm to the transition of the (TT) state to a higher lying
triplet pair state, and the broad PIA feature centered around 580 nm to the transition of
S1 state to a higher lying singlet state. A red-shift of the PIA features for both (TT)1 →
(TT)n and S1 → Sn is observed for the high-pressure spectra, consistent with increasing
intermolecular coupling under pressure, for both the singlet and (TT) manifolds. The
dynamics of S1 and (TT) states under pressure are plotted in Figure 4.7c and 4.7d. We
find that the decay of S1 states and generation of (TT) states are independent of applied
pressure, while the decay of (TT) is notably slower with increasing pressure, indicating
a slower generation of uncorrelated triplets from the triplet pair state. As shown above
from steady-state PL measurements, S1 is stabilized by around 50 meV under pressure.
The (TT) state shares a similar spin and spatial nature with S1 [161], and should hence be
similarly stabilized. The red shift of the PIA feature in the TA spectrum is also consistent
with that assignment. The more localized T1 states should be relatively unaffected by in-
termolecular coupling under pressure. Therefore, the stabilization of triplet pairs leads
to to an increased energy barrier between (TT) and 2T1 and therefore a slower transition
from (TT) to 2T1. Another factor that can influence the separation of triplet pairs is the
degree of localization of singlet excitons. Previous studies [162, 163] have suggested that
a delocalized singlet exciton is beneficial for the separation of triplet pairs. As is shown
above, a more localized singlet excition in crystalline rubrene is indicated by a higher
0-0/0-1 transition strength ratio under pressure. As a result, the higher localization of
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Figure 4.7: (a) TA spectra of crystalline rubrene at various delay times at ambient pressure; (b) TA spectra of
crystalline rubrene at various delay times at 400 MPa; (c) Singlet exciton dynamics from 0 to 400 MPa; (d)
Triplet pair dynamics from 0 to 400 MPa.

singlet excitons may additionally contribute to the longer lifetime of the triplet pairs in
crystalline rubrene.

4.3. CONCLUSIONS

In conclusion, we find that by applying a moderate external stress, dynamics of singlet
fission can be tuned effectively. Increasing electronic coupling between chromophores
plays different roles for singlet fission in material systems with different morphologies,
namely amorphous and crystalline rubrene. For amorphous rubrene, the efficiency of
singlet fission shows a significant increase from 300 MPa onwards, which is facilitated
by an increased transition rate from the first excited singlet state (S1) to the intermedi-
ate triplet pair (TT). For crystalline rubrene we observe no change in the efficiency of
(TT) formation, indicating that the electronic coupling does not limit the singlet fission
rate. On the contrary, we observe a slower dissociation of the triplet pair as revealed by
transient absorption measurements under pressure, as a result of a 50 meV decrease in
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S1 energy. Our results show that increasing electronic coupling can play different roles
in material systems with different morphologies and that both the relative energy levels
of relevant excited states and the intermolecular coupling need to be considered for de-
signing highly efficient singlet fission materials.

4.4. SUPPLEMENTARY INFORMATION

4.4.1. EXPERIMENTAL METHODS
Sample preparation: Rubrene (sublimed grade, 99.99 % purity) was purchased from
Sigma Aldrich and used as received. Fused silica glass substrates were sonicated with Al-
conox detergent, deionized water, acetone, and isopropanol sequentially for 10 min and
treated with oxygen plasma at 100 W for 15 min. Amorphous rubrene thin films were
prepared via thermal evaporation (Angstrom Engineering) under a vacuum of 1.5 × 10−7

Torr at a deposition rate of 0.5 Å/s. To obtain crystalline rubrene thin films, 20 nm-thick
amorphous films were first deposited at the same rate as for the amorphous films. The
thin amorphous films were annealed at 170 °C for 180 s in a nitrogen atmosphere. A mild
opacity in the rubrene films was visible after annealing. Another 80 nm-thick rubrene
was then deposited on top of the annealed films to yield a 100 nm-thick crystalline film.
All rubrene films are kept in nitrogen atmosphere before optical measurements.

Pressure generation and measurements: Hydrostatic pressure was generated through
a pressurizing liquid Fluorinert FC-72 (3M) inside a high-pressure cell (ISS Inc.) using a
manual pump. before using the liquid, degassing procedure was performed at liquid ni-
trogen temperature to remove the oxygen dissolved in the pressure liquid. The pressure
was applied from ambient pressure to 400 MPa in steps of 100 MPa. In order to stabilize
the applied pressure and allow the material to equilibrate, a 5-7 min waiting time is taken
between measurements at two adjacent pressure points. A 20 MPa error is estimated for
the pressure reading based on measurement to measurement variability.

UV/Vis absorption: Absorbance spectra of rubrene thin films were measured with
a LAMBDA 750 UV/Vis/NIR Spectrophotometer (Perkin Elmer) from 350 nm to 700 nm
in steps of 0.5 nm. A correction of the absorption spectra was done for all the spectra
obtained above 300 MPa by subtracting the background signal from scattering in the liq-
uid. The background was obtained from a fit in the region of 660 nm to 700 nm where
rubrene does not absorb, and is typically lower than 10 %.

Steady-state photoluminescence: Steady-state photoluminescence (PL) was mea-
sured with a home-built setup equipped with a 405 nm continuous-wave laser as source
of excitation (S1FC405, Thorlabs) at a power output of 2 mW. The PL of the samples was
coupled into a fiber connected to an OceanOptics USB4000 spectrometer, set to an in-
tegration time of 1000 ms for each measurement. The PL spectra were fitted with two or
three Voigt profiles.

Time-correlated single-photon counting: Time-correlated single-photon counting
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(TCSPC) measurements were performed with a home-built setup equipped with Pico-
Quant PDL 828 “Sepia II” and a PicoQuant HydraHarp 400 multichannel picosecond
event timer and TCSPC module. A 485 nm pulsed laser (PicoQuant LDH-D-C-485) with
a repetition rate of 5 MHz was used as source of excitation and a single-photon avalanche
diode (SPAD) detector (Micro Photon Devices, MPD-5CTD) was used for the detection
of photoemission. The TCSPC data was integrated over 600 seconds per measurement.

Transient absorption: Transient absorption measurements were performed with a
home-built setup equipped with a Ti:Sapphire laser (Coherent, 800 nm, 1 kHz, 35 fs, 6.35
W). The 800 nm fundamental laser was split into two parts to generate the pump (400
nm) using a Barium borate (BBO) crystal and the broadband probe using a sapphire
plate. The time delay between the pump and the probe is controlled via a mechanical
delay stage. TA spectra at each pressure is taken in steps of 1 ps. An averaging of 5000
spectra was done at each delay time to yield a higher signal to noise ratio.

4.4.2. ANALYSIS OF TSCPC DATA OF AMORPHOUS RUBRENE
To quantitatively model the TCSPC data of amorphous rubrene under pressure, we use
the reaction equation from Figure 4.5b, from which we obtain following set of coupled
differential equations:

d Ns

d t
=−(kS +k−2)NS +k2N(T T ) (4.2)

d N(T T )

d t
=−(k2 +k−1)N(T T ) +k−2NS +k1N 2

T (4.3)

d NT

d t
=−(kT +k1)NT +k−1

√
N(T T ) (4.4)

Where NS , N(T T ) and NT are the population of the first excited singlet state (S1), the
intermediate triplet pair state ((TT)) and the first excited triplet state (T1), respectively;
k−2 is the transition rate from S1 to (TT); k2 is the transition rate from (TT) to S1; k−1 is
the transition rate from (TT) to T1; k1 is the transition rate from T1 to (TT)). kS and kT

are the intrinsic decay rates of S1 and T1; The above-mentioned transition rates can then
be extracted from the fitting. Using the fitted rates, we perform kinetic modeling using
the following equilibrium equations:

−k−1NS +k1N(T T ) = 0 (4.5)

k−2NT T +k2NT
2 = 0 (4.6)

k−1NS −k1N(T T ) +k2NT
2 −k−2NT T = 0 (4.7)

NS +N(T T ) +2NT = 1 (4.8)
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Figure 4.8: PL spectra of crystalline and amorphous rubrene with fitting at 0 MPa and 400 MPa: (a) amorphous,
0 MPa; (b) amorphous, 400 MPa; (c) crystalline, 0 MPa; (d) crystalline, 400 MPa.

The efficiency can then be calculated by taking the fraction of triplet population
among the total population of all excited states.
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Figure 4.9: PL spectra of dilute rubrene solution in chloroform from 0 MPa to 400 MPa.

