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Abstract

The photophysical properties of light-absorbing semiconducting materials are of significant
interest, as these materials are essential for light-induced energy conversion processes such
as those in solar cells. This work investigates photo-induced excited state dynamics in
semiconductors using confocal microscopic measurement techniques, focusing specifically
on the radiative photoluminescent decay of both static and diffusing excited states.

The thesis begins with an introduction to the physical description of excited states in
materials, comparing their characterization in semiconductors to that in molecules. Addi-
tionally, the excited state can represent a mobile state, driven by a chemical potential. A
subsequent chapter explains the dynamics of diffusion combined with photophysical decay,
linking measured data with diffusion functionality through various numerical and analyti-
cal approaches. Chapter three is introducing the confocal microscope and the implemented
advanced time-resolved and spectroscopy techniques. Furthermore, a detailed description
of the signal generation is given determining the measured photo luminescence. The final
section explains the numerical analysis of the measured data. These foundational chapters
serve to introduce the main projects discussed in this work.

In methyl ammonium lead iodide (MAPDbI3) thin films, the diffusive transport of excited
ambipolar charge carriers is hindered by optical phonons and lattice fluctuations. Addi-
tionally, the disorder induced by phase transitions in thin films was found to halt this trans-
port. In ceasium formamidium lead triiodide (CsFAPDI3) quantum dot films, restructuring
of the clustering improved photophysical properties and consequently enhanced power con-
version efficiency. For lead-free perovskite systems, the inferior solar cell performance was
attributed to strong localization of excited states due to coupling to lattice phonons and
immobile defect states. The novel approach using wurster-benzodithiophene-dialdehyde
covalent-organic-framework (WBDT COF) highly crystaline thin films, a tunable mate-
rial composed solely of organic molecules, exhibited semiconductor-like behavior, with
disorder identified as a critical factor influencing excited state diffusive transport. Finally,
measurements on rare-earth-ion metallic-organic-frameworks (REI MOF's) revealed a non-
parametric downconversion process in ytterbium 2,5-dihydroxy-1,4-benzoquinone metallic-
organic-frameworks (DHBQ MOFSs), demonstrated through second-order time correlation
function analysis of emitted photons.
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1 Introduction

Dear reader, welcome to my thesis. I will guide you through my topic and scientific
projects. The thesis begins with three theoretical sections. The first chapter focuses on
photo physics, describing the physical model of the excited states in semiconductors. The
second chapter is dedicated to diffusion and related phenomena, which are central to this
work. The third chapter discusses the instrumentation and generation of the measured
signals. These three chapters provide insights into our experiments, their limitations, and
the information they reveal. They lead over to the scientific work summarized in the final
chapter. The most important publications are attached, providing detailed information on
the performed studies. Many wonderful people involved in these projects, since scientific
research requires teamwork, especially as questions become more complex and challenging
to solve. The talent and knowledge of different scientists are needed to address these
problems. It is often not possible to answer everything, and new questions frequently arise
during research. This can make it difficult to justify this work and scientific research in a
fast-paced, capitalistic, and populist world that demands easy answers to easy questions.
Our world is complex, and we face significant problems in the future, one of which is
climate change caused by industrialization and the release of CO4 over the past 200 years
through the burning of fossil fuels®. This is a major driving force behind climate change,
though there are other influences as well. We are using our resources intensively, and the
increasing demand for energy is exacerbating climate change.

This thesis does not offer a complete solution but provides a small piece of knowledge as
a contribution to the basic understanding of photoactive semiconductor materials. This
highlights the complexity of the world, as each person can only investigate a tiny specific
part of a scientific field. The focus of this thesis is on understanding the underlying
photophysics in novel photoactive crystalline semiconductor materials using an optical
microscope. The microscope allows us to resolve the photoexcited states both spatially and
temporally. I believe that scanning novel photoactive semiconductors is still important,
even though silicon already provides relatively good solar cells, albeit with high production
energy costs. The transition has just begun, and we still mainly use fossil fuels or nuclear
power plants. A single solution for generating energy is not sufficient. Nature shows us
that variety is beneficial in facing different environmental impacts. This motivates me
to investigate new light-harvesting materials that convert photon energy into different
forms. Potential applications include solar cells, improved photocatalytic reactions, or
entirely different uses. Regardless of the application, a deep understanding is required.
This work offers a small piece of basic understanding and results for a few novel solid-
state materials, with the hope that it contributes to research in a meaningful way. This
motivation is idealistic and not easily measurable as a success, as it is a small puzzle piece
in a larger picture. The future will determine its usefulness.