Figure 4.10: TA spectra of crystalline rubrene at various delay times at (a) 100 MPa, (b) 200 MPa and (c) 300
MPa.
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PHOTON UPCONVERSION IN AN

IONIC LIQUID: A PRESSURE STUDY

Photon upconversion presents a way to circumvent the Shockley-Queisser limit for solar
cells by allowing sub-bandgap photons to be used for power generation. An ionic liquid
capable of photon upconversion by triplet-triplet annihilation was characterized using
spectroscopy, magnetic fields and hydrostatic pressure. The system was found to be more
strongly electronically coupled under pressure, reflecting decreased intermolecular dis-
tances. The response of the upconversion to a magnetic field was surprisingly solid-like.
The threshold intensity of upconversion was determined as 18.0 mW/cm2. Since efforts to
determine the dependence of the threshold intensity on pressure were inconclusive, sug-
gestions are given for further research.

Work in this chapter is a combined effort with Arnoud Jongelling. Upconverting ionic liquid is kindly provided
by Shota Hisamitsu and Dr. Nobuhiro Yanai from Kyushu University.
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5.1. INTRODUCTION

Photon upconversion is the process that converts low-energy photons into higher-energy
photons. Great research attention has been attracted to photon upconversion due to its
wide range of potential applications in solar cells [44, 164], light-emitting diodes [45] and
biomedical therapy [43]. For solar cells, the upconverted light can be utilized to reduce
the spectrum losses due to photons with energy lower than the absorber’s bandgap. Up
to today most upconversion systems are solution based [46]. A solid-state upconversion
system that can convert infrared photons to visible photons has recently been developed
by researchers from MIT [48], while an intermediate band solar cell with enhanced sub-
bandgap has also been demonstrated by researchers from Princeton University using
photon upconversion [165], showing the potential of photon upconversion for photo-
voltaics.

Both inorganic materials and organic molecules can be used for photon upconver-
sion. For inorganic materials, especially lanthanide-containing nanoparticles, the major
limitation is the low quantum efficiency of the upconversion process (usually lower than
1 %). Photon upconversion in organic molecules typically shows higher efficiency, and
is based on a different process, named triplet-triplet annihilation (TTA) (Figure 5.1). The
process of upconversion by TTA begins with the absorption of photons by a sensitizer,
initially exciting it to a singlet excited state. The sensitizer usually contains one or more
heavy elements such as Platinum, Palladium and Iridium that induce strong spin-orbit
coupling, which allows rapid intersystem crossing from the singlet state to the triplet
state. Thus, through intersystem crossing, the sensitizer produces triplet excitons from
the photoexcitation.

These triplets are then transferred to an emitter, often polyacene derivatives. Ex-
change of triplet excitons happens through the Dexter energy transfer mechanism, which
involves the simultaneous transfer of the electron and hole from one chromophore to
another. The process is dependent on wavefunction overlap between molecules and
thus the transfer rate decreases exponentially with distance. As radiative decay from
the triplet state is spin-forbidden and there is no strong spin-orbit coupling in the emit-
ter, triplet excitons cannot easily decay to the ground state. Through Dexter transfer of
triplets between emitters, and molecular diffusion of emitters if the system is in solution,
two triplet excitons can collide. The emitter molecule is selected so that the energy of the
first triplet state is approximately half that of the first singlet excited state. The electrons
in two triplet excitons can rearrange to one singlet exciton and one singlet ground state
while conserving total spin angular momentum, so the combination is spin-allowed as
well as energetically favorable. The rearrangement proceeds through an intermediate
triplet pair ((TT)). With the radiative decay of the resultant singlet exciton, emitting a
higher-energy photon, the triplet-triplet annihilation is complete and photon upcon-
version is achieved (Figure 5.1).

The process of upconversion by TTA is characterized by two regimes [167]. At low
light intensities and thus low triplet concentrations, the probability that two triplets will
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Figure 5.1: Graphical illustration of TTA-based photon upconversion process. Image adapted from [166].

annihilate is a quadratic function of the triplet concentration, as the probability that a
given triplet will collide with another before decaying increases linearly with triplet con-
centration, and two particles are involved in the collision. At higher intensities, the time
before colliding with another triplet is significantly shorter than the triplet lifetime and
the probability that a given triplet is upconverted no longer depends on the concentra-
tion. The rate law becomes first-order in this case, a linear function of the triplet con-
centration. Any loss mechanisms that affect either the triplet or the multiexciton can de-
crease the triplet lifetime or quantum efficiency, but only alter the overall quadratic and
linear behavior if the loss mechanisms are concentration dependent. While the transi-
tion between these two regimes is not sharp but rather continuous, a value known as the
threshold intensity can be found by extrapolating the quadratic and linear regimes and
finding the intersection point. The more desirable regime for the operation of a TTA up-
conversion system is the high-intensity regime since the system is at its peak quantum
efficiency then. Therefore, a low threshold intensity would be greatly beneficial for the
realistic operation of a TTA upconversion system, e.g. at solar intensity.

The TTA-based photon upconversion can reach a maximum theoretical quantum
efficiency of 50 %. Although molecular systems in solution have shown high quantum
efficiency [46], the quantum efficiency of solid-state TTA upconversion systems is sig-
nificantly lower than the solution systems, largely due to the reabsorption of the upcon-
verted light. The low efficiency of solid-state TTA upconversion systems strongly hinders
application in solid-state devices like solar cells and LEDs. Liquid systems are also tech-
nologically difficult to implement on large-area. Therefore, a solid-state or solid-state-
like materials system with high upconversion efficiency is highly desirable.

Hisamitsu et al. [168] reported the synthesis of a TTA upconversion system based on
an ionic liquid, with platinum octaethylporphyrin (PtOEP) as the sensitizer and dipheny-
lanthracene (DPA) as the emitter in 2015 (Figure 5.2). Because the DPA chromophore is
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Figure 5.2: Emitter and Sensitizer present in the ionic liquid and schematic illustration of TTA upconversion in
ionic liquid. Image adapted from [168].

covalently bound to the negatively charged sulfonate group, it has a strong energetic in-
centive to remain dispersed in the liquid. The counterion is a tetraalkylphosphonium
structure whose tails act to keep the system liquid at room temperature. This approach
circumvents problems with solubility limits of the emitter, which is usually a significant
limiting factor. While not strictly a solid, the ionic liquid is highly viscous (2760 Pa s)
and might be considered pseudo-solid state and a realistic form factor for a practical
upconversion system. Considering the high viscosity and consequently slow molecular
diffusion, Dexter-type energy transfer is the dominant mechanism in triplet diffusion,
as was demonstrated by operating the system in frozen form. The threshold intensity
was remarkably low at 3.0 mW/cm2. The low value might be a result of the formation
of a bi-continuous structure in the liquid, with the alkyl tails of the cations and the DPA
chromophores of the anions forming interlocking, contiguous structures. This densely
packed arrangement of emitters would allow for easy transfer of triplets between adja-
cent molecules, while the continuous structure ensures that all triplets can reach one
another. The driving force for the assembly of this structure would be the difference in
cohesive energy between the aromatic DPA and aliphatic alkyl chains, as well as the elec-
trostatic attraction of the ions.

Despite the desirable properties demonstrated, the understanding of basics for TTA
upconversion in the ionic liquid is still lacking, especially how the microstructure of the
ionic liquid influences the energetics of the involved excited states, the rates of triplet
transfer and the overall kinetics and efficiency.

To investigate the influence of intermolecular distances on processes such as triplet
energy transfer from the sensitizer to the emitter and between emitters, one possible way
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is to alter the chemical structure of the system under study [139]. While effective, this ap-
proach requires the time-consuming synthesis and characterization of an entirely new
compound, which might have very different energetics and entropy in the system.

In this chapter, we use hydrostatic pressure up to 400 MPa as a clean tool to change
the intermolecular interactions of the TTA upconversion ionic liquid mentioned above.
We measure the steady-state absorption and upcoversion photoluminescence as a func-
tion of pressure. Of particular interest is the pressure dependence of the threshold in-
tensity, which we also measure. We also study the effect of an external magnetic field on
the upconversion process as a further characterization for the molecular ordering in the
ionic liquid system.