2 General Photophysics- Solid State- versus
Molecule-Model

This work focuses on the investigation of photoactive crystalline solid-state thin films. It
is essential to distinguish between different types of thin-film samples. The first type is
a printed, spin-coated, or drop-casted thin film of nanoparticles or quantum dots. Before
forming a thin layer on a substrate, the nanoparticles are in solution and are stabilized
by surface groups. In the film, the nanoparticles form a closely packed layer, but struc-
turally, they remain separated from each other. The next film category is a thin crystallite
layer. Here, individual crystallites form grain boundaries at their borders. These films
can be created by spin-coating, printing, or other solution-based techniques. The third
class comprises films made of two-dimensional materials, either through exfoliation or as
crystalline films of two-dimensional sheets detached by surface linkers. All these different
films are treated as two-dimensional systems since most films are only a few nanome-
ters thick. Solution-based films, in particular, range between 50-500 nm, and exfoliated
samples of two-dimensional materials can be as thin as a monolayer. Therefore, these
solid films behave as two-dimensional emitters because they are much thinner than the
Rayleigh length of the microscope objectives used, which is on the order of micrometers.
The origin of the observed signal is influenced by how it is generated inside the material
via photophysical processes and how it can be observed via the setup. The latter point
will be discussed in the setup chapter. Since the word exciton among other terms, can
be used in different contexts, I think it is important to carefully define the notation used
in this work. So let’s take a closer look at the solid-state physics and molecular physics
perspectives. In general, for the measurements performed here, after laser excitation, the
emitted light from an excited state of a solid-state sample is measured. This emitted light
is called photoluminescence (PL). So, what is this excited state?

2.1 Band Model

In the model description of a semiconductor, the valence electrons are delocalized over the
periodic crystal structure spanned by positively charged ions. This spanned crystal lattice
fulfills all symmetry properties. These ions are atom centers or larger molecules. Let’s

write down the full Hamiltonian operator for this many-body problem 54

H = Hel + Hion + Helfion + Hex (21)

H,; represents the energy contribution from the electrons, and H;,, from the ions. Hej_jon
sums up all interactions between electrons and ions, and the last term H., includes all
external fields that disturb the system, although it is set to zero for completeness. However,
we cannot find an analytic solution for this Hamiltonian operator, so we need to make
some simplifications and assumptions. Each energy term of the electrons depends on
the mass m, momentum p, charge e and coordinate r. The independent electron term
is then the sum of the kinetic energy of each electron and the potential energy of the
interacting electrons. The potential term is approximated by the sum over all two-particle



2 General Photophysics- Solid State- versus Molecule-Model

interactions. Similarly, for the ions, the energy terms depend on momentum P, mass M
and the potential term V is a function of the coordinate R.

He = Heipin+ He—et = Z |r s
k; I k k:
P2
Hion = Hion,kin + Hion—ion = Z 2M,; zon )
Hel—ion = Z ‘/el—ion(rk - Rz) (22)

The interaction term between electrons and ions is also approximated by a sum over two-
particle interactions involving one electron and one ion. Given that the mass M of ions is
much larger than the mass m of electrons, we can adopt an adiabatic approach where the
ions are treated as fixed potentials surrounded by the faster-moving electrons. Thus, all
the potential energies of the ions are combined into a periodic potential V. The potential
experienced by the electrons depends solely on the electron coordinates r. In addition to
the Coulomb interaction among electrons, the total Hamiltonian includes a spin-dependent
electronic energy term.

2
Py
H = E — E E + H,,p,; 2.
_ 2m+ k V(’l“k kk, |'I°k—7'k’ spin ( 3)

The second assumption is that the overall wave function ® consists of n one electron wave
functions ¢. Each one-electron wave function also depends on the spin of the electron,
ensuring that the wave functions are antisymmetric under exchange. The n one-electron
wave functions form an antisymmetric n-particle electron wave function.

(71, ey Ty 01y ooy o) = () 72D (=1)PP - ¢y (r1,01) - Ga(72,02).Pn(Pny on) (2.4)

A

P is one of the n! permutations and P, is the parity. The wave function for an electron in
a periodic potential can be solved by the Bloch states:

o(r) = *Ru(r) (2.5)

In the ground state, the description of a moving single-electron wave through the crystal
is analogous to the description of a localized single electron around each ion. In the
following, the Bloch states are used as an approach to solve the many-body problem.
Using the variational principle, the Hamiltonian can be diagonalized by solving the
Schrédinger equation. The electron-electron interaction is treated as a weak perturbation.
Furthermore, due to the Pauli exclusion principle, the electrons are indistinguishable, and
there are N! possible distributions for N electrons, each with equal probability. Permuting
electrons among these terms may introduce a sign change due to the antisymmetric nature
of the wave functions. The overall wave function over all possible combinations takes the
form of a Slater determinant. All individual electron wave functions ¢;(r, o) are orthogonal
to each other. The final Hamiltonian operator includes a term for the free-moving electron
in the periodic potential, a term for the Coulomb interaction, and a contribution from the
exchange of electrons. Due to the orthogonality of the individual wave functions, only

10



2.1 Band Model

electrons with the same spin need to be considered, hence it suffices to use only the local
coordinates r in the Hamilton operator:

hQ
Ej6;(r) = <—2mA+V<’“>) 8i(r) + - (2.6
) |¢k equal Spin 2¢k )
Z/ L 10y - > [ S 4y )
Coulomb Term Exchange Term

This approach to the semiconductor system is also known as the Hartree-Fock equation.
With the concept of Bloch states, it is possible to construct the conduction and valence
bands. Here, individual electrons are delocalized over the whole crystal, moving as waves
through it. From this fundamental description of electrons in the crystal lattice, we now
move to the description of excitons. An exciton is a bound pair of an electron and a
"hole” (an absence of an electron). When an electron is excited from the ground state, it
leaves behind a hole. In the second quantization of quantum mechanics, this pair forms a
quasi-particle known as an exciton.

2.1.1 Frenkel exciton

Let us start with a localized exciton bound to its atom or molecule. The one-electron wave
functions in the Hartree-Fock approximation are localized around their respective atoms
or molecules within the crystal structure. Furthermore, we assume that the individual
wave functions do not strongly overlap with each other. This implies that in this scenario,
the exciton is very localized and strongly bound to its origin® 3 %56 Therefore, we can
write the wave function for the excited state as the product of all ground state electrons
or(r,0)p and all excited state electrons ¢y (r, o).

n m—1
(I)o =A qb(r,a)o — ‘1)1 =A qbk(’l“,O')o : qu r, (f qbk T, O’ (27)
1 oo eiroy - 11

excited electron

The excited state can be in an ith energy level. Thus, the total energy is the sum of
the single-electron energy eigenvalues in the ground state, with an additional contribution
from an excited state.

Ey=FEy+ ) *E] (2.8)

A good example would be a molecular crystal, where the excited state is localized at the
molecule. Moreover, the mobility is not expected to be high, since the overlap of the wave
functions is only small. A hopping transport mechanism is anticipated.

2.1.2 Wannier exciton

In the case of a bound delocalized electron and hole, we need to change the description.
Both particles are coupled via Coulomb interactions to each other, and the strength de-
pends on the surrounding dielectric media 3% BT Thys, there is no longer interaction
with a specific atomic or molecular position. The Hamiltonian is the sum of the kinetic

11



2 General Photophysics- Solid State- versus Molecule-Model

energy terms for both particles and the Coulomb potential energy:

( h? h? e?

A,
2m:= ¢ 2m} h elre —

)1y = Elo) (2.9

This Hamiltonian is similar to the one from the Hydrogen model. The energy eigenvalues
are:

pet R K?

FEerciton = — 2.10
exciton 2h252n2 2(m§+m}"1) ( )

The exciton energy is a function of the quantum number n, where n is an element of the
natural numbers representing the nth excited energy state. In addition to the excited
energy, the exciton also has kinetic energy. The total energy balance is then the sum of
the ground state energy of electrons Ejp, the energy needed to create a charge pair Eyq),
to overcome the bandgap, and the exciton energy.

4 2 2
e K
E = F Egap — 2.11
nbm N + BGap 2h2e2n? 2(m} +mj) (2.11)
Z€ero energy ~—_——

energy creating 1 exciton kinetic exciton energy

Generally, in the literature, such excitons are discussed as being much larger and delocal-
ized over several ionic crystal lattice centers. Therefore, these types tend to be more mobile
and often exhibit coherent, band-like transport. However, in the case of 2D materials, the
binding can be very large due to the field lines extending out of the material, resulting in
smaller excitons, that are not localized to a single atomic center but still exhibit coherent
transport after excitation. For example, in monolayered transition metal dichalcogenides,
the Bohr radii are 1 — 2nm®, which is comparable with the expected size of a Frenkel
exciton. The actual mobility of excitons can differ from that of single excited electrons or
holes. The dispersion relation, which describes the curvature of the energetic bands and
hence the effective mass, can differ for excitons compared to electrons and holes. The more
curved the bands are, the more mobile the excitons are due to their lower effective mass.
If the binding energy of the exciton is lower than the thermal excess energy, the exciton
can dissociate into single excited holes and electrons. These excited charges will move
together as unbound ambipolar charge carriers, since having individual moving species
would create an electric potential that is energetically unfavorable. A perfect example
demonstrating this effect is methylammonium lead iodide, as discussed later.