5.2. RESULTS AND DISCUSSIONS

5.2.1. UV-VIS ABSORPTION OF UPCONVERSION IONIC LIQUID UNDER PRERSSURE

The absorption spectra for the ionic liquid both with (Figure 5.3a) and without PtOEP
sensitizer (Figure 5.3b) under pressure up to 400 MPa are shown in Figure 5.3. The vi-
bronic absorption peaks of DPA [169] are clearly visible between 300 and 450 nm. The
different peaks in this structure represent the molecule being excited to the same elec-
tronic state (the first singlet excited state), but in different states of molecular vibration.
The spectra are also in good agreement with the original work [168]. At increased pres-
sure, a small but significant redshift is observed in the absorption spectra. The peak
between 200 and 300 nm represents a transition to a higher electronic excited state. The
much lower height of this peak in the pure ionic liquid at 0 MPa is considered an arti-
fact of measuring such high absorbance values as the detector is operating with very few
photons then. The difference in peak heights between the two samples is due to vari-
ation in sample thickness, which could only be controlled qualitatively due to the high
viscosity of the ionic liquid. At 350 and 400 MPa the absorption appears to increase at
all wavelengths; the apparent increase is due to scattering caused by the partial solidi-
fication of the hydraulic fluid, nucleating the formation of a sol at these pressures. The
scattering from the pressure liquid is deemed a minor, spectrally broad effect that does
not invalidate the acquired spectra. Spectra taken on the down stroke (Figure 5.4) con-
firmed that there is no significant hysteresis with respect to pressure and there was no
significant degradation of the samples during measurement.

The main absorption peak of PtOEP around 530 nm [170] was detected in the sample
in which it was present, but was only resolved in samples much thicker (around 1 mm)
than the ones used for the pressure measurements owing to the low PtOEP concentra-
tion in the ionic liquid (Figure 5.5). The presence or absence of PtOEP absorption was the
only difference between the two samples; the absorption peaks of the DPA chromophore
were unaffected. In these thicker samples, the absorption of the DPA chromophore was
so high that no appreciable amount of radiation shorter than 450 nm could reach the de-
tector and a plateau appeared at those wavelengths. Even the valley around 300 nm was
not detected. The different appearance of the plateaus in Figure 5.5 is due to variance
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Figure 5.3: The absorption spectra for the ionic liquid (a) with and (b) without PtOEP sensitizer under pressure
up to 400 MPa.

Figure 5.4: The absorption spectra for the ionic liquid without PtOEP sensitizer in the pressure up- and down-
stroke. The spectra are offset for clarity.
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Figure 5.5: The absorption spectra for the ionic liquid without PtOEP sensitizer in the pressure up- and down-
stroke. The spectra are offset for clarity.

in sample geometry; the thicker samples were prepared without sandwiching and the
ionic liquid formed droplets over time. The pure ionic liquid sample blocked the beam
entirely while the sample with PtOEP obstructed only a part of the beam area, so that
the measured absorbance values were lower and enough photons reached the detector
to not appear as a noisy signal.

By modeling each spectrum as a system of Gaussian peaks, the effects of pressure
can be quantified. The shoulder visible around 375 nm was consistently fitted as a peak
and is known to correspond to a real vibronic transition [171], hence the decision to use a
five-peak system. The shifts of the vibronic peaks under pressure are shown in Figure 5.6.
The central energy of each peak slightly but consistently decreases with pressure, with
a slope that is similar for each peak. Generally, the slope is around -70 µeV/MPa. The
lack of abrupt changes or other features in the relationship between energy and pres-
sure is an indication that no dramatic structural changes are caused by the high pressure
and the intermolecular distances are being varied smoothly as intended. Crucially, the
redshift is an indication that the strength of electronic coupling between the molecules
is increased under pressure. In the liquid state or in a solvent, peaks from electronic
transitions are typically redshifted compared to the vapor phase since excited states are
electric dipoles and a polarizable medium acts to stabilize that dipole [19]. In this case,
the smaller intermolecular distances at high pressure act to increase the stabilizing ef-
fect of the polarizability of the surrounding medium. The observed redshift is consistent
with the observation in the original work that the absorption of the neat ionic liquid is
redshifted compared to a solution of the ions in methanol, again indicating a stronger
interaction of the chromophores. This observation was taken as indirect evidence of the
bicontinuous structure of the liquid.
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Figure 5.6: The shifts of vibronic peaks of DPA in the ionic liquid with PtOEP sensitizer.

5.2.2. STEADY-STATE PHOTOLUMINESCENCE OF UPCONVERSION IONIC LIQ-
UID UNDER PRERSSURE

To confirm the capability of upconversion for the ionic liquid with PtOEP sensitizer un-
der ambient conditions, we perform steady-state photoluminescence measurements us-
ing a continuous-wave solid-state laser at 532 nm as excitation source. Figure 5.7a shows
a top-view image of the upconverted PL of the sample with sensitizer immersed in the
pressure liquid Fluorinert FC-72. A cyan to white emission form the sample is observed
while excited with a green laser, qualitatively showing that the system is capable of up-
conversion. The upconversion photoluminescence spectrum can be seen in Figure 5.7b
and has a strong component with shorter wavelengths than the excitation laser at 532
nm. The spectral shape is in good agreement with the original work [168] In the ionic liq-
uid without the PtOEP sensitizer, no detectable photoluminescence was observed while
excited at the same wavelength, confirming that PtOEP sensitizer is required for initiat-
ing the upconversion process.

The spectra in Figure 5.7b are taken with a 500 nm shortpass and 550 nm longpass
filter. As a result, no emission is detected between 500 and 550 nm. In samples that
were exposed to air for several days, the color turned to magenta as an additional peak
appeared in the spectrum around 650 nm, corresponding to the phosphorescence of
PtOEP [172], and the intensity of upconversion photoluminescence decreased signifi-
cantly. This is a strong indication of less efficient triplet transfer from the sensitizer to
the emitter, which could be a result of the degradation of the emitter.

To confirm that the nature of the upconversion is indeed via triplet-triplet annihila-
tion, the influence of an external magnetic field on the intensity of upconversion photo-
luminescence was measured. The results of this measurement are plotted in Figure 5.8.
Around 3000 Gauss there is a disturbance that appears to have affected all subsequent
measurements, including the reverse field scan. The discontinuity could be a result of



5.2. RESULTS AND DISCUSSIONS

5

67

Figure 5.7: (a) The upconversion photoluminescence from a sample with PtOEP in the pressure cell and (b) PL
spectra from a freshly prepared sample and a sample that was exposed to air for seven days.

mechanical movement of some optical components, e.g. lens, out of the alignment due
to the strong magnetic field. Despite this, the measurements up to the disturbance ap-
pear to be valid and will be treated as such.

The overall shape of the curve up to the disturbance shows an initial slight increase
in upconversion photoluminescence, followed by a sharper decrease and eventual satu-
ration. This is consistent with triplet-triplet annihilation in crystalline solid films [173].
In such an ordered system, the multiexciton state can be interpreted in terms of wave-
function symmetry with respect to exchange of the two constituent triplets [174]. This
separates the even states, which are overall singlets, quintets, and mixtures thereof, from
odd states which are overall triplets. At zero field, three of the nine multiexciton states
have singlet character and can participate in upconversion, while a magnetic field of
intermediate strength mixes the singlet and quintet in such a manner that all six even
states have singlet character. At high field strength, the singlet character is concentrated
into two states so that the upconversion efficiency is reduced. The reduction at high field
depends on the ratio of the dissociation rate and annihilation rate of the multiexciton,
and is one third if annihilation is greatly favored.

Conversely, in solutions and glassy solids the molecules are oriented randomly and
the exchange symmetry approach is no longer valid [173]. At zero field, all nine states
have nonzero singlet character while at high field, the singlet character is again concen-
trated into two states. Thus solution systems show upconversion that decreases mono-
tonically with an increase in magnetic field strength [175], where the maximum reduc-
tion is one ninth, again if annihilation is favored over dissociation. The initial increase
seen in the ionic liquid indicates that while the system is a liquid, there is some preferred
orientation to the DPA chromophores. Since this ordering is unlikely to be complete, the
behavior probably lies between the two extremes of crystalline and disordered. Because
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Figure 5.8: Intensity of upconverted PL as function of external magnetic field at ambient pressure.

the size of the initial increase depends not only on the degree of ordering but also the
branching ratio between dissociation and annihilation, the degree of ordering cannot
be determined exactly from this data.

The dependence of the upconversion photoluminescence on the excitation power
density at different pressures is shown in Figure 5.9. The data above 200 MPa is not mea-
sured as the accurate PL intensity could not be determined due to the scattering of pres-
sure liquid at higher pressure. The overall shape of the curves is as expected for a TTA
upconversion system: quadratic at low intensity (appearing linear with slope two on a
log-log plot), transitioning to linear at high intensity (linear with slope one). This shape
is due to triplet-triplet annihilation being limited by triplet decay at low triplet densi-
ties and thus having bimolecular kinetics, but limited by formation of the singlet exciton
from two bound triplets at high intensities and having unimolecular kinetics then.