2.1.3 Polaron

After introducing excitons, we now turn to the description of a polaron® @ A polaron is
an excited electron or hole that is additionally coupled to a vibrational mode, a phonon.
The description of the excited state must extend to include additional interaction terms.
Returning to the Hamiltonian [2.2], let us include the interaction terms of the phonons.
Here, the Hamiltonian of the potential energy of the atomic centers H;on—ion is & sum of
their equilibrium positions H?On_wn and some phonon energy Hpponon, Which represents
vibrational modes of the lattice or molecules.

Hion—ion = Hioonfion—f_HPhonon
Hel—ion = Hgl_ion+thonon—el (212)

12



2.1 Band Model
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Figure 2.1): Graphical illustration of the different Exciton and polaronic Ex-
citon concepts: The Wannier-Mott exciton is delocalized and can extend over several
crystal unit cells. It can be imagined as a cloud of electron-hole pairs spread out across
multiple units of the crystal lattice. In contrast, the Frenkel exciton is localized at a dis-
tinct atomic center, confined to a single lattice site or molecule, with the electron and hole
closely bound. For polarons, we can imagine Frenkel or Wannier-Mott excitons coupled
to phonons. The model description differentiates between the long-range coupling over
several crystal units (Frohlich) and short-range coupling (Holstein) with the exciton or
excited charge carrier.

The electronic energy term contains the equilibrium interaction energy term with the pe-
riodic crystal lattice Hgl_i on- This includes all ground state electrons as well as all excited
states, as treated above, in the electronic gas in a dielectric surrounding. The excited
states can be localized or delocalized. Additionally, as a perturbation, the interaction of
electrons with phonons Hpponon—er is added. This excited state coupled to a phonon is
called a polaron, which is a pseudo-particle created by the second quantization of quantum
mechanics. In general, this description can be extended to an exciton (polaronic exciton),
or any other form of an excited state coupled to a phonon, generalizing the definition of a

polaronic pseudo-particle. We can write down a general Hamiltonian:

Hpola'ron = Hepciton + thonon + thonon—el
= H= Z ek’é;rcék + hw() Z d:;&q + thonon—el (2.13)
k q

For the excited state, an exciton and a phonon are created, which both couple together.
All terms are expressed by the creation operators ¢, af and the annihilation operators ¢, @
for the exciton and phonon, respectively. Here, the description is generalized, which means
the exciton can be localized (Frenkel) or delocalized (Wannier). The same is valid for the
excited phonon, which can be an optical or acoustic lattice vibration or a vibrational mode
of a molecule built into the crystal structure. In general, there are many different types
of polaron descriptions, but they can be broken down into two main types.

Holstein polaron The first one is the Holstein polaron/® @

V R
Hihonon—et = = > e glht (aq + a,T]) (2.14)
k.q

13



2 General Photophysics- Solid State- versus Molecule-Model

The coupling of excitons and polarons is localized to the atomic or molecular sides of the
crystal structure. This type is not very mobile due to its localization within the lattice.
A hopping transport mechanism is expected.

Frohlich polaron The second is the Frohlich polaron®™ 9.

thonon—el = Z V(q) é;rc+qék+ (dq + flj;) (215)
k.q

Here, the coupling extends over several unit cells of the crystal. This makes these excited
states more mobile, and a more coherent transport mechanism is expected. In general,
polarons are expected to be less mobile, since their movement deforms their surroundings,
which costs additional energy. Observations for the materials investigated here, especially
for lead-free perovskites and COF materials, indicate that the polaron forms from a free,
non-phonon-coupled excited state. After excitation, the temperature of the electrons is
not the same as that of the phonon bath. This means that the coupling between them
occurs after a certain time to reach equilibrium. However, this depends on the properties
of each material and cannot be generalized for all excited polarons.