The overall intensity of the curves appears to decrease with increasing pressure, but
the curves taken on the down stroke have lower intensity still. The mismatch between
up stroke and down stroke measurements at the same pressures indicates an irreversible
degradation of the upconversion system, probably due to photobleaching of the sensi-
tizer during the high-intensity measurements despite efforts to minimize the exposure
times. Photo-oxidation could be an additional degradation channel as the pressure liq-
uid tends to dissolve a significant amount of oxygen [176]. Figure 5.10a illustrates the
process used to find the threshold intensities: the four lowest and the four highest in-
tensity data points were used for fitting of linear functions (using the logarithms of both
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Figure 5.9: Intensity of upconverted PL versus excitation density, at different pressures.

coordinates) of slopes two and one, respectively. The threshold intensity was then given
by the intersection of those functions. The threshold intensities at different pressures
can be seen in Figure 5.10b. At ambient pressure, the threshold intensity is determined
to be 18.0 mW/cm2. This is in rough correspondence with the original work [168], where
the value was determined as 3.0 mW/cm2. The difference could be due to a number of
reasons, such as the lower PL collection efficiency in the pressure cell, the triplet con-
centration being different at the same laser intensity due to a difference in sample thick-
ness, or differences in the way the beam spot diameter was determined. Just as the total
photoluminescence decreased constantly during data acquisition, the threshold inten-
sity appears to have mostly increased, with the down stroke measurement at 0 MPa be-
ing a notable exception. The magnitude of the disagreement between the up and down
strokes appears to follow no easily identifiable pattern.

As is shown in Figure 5.11, the measured UCPL intensity and threshold intensity
roughly follow a negative correlation: points with lower UCPL intensity tend to have
higher threshold intensity. The degradation during measurement makes it nontrivial to
make reliable statements about the pressure-dependent behavior. Through the effects of
the degradation, the two lowest-pressure data points of the downstroke measurements
suggest a possible upward trend in the threshold intensity with pressure, contrarily to
what was predicted. To determine the behavior of the threshold intensity under pressure
more conclusively, a more refined version of the experiment is necessary. An increase
in the threshold intensity at high pressure would imply that any decrease in threshold
intensity due to longer triplet diffusion length is offset by another pressure dependent
phenomenon. One possibility is that hydrostatic pressure changes the relative orienta-
tions of the molecules in such a way that triplet diffusion is impeded or triplet decay is
facilitated. It is also possible that the molecules are forced into a more ordered configu-
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Figure 5.10: (a) Determination of threshold intensity and (b) Threshold intensity of the upconversion system
as function of pressure.

ration, thus concentrating the singlet character into fewer states of the multiexciton and
rendering annihilation to a singlet less likely. While no phase changes are thought to
occur in the relevant pressure range, a continuous rearrangement is still a possibility, as
happens in liquid water close to its freezing point. Furthermore, the two triplets resulting
from such a dissociation could remain entangled as an overall triplet for some time and
be unable to annihilate on subsequent collisions [177]. Thus, each triplet must travel
further on average to find a suitable annihilation partner, leading to a higher threshold
intensity.

Possibly the two lowest-pressure down stroke points are faulty; since the linear fit
was done on the basis of two intensity measurements for the down stroke, a single mea-
surement error could invalidate the value found for the threshold intensity. Furthermore
these data points should be considered the least reliable of all as the sample was the
most damaged for these measurements. Thus possibly the threshold intensity generally
decreases with pressure. This would be more in line with expectations as the emitter
molecules come into closer contact, as verified by the UV-vis spectroscopy, and Dexter
transfer of triplet excitons between emitters is facilitated, thus increasing their diffusion
length and requiring lower triplet concentration to reach the threshold.

5.3. CONCLUSIONS

To conclude, the ionic liquid upconversion system was found to be more strongly elec-
tronically coupled at high pressures, which is evident by the red-shifting of absorption
spectra by around 70 µeV/MPa due to the higher polarizability of the molecules induced
by the shorter intermolecular distances in the ionic liquid. The upconversion in the sys-
tem was also found to have a solid-like response to a magnetic field, showing a slight
increase in photoluminescence with magnetic field strength, followed by a stronger de-
crease and eventual saturation. This pattern implies high symmetry in the orientation
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Figure 5.11: Relationship of calculated threshold intensity, UCPL at maximum excitation intensity (1288
mW/cm2) and pressure (inset labels).

of emitter molecules and thus a high degree of ordering in the structure of the material,
despite it being able to flow as a viscous liquid.

At ambient pressure, the threshold intensity of upconversion, at which the depen-
dence on incident light intensity transitions from quadratic to linear and the system
reaches its peak quantum efficiency, was measured as 18.0 mW/cm2. The measure-
ments at increased pressure were largely rendered inconclusive due to degradation in-
duced by photo-bleaching and photo-oxidation. An increase in the threshold intensity
at high pressure could be ascribed to the structure of the material becoming more or-
dered, thus leading to unfavorable spin statistics that would increase the probability of
two bound triplets dissociating. Conversely, a decrease in the threshold intensity could
be due to more efficient triplet diffusion, so that triplets travel further before decaying
and are more likely to collide.

Overall, the upconversion in the ionic liquid seems to be governed by its characteris-
tics that are intermediate between solid and liquid state; the response to magnetic fields
is solid-like but the system has superior quantum efficiency and threshold intensity to
typical solid upconversion systems. More research is necessary to determine the solid
or liquid character of the system at high pressure and its influence on the upconversion
behavior.
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5.4. FUTURE PERSPECTIVES

5.4.1. REFINEMENT OF INTENSITY PLOT
To determine the upconversion behavior under pressure more conclusively, the pres-
sure and intensity dependence experiment is to be refined. Specifically, measures must
be taken to limit the time the sample is exposed to the high-intensity excitation laser. Be-
sides yielding reliable values for the threshold intensity, this refinement would allow the
absolute photoluminescence curves to be compared and statements to be made about
the efficiency of the system. Protection of the sample could be achieved using a mechan-
ical shutter in the excitation beam line that would only open briefly for each measure-
ment (in this work, blocking the beam was done manually). Another approach would be
to move the beam spot across the sample between measurements, thus limiting the ex-
posure of any particular parcel of ionic liquid to the beam. A material system with higher
photo-stability would also be favorable not only for lab testing, but also for potential ap-
plications.

5.4.2. TRANSIENT ABSORPTION UNDER PRESSURE
Transient absorption spectroscopy would provide a wealth of data about the system by
effectively revealing the absorption spectra of excited states, including triplet excitons
and the multiexciton [160]. In addition to elucidating the upconversion mechanics at
ambient conditions, the experiment could be done with the pressure cell to characterize
how the mechanics change with pressure.

5.4.3. MAGNETIC FIELD MEASUREMENTS UNDER PRESSURE
Pressure was hypothesized to force the molecules in the liquid into a more ordered state,
thus rendering the spin statistics of TTA more alike to a solid-state system. This could be
confirmed by repeating the magnetic field dependence experiment under pressure and
comparing the intensity curves. If the initial increase in the upconversion PL becomes
more pronounced, it would provide evidence for more solid-like behavior and could ex-
plain the possibly increased threshold intensity at high pressure.

5.4.4. STRUCTURAL STUDIES UNDER PRESSURE
When reasoning about the bicontinuity of the liquid and the orientation of its molecules,
a clear picture of the structure would be most helpful. Nuclear magnetic resonance
(NMR) experiments might be able to provide this information. In NMR, the sample is
subjected to a magnetic field sufficiently strong to affect the energies of the spin states
of the atomic nuclei and the degree of splitting of the energy levels is probed using radio
waves. NMR experiments can assess the chemical structure and purity of compounds,
as was done at Kyushu University to verify the successful synthesis of the components
of the ionic liquid. A NOESY (nuclear Overhauser effect spectroscopy) experiment can
reveal the proximity in real space of the different protons (hydrogen nuclei) in a given
substance. This information could be used to determine the typical orientations that
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the DPA chromophores assume. In addition, there is precedent for NMR at pressure
ranges similar to that used in this study [178] so that this structural information could be
acquired for the entire pressure range and any changes in molecular ordering revealed.

5.5. METHODS

Sample preparation and pressure application: All substrates were 15 × 15 mm fused
quartz slides that were sonicated in deionized water and detergent for 15 minutes, washed
with deionized water, sonicated in acetone for 15 minutes, washed with isopropanol,
and treated with oxygen plasma at 100 W for 10 minutes. All cover slips used were 15 × 15
mm borosilicate glass slips and were cleaned in the same manner. Sample preparation
is performed under an inert atmosphere. For the UV-vis absorption measurements, the
ionic liquid was used as received from Kyushu University and placed between two sub-
strates using a syringe needle. The thickness was reduced by pressing the slides together
with 100 N of force for three hours, at a temperature of 70 °C under inert atmosphere.
This approach is necessary because dilution is no option for studying the properties of
the neat liquid. Both the pure ionic liquid and the ionic liquid with PtOEP were prepared
as described above.