2.2 Molecule Model

Now let’s briefly describe an excited single moleculet® ™ The total molecular many-
electron wave function can also be approximated as a product of several single-electron
wave functions, known as molecular orbitals. The molecular orbitals follow the symmetry
of the underlying molecule. Here, a similar approximation is used: the atomic core,
including the inner electrons, is seen as a rigid, slow-moving framework, while the valence
electrons move more freely around, responsible for forming bonds between atoms. Different
types of bonds are possible, such as covalent and ionic bonds. After absorbing a photon,
as depicted in figure the surrounding electron gas will have a different configuration.
Since the atomic framework of the molecule is much heavier, it is assumed to be rigid,
known as the Born-Oppenheimer approximation. The response of the electrons is almost
instantaneous, on an attosecond timescale. The molecular transition probability scales
with the overlap of their nuclear wave functions. This scaling factor is called the Franck-
Condon factor. The overlap of the nuclear wave function between the lowest excited
state and the ground state depends on the molecule and is generally low. Thus, the
molecule goes into a higher-lying excited state after excitation (figur. From here, the
atoms change their spatial configuration and can return to the energetically lowest excited
state through internal conversion. Internal conversion involves the excess energy being
converted into thermal energy, heating up the molecule, which occurs on the femtosecond
timescale. Other interaction or transfer mechanisms are also possible, such as intersystem
crossing, charge transfer, or different energy transfer processes. Now, let us compare the
description of an excited single molecule with an exciton in a semiconductor. An exciton is
a mobile excited state. To conceptualize this, we imagine a single excited molecule within
a film of unexcited molecules that form a surrounding structure. This excited state can
induce structural reorganization of the surrounding molecules, depending on interactions
with its neighbors, such as electromagnetic shielding effects. However, it differs from the
exciton introduced earlier. In an excited molecule which is incorporated in a molecular
structure, the electronic wave function differs compared to an exciton where one electron
is moved from the valence to the conduction band, forming a bound state with a hole.

14



2.3 Fermi’s Golden Rule
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Figure 2.2): The scheme represents the dynamics and processes occurring in a molecule
after excitation. In this representation, the excited states in molecules are related to
changes in electron orbital densities, which in turn affect the symmetry and coordinates of
atom positions. Using benzene as a simple example, the illustration depicts how excitation
alters the electron distribution2 13,

Bringing several molecules next to each other in a periodic structure and overlapping
their excited state wavefunctions leads to a very similar description as introduced in the
previous chapter. This connection allows both models to be linked.

2.3 Fermi’s Golden Rule

As a last step, we need to connect the excited state with the emitted photons that are
measured. A photon will be emitted by an excited state transitioning to its ground state,
if the symmetry and selection rules for radiative decay are fulfilled. Since the excited
state results in a change of the charge distribution, this can be described by the transition
dipole moment. The transition dipole moment g from the excited state @5 compared to
the ground state @, is as followsH4 15 161

fy = e (@] |2) (2.16)

The transition dipole moment is induced by a periodic perturbation, such as a pho-
ton. To estimate the transition rate P2, we use the time-dependent perturbation of the
Schrodinger equation to the first order, which accounts for the transition dipole moment
for a specific energetic transition Fs — F1 = Aw. It shows that a small perturbation can
initiate a transition from an initial state to a different state.

Py~ |Eol* [(@1]r[®2) [Ppy(hw) 6(Bz — B1 — hw) (2.17)

15



2 General Photophysics- Solid State- versus Molecule-Model

We also have to include all possible joint state density ps(hw) that are available in the
final state. In a semiconductor, we integrate over all states in the Brillouin zone, which
represents the joint density of states. This is also referred to as Fermi’s golden rule, which
in this context is a specific form for semiconductor transitions®®. In this description, all
the information about the symmetry and quantum numbers of the system is included in
the wavefunctions @. In case the wavefunctions are known, the possible transitions can be
calculated and predicted. In reality, this is often not the case. However, by using simple
symmetry arguments, some transitions can be excluded or predicted as radiative.

These sketched models describe the measured excited states and will help to under-
stand the photophysics of them. Moreover, these descriptions also underlie the temporal,
spectral, and temperature behavior observed in spectroscopic data. All these models are
not complete, and there are many more details that can be theoretically explained, but it
should be enough to understand all the investigations made on different materials illus-
trated in this work.

16



3 Diffusion

When running a catalytic process or a solar cell, photo-excited charge carriers need to
be mobile, transferring their energy to contacts or reaction centers. In the absence of
an external field, the transport is driven by the chemical potential of the excited states
themselves, namely diffusion. The combination of photo physics and the diffusive transport
of an excited state leads to an understanding of the energy conversion processes in the
material as an intrinsic property. This chapter mainly answers the question of what we
understand by diffusive transport. First, a general concept is shown, and later we apply
this concept by combining it with excited states in semiconductor materials. Lastly, it is
discussed how the equations can be used to analyze recorded data.