For the magnetic field dependent upconversion photoluminescence (UCPL) mea-
surements, the ionic liquid sample with PtOEP was used as received from Kyushu Uni-
versity. A droplet was applied to a substrate using a needle and covered with a cover
glass. For the pressure and intensity dependent UCPL, the sample of ionic liquid with
PtOEP was re-dissolved in dichloromethane under inert atmosphere and dried in high
vacuum by heating to 70 °C for 3 hours under vacuum before use, to avoid aggregation
of the PtOEP. A droplet of the sample was then applied to a substrate using a needle and
covered with a cover glass. Pressure was applied to the samples using an ISS stainless
steel pressure cell with sapphire windows and manual pump, using FC-72 (perfluoro-
hexane) as the pressure fluid. After each pressure point was reached, the system was left
to equilibrate for 10 minutes before starting the corresponding measurement. All pres-
sures reported are gauge pressures, measured relative to ambient pressure.

UV-vis absorption: The sample was placed in the pressure cell, which was mounted
in a PerkinElmer Lambda 750 UV-Vis-NIR absorption spectrometer. The absorption
spectrum between 200 and 600 nm was measured with wavelength increments of 0.5
nm, at pressures between 0 and 400 MPa in 50 MPa increments on the up stroke and 100
MPa decrements on the downstroke to measure any hysteresis. This was done with both
the pure ionic liquid and the ionic liquid with PtOEP.

Spectra were further analyzed by fitting a system of five Gaussian peaks to the ab-
sorption structure between 300 and 450 nm, using photon energy rather than wave-
length on the x-axis. The peak central energies, peak widths at half maximum (FWHM),
and relative peak areas were compared at every pressure point.

Magnetic field dependence of upconversion photoluminescence: The sample was
mounted between the poles of an electromagnet (GMW Magnet Systems, model 3470)
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and illuminated with a 532 nm laser (same as above) at 1.00 mW, which was focused
onto the sample using a 100 mm focal length lens. The upconverted light was focused
with a 30 mm focal length lens, passed through a 500 nm short pass filter and coupled
into a multi-mode optical fiber. This fiber coupled the light into the spectrometer (same
as above). The dependence of the magnetic field between the poles on the electric cur-
rent applied to the magnet was determined using a gaussmeter (AlphaLab Inc., model
GM-1-ST). The current in the electromagnet was varied from 0 to 4 A in increments of
200 mA, and back to 0 A in decrements of 1000 mA. At each magnetic field strength,
the upconversion spectrum was recorded with an integration time of 1 s. The upcon-
version spectra were analyzed by background subtraction and by integrating the counts
between 400 and 500 nm. This gave the UCPL intensity for every magnetic field strength.

Pressure and intensity dependence of upconversion photoluminescence: The sam-
ple was placed in the pressure cell at 45 degrees with respect to the excitation laser (532
nm, 147.5 mW, Laserglow Technologies), which was passed through a continuously vari-
able optical density filter and focused onto the sample with a 100 mm focal length lens.
The upconverted light from the sample was focused with a 30 mm focal length lens,
passed through a 500 nm shortpass filter and coupled into a multi-mode optical fiber.
This fiber coupled the light into the spectrograph (Princeton Instruments Acton Spec-
traPro 2300i) with liquid nitrogen cooled CCD sensor (Princeton Instruments LN/CCD).

Due to scattering effect in the pressure fluid at pressures greater than 250 MPa, the
upconversion spectra were recorded at pressures between 0 and 200 MPa in 25 MPa in-
crements on the up stroke and 50 MPa decrements on the down stroke to measure any
hysteresis. For each up stroke measurement, the excitation intensity was varied expo-
nentially, doubling the intensity each time, between 0.5 µW and 4096 µW by adjusting
the variable density filter and by adding and removing an additional neutral density filter
with optical density 3.0. On the down stroke, the intensity was varied between 1 µW and
4096 µW with eightfold increments. The intensity was verified using an optical power
meter (Thorlabs PM200) whose photodiode was on a flip mount between the neutral
density filters and the focusing lens. To obtain suitable spectra across seven orders of
magnitude of photoluminescence strength, the integration time on the CCD was varied
from 200 s at 0.5 and 1 µW of excitation power, to 20 s at 2 and 4 µW, to 2 s at 8 and 16
µW, to 200 ms between 32 and 256 µW, to 20 ms between 512 and 4096 µW.

The beam spot was characterized after the measurement by removing the pressure
cell and placing a CCD beam profiler (Thorlabs BC106N) in the beam line at the position
of the image of the sample, considering the different refractive indices of air, sapphire
and perfluorohexane. Dense media reduce the apparent depth of immersed objects pro-
portionally to their refractive index when the interfaces are flat, so 6.4 mm of sapphire (n
= 1.76 [179]) window appears the same as 3.64 mm of air. Similarly 11 mm of perfluoro-
hexane (n = 1.25 [179]) appears as 8.8 mm of air. The apparent position of the sample is
thus 4.96 mm closer to the entry window than the actual position and the beam profiler
was placed at this apparent position. The effective spot diameter was then determined
by the 1/e2 level of the marginal distributions of the beam power as in [168], while ac-
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counting for the elliptical shape of the spot due to the angle of incidence.

The UCPL intensity was obtained from each spectrum by background subtraction
and integration of the spectral range between 400 and 500 nm. These values were di-
vided by the integration time to give a uniform measure of UCPL intensity. The thresh-
old intensity was found by fitting linear functions of slope two and one respectively to
the four lowest and highest values of the logarithms of the UCPL intensity and excitation
intensity. For the measurements taken on the down stroke, instead the two lowest and
highest values were taken. The intersection of the two linear functions gave the thresh-
old intensity.
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6.1. SINGLET FISSION SENSITIZED PEROVSKITE SOLAR CELLS

In pervious chapters we discussed the fundamental aspects of singlet fission in organic
semiconductors and hybrid perovskites. Taking the potential of both into consideration,
we propose a singlet fission sensitized perovskite solar cell which can potentially lead to
highly efficient solar cells with low production costs.

6.1.1. WORKING PRINCIPLE AND BENEFITS

The schematic structure of a singlet fission sensitized perovskite solar cell is shown in
Figure 6.1 and is similar to quantum dot solar cell sensitized by singlet fission [180]. The
light is first transmitted through a transparent conducting electrode and absorbed in the
singlet fission layer. The photons with energies lower the bandgap of the singlet fission
materials are not absorbed and transmitted to the perovskite layer.

The high-energy light absorbed in the singlet fission layer generates singlet excitons.
The singlet excitons undergo singlet fission and generate low-energy triplet excitons.
The triplet excitons are then transported to the interface, either transfer their energy
to the perovskite layer for charge generation or dissociate in to free charges at the inter-
face and inject one of the charges into the perovskite layer. An interlayer may need to
be inserted in between the singlet fission layer and the perovskite layer to enhance the
charge/energy transfer efficiency. The charges generated in the perovskite layer are then
transported to the corresponding electrodes and collected.

The biggest benefit of singlet fission sensitized solar cells compared to a conven-
tional single-junction solar cell is the significant reduction in thermalization losses. As
the high-energy photons can generate a maximum of two electron-hole pairs, the pho-
tocurrent of such devices will be enhanced without suffering from voltage losses, leading
to overall a higher efficiency. Additionally, as the high-energy, especially the ultraviolet
photons are absorbed in the singlet fission layer before reaching the perovskite layer,
the stability of the perovskite layer may be improved. Compared to multi-junction so-
lar cells, singlet fission sensitized perovskite solar cells show advantages in the following
aspects: first, there is no requirement for current matching, simplifying the device fabri-
cation process; second, all the layers of the device are present in the form of thin films,
making the fabrication of flexible devices a possibility; last but not least, many of the lay-
ers are, in principle, solution processable, which could lead to a reduction in the cost of
production. In addition to the practical benefits, the singlet fission sensitized perovskite
solar cells can have multiple colours other than the black or blue colour of traditional
silicon solar cells, making them more appealing for applications like building-integrated
photovoltaics.

6.1.2. MATERIAL REQUIREMENTS

For an efficiently working device, several requirements need to be fulfilled at the same
time: a highly efficient singlet fission material with ideally near-unity triplet yield, a
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Figure 6.1: Schematic structure of a singlet fission sensitized perovskite solar cell.

triplet energy close to the bandgap of perovskite and efficient triplet energy or charge
transfer from the singlet fission layer to the perovskite layer. Additionally, the energy lev-
els of all the materials need to be suitable for charge extraction.

Near-unity singlet fission efficiency has been discovered in a variety of materials, in-
cluding pentacene, tetracene, and 1, 3-diphenylisobenzofuran [21, 137, 181]. The triplet
energy of pentacene is around 0.86 eV [182], which is too low for energy transfer into
most perovskite absorbers (with a bandgap of 1.2 eV or higher) that are suitable for effi-
cient photovoltaics. The triplet energy of 1, 3-diphenylisobenzofuran is higher than 1.5
eV, however the high triplet yield can only be reached at low temperature (around 77
K), which makes it difficult for application in realistic devices [137]. The extremely high
sensitivity of 1, 3-diphenylisobenzofuran to oxygen further impedes the application in
devices [183]. Tetracene has a triplet energy of 1.25 eV [37], making it suitable for energy
transfer into low-bandgap perovskites. Also, film formation of tetracene is well-studied,
and many derivatives such as TIPS-tetracene allow for solution processing. Tetracene is,
however, not very stable, and novel singlet fission materials with a similar triplet energy,
such as perylene diimide derivatives [184] and terrylenes [185] are more stable but fab-
rication protocols are currently less well-established.

The low-bandgap perovskite solar cells currently have lower efficiencies (around 17
%) [186] and low stability compared to solar cells based on perovskites with higher bandgap.
Most research is currently focused on the top cell for a perovskite/silicon tandem geom-
etry, which requires a larger bandgap. Considering the quick development of these per-
ovskite solar cells it is feasible to assume a similarly quick development of low-bandgap
perovskites once the need arises.

The best performing perovskite solar cells are fabricated with either methylammo-
nium lead iodide (bandgap of 1.61 eV) [56] or perovskites with mixed A-site cations and
halides (bandgap of 1.7 eV) [187]. Aiming for the highest efficiency of the singlet fission
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sensitized perovskite solar cells based on these materials, highly stable singlet fission
materials that have a triplet energy higher than 1.5 eV and near unity triplet yield need
to be developed. It has been suggested that the rate and efficiency of singlet fission will
be greatly enhanced if the fission process is exothermic, i.e. 2E(T1)<E(S1), as it can out-
compete other decay channels. The energy difference between the singlet and triplet
originates from the exchange energy, which scales with the overlap between the low-
est unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) of a molecule. For efficient singlet fission, the molecule’s LUMO and HOMO
should have ample overlap so that the 2E(T1)<E(S1) requirement is met, yet the differ-
ence is not too large so that the triplet energy is not too low. Considering the recent
success of designing thermally activated delayed fluorescence (TADF) molecules [188]
where the difference between the singlet and triplet energy is minimized by spatially
separating the LUMO and HOMO, the opposite direction, aiming for a higher overlap
between the LUMO and HOMO should not be impossible. We note, however, that for a
triplet energy around 1.5 eV, the exchange energy needs to be on a similar level, some-
thing that is rarely observed even in relatively symmetric molecules such as the poly-
acene series. In addition to methods like density functional theory, the search for novel
singlet fission materials may be greatly accelerated with the astonishing development in
computer science, especially in machine learning and artificial intelligence.

Highly efficient triplet transfer from polyacenes to lead chalcogenide nanocrystals
have been demonstrated [36, 37]. Yet, efficient triplet transfer to bulk semiconductors
like silicon seems to remain elusive [189]. Charge trasnfer from TIPS-pentacene to methy-
lammonium lead iodide perovskite [190] has been reported while trial on triplet trans-
fer from tetracene to low bandgap perovskite shows no significant energy transfer [191].
Thus, an interlayer may be needed to facilitate and improve the transfer efficiency. Col-
loidal nanocrystals may be used in the interlayer for a radiative energy transfer [192].
Two-dimensional (2D) materials, such as transition metal dichalcogenides, graphene
oxide or hexagonal boron nitride could be another option. As the wavefunction of the
triplet excitons is relatively localized, 2D materials may help to increase the wavefunc-
tion overlap between the triplets and the perovskite layer. For materials in which singlet
fission is endothermic, e.g. tetracene, the prevention of radiative and non-radiative sin-
glet transfer also needs to be considered. A triplet-transporting singlet-blocking layer
may help to reduce the probability of singlet transfer [193].

6.1.3. STABILITY

While commercial silicon solar panels have proven more than 20 years of lifetime, per-
ovskite solar cells are still less stable, despite considerable improvements [194]. Adding
an organic singlet fission layer on top will no doubt further increase the difficulty of
maintaining a stable device. Here we discuss a few approaches that might be help-
ful for building a stable singlet fission sensitized perovskite solar cell. For the singlet
fission layer, despite the fact that efficient singlet fission has been discovered in dis-
ordered molecular systems, a highly ordered packing of the singlet fission molecules
will enhance the overall resistance to photo-degradation as well as the transport of ex-
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cited states [195]. Due to the intrinsic vulnerability of organic semiconductors to photo-
degradation, it might be worth considering building the singlet fission part of the device
in a detachable way so that it can be easily replaced when its lifetime is reached. For the
perovskite part of the device, organic transport layers should be avoided if possible. The
organic cations in the perovskite layer should be partly or fully replaced by inorganic
cations. Ion migration in the device should also be minimized. For the whole device,
encapsulation is a vital step towards high stability. A highly compact encapsulation that
has ultralow gas and water permeability is desirable. In addition to the conventional en-
capsulation methods used for silicon solar cells, methods like atomic layer deposition
may be utilized for a more robust encapsulation. If a completely stable and efficient sin-
glet fission material can be found, then the singlet fission layer in itself could act as an
encapsulation for the perovskite underneath, because the organic layers are often highly
compact and hydrophobic.





SUMMARY

While inorganic semiconductors still play important roles in industry and our daily lives,
various types of organic and organic-inorganic hybrid semiconductors are gradually ris-
ing either as alternative or complementary materials for the inorganic semiconductors
in electronics and optoelectronics, with more being developed and improved. First de-
vices based on organic and hybrid semiconductors, such as organic light-emitting diodes
(OLEDs), have been integrated into our daily lives.

To further improve the performance of such devices and reduce the production costs,
a clear and thorough understanding of the fundamental aspects of organic and hybrid
semiconductors is needed. As the structure of these materials determines their proper-
ties to a large extend, it is important to understand the structure-property relationship
of these materials.

Hydrostatic pressure is a powerful tool for manipulating the structure of a material
while maintaining other factors like temperature, shape, ordering etc.. By studying the
optoelectronic properties of organic and hybrid semiconductors under pressure, a clear
structure-property relationship can be established. This understanding is not only in-
teresting for the research community, but also beneficial for the optimization of devices
based on these materials and the development of new materials with improved proper-
ties.

In this thesis, we apply mild pressure on device-scale organic and hybrid semicon-
ductor samples with a special focus on organic and inorganic hybrid perovskites and
small organic molecular crystals and perform steady-state and time-resolved optical
measurements to study the absorption, emission and charge carrier/exciton dynamics
in these material systems. We begin with an introduction to the materials and discuss
the problems that need to be solved. We then motivate the use of hydrostatic pressure.

In Chapter 2, we focus on the Rashba-splitting in the prototypical perovskite material
for photovoltaics, methylammonium lead triiodide (MAPI) under pressure. We found
experimental evidence for the existence of Rashba splitting in MAPI from steady-state
photoluminescence and photothermal deflection measurements, suggesting that MAPI
might have a slightly indirect bandgap as predicted by theory. With increasing pressure,
an increase in recombination rates and radiative efficiency from photoluminescence
lifetime measurements is consistent with the picture of a reduction of Rashba splitting.
A phase transition occurs at 325 MPa, leading a purely direct bandgap semiconductor.
Our results provide a possible explanation for the coexistence of a high absorption and
a long carrier lifetime in MAPI, and insights into developing semiconductors with engi-
neered bandstructure.
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In Chapter 3, we switch to a lower dimensional perovskite, namely the two-dimensional
perovskites. Through steady-state optical measurements under pressure we find that the
response of the 2D perovskites strongly depends on the length of the spacer between
the lead halide octahedra sheets. Most of the compression under pressure is absorbed
by the spacer layer. For the system with short spacers, the quantum confinement ef-
fect is relaxed under pressure, presumably due to a leakage of the wavefunction into
the neighboring sheets, while the system with long spacers appears insensitive to ap-
plied pressure. This is because the long spacer separates the wavefunction to within the
sheets, even at high pressure. We find no evidence for Rashba splitting in the any of
the monolayer 2D perovskites, at ambient and elevated pressure from the time-resolved
measurements. We propose future experiments on multilayer 2D perovskites for a more
thorough study on Rashba splitting in 2D perovskites.