3.1 From thermodynamical description of a liquid to the
classical differential equation of diffusion

The following chapter is mainly from the Landau and Lifschitz book of hydrodynamics®.
Here we start with a hydro dynamical description of a diffusion process. At the first glance
the excited states in the semiconductors can be described like a liquid or a gas. One of the
main concepts of the description of diffusion is that it is described by statistical physics.
The starting point is a small volume consisting of a two component liquid connected by
the concentration c. If within the overall volume a gradient of the concentration exists,
it will create a chemical potential y leveling out the concentration with every time step
until the thermodynamic equilibrium will be reached. Moreover it maximizes the entropy.
This certain defined Volume is small but much bigger then the interparticle distance,
which means it averages over many particles and it is very small compared to the overall
system. In the picture of an electron system in a semi conductor, it is a mixture of excited
state charges in a bath of ground state particles. In the first step we use the equation of
continuity, where p is the local density of the liquid:

o + div(pv) =0 (3.1)
ot
This equation describes that the local mass of a liquid inside a volume will change over
time if some liquid flows in or out through the lateral faces of the volume with a velocity
v. It conserves the mass of the liquid. In a semiconductor, the system consists of a
free electron gas captured in a periodic potential. In a simple approach, this free-moving
electron gas can be depicted as a liquid or a gas in a hydrodynamic way. Here, the excited
states, e.g., excitons, are a different species inside the ground state electron gas, creating
a chemical potential and leading to possible diffusive transport of excited states. First,
an ideal system is described which has no defect states capturing excited states, and the
lifetime is much longer than needed to bring the system into equilibrium via diffusive
transport.

Therefore, we need to introduce the term concentration ¢ into the description of an ideal
fluid. The parameter of the concentration c¢(¢,x,y,z) depends on local vector variables

17



3 Diffusion

x(t) and on the time t. As a consequence, the total derivation in time of ¢ consists of two
terms and is zero in a fully equilibrated system.

— +vVe= (3.2)

Now, with the additional term of ¢, we need to expand the description of the liquid. As
a consequence of the concentration change over time, by comparing the equations, it is
possible to extend the equation of continuity:

d(pc )
7([) ) + div(pcv) =0 (3.3)
ot
This equation is valid in a system that is completely in equilibrium. To see the conse-
quence, it is necessary to rewrite it in an integral form. This mathematical trick leads

to

(,ft/pc dv = - fpc'v df (3-4)

The change in time of the density and concentration in a defined volume, on the left
side, is exactly the sum of the flow through the lateral faces of this volume, where the
concentration is also conserved. If there is a change in concentration and the system is out
of equilibrium within the full volume, a chemical potential is built. The concentration will
no longer be conserved. As a result, we have a diffusion-driven flow bringing the entire
system into equilibrium. For this, we need a current ¢ to conserve the overall concentration:

d(pc) : .
Tl div(pcv) — dive
Oc o
p <8t + va) = —dive (3.5)

We will leave this equation for now and come back to it later for further interpretation.
It is a statistical process, which means it depends on thermodynamic parameters. Let us
now move on to the energy of the system. The energy needs to be conserved and consists
of two parts: the kinetic energy , which depends on the velocity v, and the internal energy.
The internal energy is the amount of energy stored in the liquid. Thus, the energy per
unit volume of a liquid is:

o ([ pv?

Let us introduce some thermodynamic observables®® for our system, like the temperature
T, the entropy s, the pressure p, the density p, and, since the change in concentration is
to be observed, the chemical potential . The thermodynamic internal energy e for two
substances is defined as:

de =T ds —p dV + p1 dny + p2 dna (3.7)
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3.1 From thermodynamical description of a liquid to the classical differential equation of diffusion

n1 and ng are the particle numbers for 1g of a certain substance. Each particle species
has its own mass mj and msg. Therefore :

ni-mi+ng-mo=1 (3.8)

The concentration c is defined as ¢ = my - n;. Hence, the internal energy e, the enthalpy
w and the Gibbs free energy ® have the following form:

de = Tds—f—%dp—k(m—m) de, HZ(‘“_W)
p

mp o m2 mi o M2
de = T ds+ % dp + p dc  (internal energy) (3.9)
p
1
dw = T ds+ — dp+ p de (enthalpy) (3.10)
p

— dp=pdw—pT ds — pu dc

w=¢€+ P (relation of enthalpy and internal energy)

d® = —sdI'+V dp+pde (Gibbs free energy) (3.11)

All three of these equations characterize the general thermodynamic potential, varying
with different parameters. Here, we will not delve further into the details of thermody-
namics, but these equations are needed to complete the description™.

Before we combine the thermodynamic potentials with the description of the liquid, let
us rewrite equation [3.1}

0
8—/; = —div(pv) (Equation of continuity) (3.12)
Furthermore, the equation of motion for a liquid is needed. The main force acting on a

volume is the sum of the pressure over all face sides f:

—%pdf:—/VpdV (3.13)

By reformulating the integral from one over the face sides to one over the volume V,

the equation shows that the main force is grad p, which acts on a volume element. In

conclusion, the force is equal to the product of the mass per unit volume p and the
dv.

acceleration T

dv
=V 3.14
7 P (3.14)

Since the velocity v(z,y, z,t) is a vector, each velocity component depends not only on
time but also on the location in the liquid. This means the total time derivation consists

19



3 Diffusion

of two terms:

dv ov
- - == Nl
o T + (vV)v (3.15)

Inserting this into the previous equation leads to the equation of motion of an ideal liquid:

ov

5 = "(WV)v - pr (3.16)

This equation is not complete. Normally, a liquid or a gas has internal friction, which is
characterized by the dynamic viscosity 7. This adds a counterforce. However, the liquid
here is incompressible, and its strain tensor has the form:

8’Ui 4 8vk
aﬂfk 8$1

Ok = —p Ok + 1 ( (3.17)
Also, for excitons, a possible viscosity is conceivable in the sense that a moving cloud
of bound or unbound charges has internal resistance. For completeness, it should be
mentioned, but for later derivations, it does not play a major role. As a result, completing
the equation of motion, we end up with the Navier-Stokes equation:

ov

T —(vV)v — ;Vp + ZA'U (Navier Stokes equation) (3.18)

As a final additional equation, we need the temporal change of the internal energy and
insert the equation of continuity:

Oe ds pOp dc
= - 7=, £2=F 1
ot ot 28t HLrT (3.19)
0s Oc
S A S vc
a2 P div(pv) + P

Now let us return to the relationship of energy and its time evolution. The different terms
are replaced by the previously derived formulas, such as the Navier-Stokes equation, the
equation of continuity, and the expressions for internal energy and enthalpy.

gt <1pv +,06> = ;gf;vL 88': gz—k (89;) (3.20)
= U;div(pv) - vaU—2 —vVp+ vzi;z;: +--
ng - ;dw(pv) + Mpg — ediv(pv)
= — <1122 + w) div(pv) — vav; —vVp+ Ui(Z) ik 4 pTgi + upgi

The tensor of viscosity can be rewritten as follows:

G0y _ O
! axk N 8xk

81} Ovi
(Uia;k) éka ok = le(’UU) ;kaTjk

Moreover, within a liquid, heat transport is possible. The density of the heat flow through
a face, also known as heat flux, g, will be expanded in terms of the temperature gradient
up to the first order. An additional assumption is that the temperature gradients are
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3.1 From thermodynamical description of a liquid to the classical differential equation of diffusion

sufficiently small. The constant term cancels out because heat flow only occurs when
there is a temperature gradient in the medium. The constant y is called the thermal
conductivity and is always positive, as heat flux is an irreversible process.

q=—\VT (3.21)

This process is important because it occurs in parallel as an additional energy transport
phenomenon alongside diffusion. Both influence each other. Since the heat flux contributes
to the energy flux, we need to add its divergence to this equation. Here, the term is added
to both sides, leading to addition and subtraction of these terms on the same side of the
formula. Furthermore, the enthalpy w incorporates the tensor of viscosity into the energy
relationship.

a (1 , v? . v’
875(2/’” +P€> - _<2+w>dw(p”)"”’vz‘”Vp”'

+div(ve’) — o), g;’; + pT?; + ,upgj + div(q) — div(q)

. v? ,
= —div |pv ?—Fw +vo +q|---

ov; Os dc
—gh 2 == - i
(o . +pT( " —I—UVS) —i—up( : —i—’ch) + div(q)

(3.22)

As an intermediate step, let us first examine this equation. If it is an ideal liquid without
internal friction and with constant concentration, all terms except the first one will be
zero. Additionally, the change in entropy is zero because there is no exchange of heat,
indicating the liquid behaves adiabatically. Thus, the energy balance for an ideal liquid

1S:
o (1 , L v’
a1 (g7 re) = o (T +u) (329

This is the conservation of energy for an ideal liquid. When this equation is rewritten in
integral form, the right-hand side represents the energy flux through the faces of a volume,
equal to the temporal change of the overall energy inside. For an ideal liquid with heat
flux and internal friction included, the energy flux F is reduced by viscosity and includes
an additional heat flux term contributing to the energy balance:

2
E = pv <1}2 + w> —vo' +q (3.24)

The first part is the reversible flux of energy. If there is a flow in the liquid, the difference
between internal friction and heat flux becomes irreversible. In the case of no macroscopic
flow, both terms cancel out because the fluxes are equal, leading to the conservation of
energy as follows:

8 1 2 . U2 /
5 (37 + pe | = —div |pv ?—i-w +vo’ +q (3.25)