We change our focus to small organic molecules capable of singlet fission, namely
rubrene, in Chapter 4. We study the influence of intermolecular electronic coupling on
the rate and efficiency of singlet fission by applying hydrostatic pressure on amorphous
and polycrystalline thin films of rubrene. Singlet fission is a carrier multiplication pro-
cesses by which a single spin-singlet exciton is converted into two triplet excitons. The
steady-state measurements under pressure show no significant change in singlet energy
for the amorphous rubrene, while the singlet energy of crystalline rubrene red-shifts by
50 meV. PL lifetime measurements suggest that the efficiency of singlet fission increases
by 8 per cent for amorphous rubrene with pressure up to 400 MPa, while a slower dis-
sociation of the triplet pair is observed in crystalline rubrene. Our results suggest that
an increase in electronic coupling between singlet fission chromophores might play a
different role in molecular systems with different morphology and a balance between
energetics and electronic coupling needs to be considered for the designing of efficient
singlet fission materials.

In Chapter 5, we investigate the role of microstructure on the light upconversion ef-
ficiency of an ionic liquid system. The mechanism of upconversion here is triplet-triplet
annihilation, the inverse process of singlet fission. We find the electronic coupling be-
tween the chromophores is enhanced with increasing pressure. Despite the liquid na-
ture, the response of the system is highly solid-like in the magnetic field. The changes
in upconverting properties under pressure, especially the threshold intensity for upcon-
version, are rendered inconclusive due to the degradation in the sensitizers induced by
photo-bleaching and photo-oxidation. A more clean and stable material is needed for
fully understanding the properties of upconversion under pressure.

In Chapter 6, we propose a singlet fission sensitized perovskite solar cell as a po-
tentially cheap and efficient alternative for market-dominating silicon solar cells. We
discuss the working principle and the potential benefits of such devices and formulate
requirements for the materials and suggestions for improving stability of the devices.

In summary, we demonstrate the power of hydrostatic pressure for studying the structure-
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property relationship of organic and hybrid semiconductors. Even mild pressure can sig-
nificantly change the properties of an organic/hybrid material. The results of this thesis
provide insights into design of novel organic/hybrid semiconductors, and suggests po-
tential approaches of improving (flexible) devices by building-in strain, for example by
epitaxial growth of active layers.





SAMENVATTING

Hoewel anorganische halfgeleiders een belangrijke rol spelen in zowel industrie als ons
dagelijks leven, komen verschillende types organische en organisch-anorganische hy-
bride halfgeleiders op als alternatieve danwel complementaire materialen voor de an-
organische halfgeleiders in elektronica en opto-elektronica. Daarnaast worden steeds
meer organische en hybride halfgeleiders ontwikkeld en verbeterd. De eerste apparaten
gebaseerd op organische en hybride halfgeleiders worden reeds in ons dagelijks leven
toegepast, bijvoorbeeld als organische licht-emitterende diodes (OLEDs).

Om de prestaties van dergelijke toepassingen te verbeteren en de productiekosten
te verminderen, is een volledig begrip van de fundamentele aspecten van organische en
hybride halfgeleiders nodig. Omdat de structuur van deze materialen de eigenschap-
pen voor een groot deel bepaalt, is het belangrijk om de relatie tussen de eigenschappen
en de structuur van deze materialen te begrijpen. Hydrostatische druk is een krachtig
instrument om de structuur van een materiaal te manipuleren, terwijl andere factoren
als temperatuur, vorm en ordening constant blijven. Door de opto-elektronische eigen-
schappen van organische en hybride halfgeleiders onder druk te bestuderen, kan een
duidelijke relatie tussen de structuur en de eigenschappen van het materiaal vastgesteld
worden. Het begrijpen van deze relatie is niet alleen interessant voor de academische
gemeenschap, maar ook voordelig voor de optimalisatie van toepassingen gebaseerd op
deze materialen en de ontwikkeling van nieuwe materialen met verbeterde eigenschap-
pen.

In dit proefschrift bestuderen we verschillende organische en hybride halfgeleiders,
op de schaal van potentiële toepassingen, onder milde druk, waarbij we ons in het bij-
zonder toeleggen op organische en inorganische hybride perovskieten en kristallen van
kleine organische moleculen We voeren steady-state en tijdsopgeloste optische metin-
gen uit om de absorptie, emissie en dynamiek van ladingsdragers/excitonen in deze sys-
temen te bestuderen. We beginnen met een introductie van de materialen en bespreken
de problemen die opgelost moeten worden, waarna het gebruik van hydrostatische druk
gemotiveerd wordt.

In hoofdstuk 2 leggen wij ons toe op de Rashbasplitsing onder druk in het prototy-
pische perovskiet materiaal voor fotovoltaïsche toepassingen: methylammonium lood
tri-jodide (MAPI). We vonden experimenteel bewijs voor de aanwezigheid van Rashbas-
plitsing in MAPI met behulp van steady-state fotoluminescentie- en fotothermische af-
buigingsmetingen, die aanduidden dat MAPI een licht indirecte band gap heeft, zoals
wordt voorspeld door theorie. De toename van recombinatiesnelheid en stralingseffici-
ëntie veroorzaakt door een toename van druk is consistent met een vermindering van
Rashbasplitsing. Bij 325 MPa doet zich een faseverandering voor, wat leidt tot een puur
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directe band gap halfgeleider. Onze resultaten geven een mogelijke uitleg voor de co-
existentie van een hoge absorptie en een lange levensduur van ladingsdragers in MAPI,
evenals inzichten voor de ontwikkeling van halfgeleiders met een ontworpen bandstruc-
tuur.

In hoofdstuk 3 verleggen we onze focus naar een perovskiet met een lagere dimensie,
namelijk de tweedimensionale perovskieten. Met optische steady-state metingen onder
druk vinden we dat de reactie van 2D perovskieten sterk afhangt van de lengte van de
tussenlaag tussen de octaëders van de loodhalide laag. Het grootste deel van de com-
pressie onder druk wordt geabsorbeerd door deze tussenlaag. Voor systemen met kleine
tussenlagen neemt het kwantum opsluitingseffect af onder druk, vermoedelijk door een
verspreiding van de golffunctie naar naastgelegen lagen, terwijl het systeem met grotere
tussenlagen ongevoelig lijkt te zijn voor uitgeoefende druk. Dit komt door dat de grote
tussenlaag de golffunctie scheidt tot in de loodhalide lagen zelf, zelfs onder hoge druk.
Met tijdsopgeloste metingen op kamer- en verhoogde druk vinden we geen bewijs voor
Rashbasplitsing in de enkellaagse 2D perovskieten. We stellen toekomstige experimen-
ten voor op meerlaagse 2D perovskieten voor een grondigere bestudering van Rashbas-
plitsing in 2D perovskieten.

We verleggen in hoofdstuk 4 onze focus naar kleine organische moleculen, namelijk
rubreen, dat tot singlet splitsing in staat is. We bestuderen de invloed van intermole-
culaire elektronische koppeling op de snelheid en efficiëntie van singlet splitsing door
een hydrostatische druk uit te oefenen op amorfe en polykristallijne dunne films van
rubreen. Singlet splitsing is een proces waarbij ladingsdragers vermenigvuldigd wor-
den doordat een enkel spin-singlet exciton wordt omgezet naar twee spin-triplet excito-
nen. De steady state metingen onder druk laten geen significante verandering zien in de
singlet energie van amorf rubreen, terwijl de singlet energie van kristallijn rubreen een
roodverschuiving ondergaat van 50 meV. Metingen van de fotoluminescentielevensduur
onder druk tot en met 400 MPa duiden erop dat de efficiëntie van singlet splitsing stijgt
met 8 procent voor amorf rubreen, terwijl langzamere dissociatie van het triplet paar
wordt geobserveerd in kristallijn rubreen. Onze resultaten geven aan dat een toename
van elektronische koppeling tussen singlet splitsende chromoforen een verschillende rol
zouden kunnen spelen in moleculaire systemen met verschillende morfologie en dat een
balans tussen energetica en elektronische koppeling in overweging genomen moet wor-
den bij het ontwerpen van efficiënte singlet splitsende materialen.

In hoofdstuk 5 onderzoeken we de rol van de microstructuur bij de opconversie-
efficiëntie van een vloeibaar ionisch systeem. In dit systeem is het mechanisme van
opconversie de samenvoeging van twee triplets, het omgekeerde proces van singlet splij-
ting. We vinden dat de elektronische koppeling tussen de chromoforen wordt versterkt
met een toenemende druk. Ondanks zijn vloeibare aard, is de reactie van het systeem
op een magnetisch veld sterk gelijkend op die van een vaste stof. De veranderingen in de
eigenschappen van de opconversie onder druk, met name de intensiteitsdrempel voor
opconversie, worden als niet eenduidig afgedaan door de degradatie in de sensitizer, die
wordt veroorzaakt door fotobleking en foto-oxidatie. Een zuiverder en stabieler materi-
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aal is nodig om de eigenschappen van upconversion onder druk volledig te begrijpen.

In hoofdstuk 6 stellen we een singlet fission sensitized perovskiete zonnecel voor als
een potentieel goedkoop en efficiënt alternatief voor de dominerende silicium zonnecel.
We bespreken het principe en de potentiële voordelen van deze cellen en formuleren een
pakket van eisen voor de materialen en doen suggesties om de stabiliteit te verbeteren.

Samenvattend hebben we de kracht gedemonstreerd van het gebruik van hydro-
statische druk om de relatie tussen structuur en eigenschappen van organische en hy-
bride halfgeleiders te bestuderen. Zelfs lichte druk kan de eigenschappen van een orga-
nisch/hybride materiaal significant veranderen. De resultaten van dit proefschrift ver-
schaffen inzichten in het ontwerp van nieuwe organische/hybride halfgeleiders en stel-
len strategieën voor om (flexibele) apparaten te verbeteren door deformaties in te bou-
wen, bijvoorbeeld door epitaxiale groei van actieve lagen.
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Stranks, Metal Halide Perovskite Polycrystalline Films Exhibiting Properties of Sin-
gle Crystals, Joule (2017), 10.1016/j.joule.2017.08.006.

[17] D. Shi, V. Adinolfi, R. Comin, M. Yuan, E. Alarousu, A. Buin, Y. Chen, S. Hoog-
land, A. Rothenberger, K. Katsiev, Y. Losovyj, X. Zhang, P. A. Dowben, O. F. Mo-
hammed, E. H. Sargent, and O. M. Bakr, Low trap-state density and long car-
rier diffusion in organolead trihalide perovskite single crystals, Science (2015),
10.1126/science.aaa2725, arXiv:1409.6478 .

[18] D. H. Cao, C. C. Stoumpos, O. K. Farha, J. T. Hupp, and M. G. Kanatzidis, 2D Ho-
mologous Perovskites as Light-Absorbing Materials for Solar Cell Applications, J.
Am. Chem. Soc. (2015), 10.1021/jacs.5b03796.

[19] A. Köhler and H. Bässler, Electronic Processes in Organic Semiconductors: An Intro-
duction (2015) arXiv:arXiv:1011.1669v3 .

[20] M. B. Smith and J. Michl, Singlet fission, Chem. Rev. (2010), 10.1021/cr1002613,
arXiv:arXiv:1011.1669v3 .

[21] M. W. B. Wilson, A. Rao, J. Clark, R. S. S. Kumar, D. Brida, G. Cerullo, and R. H.
Friend, Ultrafast dynamics of exciton fission in polycrystalline pentacene, J. Am.
Chem. Soc. (2011), 10.1021/ja201688h.

[22] S. Singh, W. J. Jones, W. Siebrand, B. P. Stoicheff, and W. G. Schneider, Laser gen-
eration of excitons and fluorescence in anthracene crystals, J. Chem. Phys. (1965),
10.1063/1.1695695.

[23] C. E. Swenberg and W. T. Stacy, Bimolecular radiationless transitions in crystalline
tetracene, Chem. Phys. Lett. (1968), 10.1016/0009-2614(68)80087-9.

[24] R. E. Merrifield, P. Avakian, and R. P. Groff, Fission of singlet excitons into pairs
of triplet excitons in tetracene crystals, Chem. Phys. Lett. (1969), 10.1016/0009-
2614(69)80144-2, arXiv:1702.00001 .

[25] N. Geacintov, M. Pope, and F. Vogel, Effect of magnetic field on the fluores-
cence of tetracene crystals: Exciton fission, Phys. Rev. Lett. (1969), 10.1103/Phys-
RevLett.22.593.

http://dx.doi.org/10.1021/nl5048779
http://arxiv.org/abs/0402594v3
http://dx.doi.org/ 10.1038/nmat4271
http://arxiv.org/abs/arXiv:1011.1669v3
http://dx.doi.org/ 10.1016/j.joule.2017.08.006
http://dx.doi.org/ 10.1126/science.aaa2725
http://dx.doi.org/ 10.1126/science.aaa2725
http://arxiv.org/abs/1409.6478
http://dx.doi.org/10.1021/jacs.5b03796
http://dx.doi.org/10.1021/jacs.5b03796
http://dx.doi.org/10.1002/9783527685172%0020
http://dx.doi.org/10.1002/9783527685172%0020
http://arxiv.org/abs/arXiv:1011.1669v3
http://dx.doi.org/10.1021/cr1002613
http://arxiv.org/abs/arXiv:1011.1669v3
http://dx.doi.org/10.1021/ja201688h
http://dx.doi.org/10.1021/ja201688h
http://dx.doi.org/10.1063/1.1695695
http://dx.doi.org/10.1063/1.1695695
http://dx.doi.org/ 10.1016/0009-2614(68)80087-9
http://dx.doi.org/ 10.1016/0009-2614(69)80144-2
http://dx.doi.org/ 10.1016/0009-2614(69)80144-2
http://arxiv.org/abs/1702.00001
http://dx.doi.org/ 10.1103/PhysRevLett.22.593
http://dx.doi.org/ 10.1103/PhysRevLett.22.593


96 BIBLIOGRAPHY

[26] J. J. Burdett and C. J. Bardeen, The dynamics of singlet fission in crystalline tetracene
and covalent analogs, Accounts of Chemical Research, (2013), 10.1021/ar300191w.

[27] S. N. Sanders, E. Kumarasamy, A. B. Pun, M. L. Steigerwald, M. Y. Sfeir,
and L. M. Campos, Singlet Fission in Polypentacene, Chem (2016),
10.1016/j.chempr.2016.08.016, arXiv:arXiv:1403.7175v1 .

[28] Y. Kasai, Y. Tamai, H. Ohkita, H. Benten, and S. Ito, Ultrafast Singlet Fis-
sion in a Push-Pull Low-Bandgap Polymer Film, J. Am. Chem. Soc. (2015),
10.1021/jacs.5b09361.

[29] A. J. Musser, M. Al-Hashimi, M. Maiuri, D. Brida, M. Heeney, G. Cerullo, R. H.
Friend, and J. Clark, Activated singlet exciton fission in a semiconducting polymer,
J. Am. Chem. Soc. (2013), 10.1021/ja405427j.

[30] A. J. Musser, M. Maiuri, D. Brida, G. Cerullo, R. H. Friend, and J. Clark, The na-
ture of singlet exciton fission in carotenoid aggregates, J. Am. Chem. Soc. (2015),
10.1021/jacs.5b01130.

[31] D. Dexter, Two ideas on energy transfer phenomena: Ion-pair effects involving the
OH stretching mode, and sensitization of photovoltaic cells, Journal of Lumines-
cence 18-19, 779 (1979).

[32] M. C. Hanna and A. J. Nozik, Solar conversion efficiency of photovoltaic and pho-
toelectrolysis cells with carrier multiplication absorbers, J. Appl. Phys. (2006),
10.1063/1.2356795.

[33] D. N. Congreve, J. Lee, N. J. Thompson, E. Hontz, S. R. Yost, P. D. Reusswig, M. E.
Bahlke, S. Reineke, T. Van Voorhis, and M. A. Baldo, External quantum efficiency
above 100% in a singlet-exciton-fission-based organic photovoltaic cell, Science
(2013), 10.1126/science.1232994, arXiv:20 .

[34] N. J. Thompson, D. N. Congreve, D. Goldberg, V. M. Menon, and M. A. Baldo, Slow
light enhanced singlet exciton fission solar cells with a 126% yield of electrons per
photon, Appl. Phys. Lett. (2013), 10.1063/1.4858176.

[35] L. M. Pazos-Outón, J. M. Lee, M. H. Futscher, A. Kirch, M. Tabachnyk, R. H. Friend,
and B. Ehrler, A Silicon-Singlet Fission Tandem Solar Cell Exceeding 100% Exter-
nal Quantum Efficiency with High Spectral Stability, ACS Energy Letters, (2017),
10.1021/acsenergylett.6b00678, arXiv:1512.07466 .

[36] M. Tabachnyk, B. Ehrler, S. Gélinas, M. L. Böhm, B. J. Walker, K. P. Musselman, N. C.
Greenham, R. H. Friend, and A. Rao, Resonant energy transfer of triplet excitons
from pentacene to PbSe nanocrystals, Nat. Mater. (2014), 10.1038/NMAT4093.

[37] N. J. Thompson, M. W. B. Wilson, D. N. Congreve, P. R. Brown, J. M. Scherer, T. S.
Bischof, M. Wu, N. Geva, M. Welborn, T. V. Voorhis, V. Bulović, M. G. Bawendi,
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