Comparing this equation to the energy balance, the last four terms in equation [3.22| must
cancel each other. Moreover, we incorporate the extended equation of continuity for a
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3 Diffusion
mixture of two liquids (equation [3.5)):

ov; 0s oc
0 U““@xk +p <8t —|—st> + up <8t + va) + div(q)

= —a;kg;j; +pT (gi + st) — pdivi + div(q)
— div(q) — pdiv(z) = div(g — pt) +i-Vu

Let us rewrite the full equation as follows:

pT <g§ + st) = ngg;); —div(q — pt) —iVu (3.26)
This result provides the change in entropy for a liquid with two components. Furthermore,
it completes its hydrodynamic description. In the next steps, we require a different expres-
sion for the heat flux and the diffusive flux as functions of concentration and temperature,
giving this equation a physical understanding and meaning. An integral form can also be
derived here. The terms contributing to viscosity are neglected because they are no longer
needed for the next steps.

d B (@ — na)VT AT L
n /ps av = /T2 av /T av + /(Terms of Viscosity)  (3.27)

Now we need to express the heat flux and the diffusion flux in terms of the temperature
and concentration gradients. It is important to mention that both fluxes depend on both
gradients. This assumption is made because changes in temperature cause changes in
concentration and vice versa. If these two gradients are small enough, it will be possible
to expand both equations in terms of the temperature and concentration gradients. Higher-
order terms can be neglected because they are too small.

i = —aVu—BVT (3.28)
q = —Vu—yVT+put
qg—pit = —6Vu—y VT (3.29)

This set of equations describes the dynamics between temperature and concentration®% 20

The question arises: how are these two gradients coupled and related to each other? The
heat flux arises due to a temperature gradient, while diffusion arises from a change in
chemical potential. However, equations [3.29] show that a change in temperature also
causes a change in chemical potential. The symmetry principle of kinetic coefficients
connects  and d. Let us consider a universal closed system to explain this symmetry
principle. This closed system is characterized by parameters 1, xs,...,z, and the total
entropy S(x1,x2,...,%,). In equilibrium, entropy is maximized, and therefore the change
in entropy is zero. Slightly out of equilibrium, where the parameters x; are small, it is
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3.1 From thermodynamical description of a liquid to the classical differential equation of diffusion

possible to expand the entropy in terms of z;:

2
I
89:,- ;=0 8xi 2;=0
= S(z1, 9, ...xy) = Z @xkxl (3:3) (3.30)

Here, ;5 is constant. Since the parameters z; contribute equally and symmetrically to
the entropy, the constant coefficient 3;; equals Bg;:
0%8 0?8

Bik - _89018@ - _8mk8ml - Bkz (331)

In total equilibrium, the entropy is maximized and the thermodynamic conjugates X; are
Zero:

X; = 8;1: Zﬁzkiﬂk (3.32)

Since it is a dynamic system, it is necessary to introduce a velocity &; of the parameters.
The fluctuations around the mean value z; are small. Therefore, it is sufficient to consider
only the sum of linear terms.

B=) =Xtk == ) Ml Xk =) —vieXe (3.33)
k k,l k

The fluctuations among the parameters zi,xo,..., T, are assumed to be symmetric. A
value z(t) at time t has a time correlation with a value at time ¢’, indicating that both
values have a certain probability of influencing each other. This correlation is symmetric
in time, meaning that if we exchange both events and look backwards, the correlation
remains the same. As the time difference between fluctuating events becomes very large,
the correlation converges to zero. To facilitate comparison of the equations, let us rewrite
them as a system of equations:

T = —y11X1 —y12Xo — -~
Ty = —y21 X1 — 722 Xo — -
(3.34)

Introducing entropy renders the entire process irreversible, despite the symmetric nature
of fluctuations. Moreover, the Onsager symmetry principle states that these symmet-
ric macroscopic fluctuations lead to reciprocal relations of the kinetic coefficients ~; for
irreversible processes. This implies that the kinetic coefficients are symmetric:

Vik = Vki (3.35)

Finalizing the description, the rate of change of entropy S is given by the following equa-
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3 Diffusion

tions. Since x; are local parameters, integration over the entire system volume is necessary.

S = — ZXZOUZ = Z%’sz‘Xk
i

ik

(over the entire volume) S = —/ZXZ-d?Z- av (3.36)

The term Zlk YikX; X is positive definite because entropy must be maximized, imposing
specific constraints on the kinetic coefficients. These equations cannot fully describe an
irreversible system, but the probability of the entire system reversing is almost zero. To
better understand this, consider an example: a thermally isolated chamber filled with two
different gases, each on one side separated by a gate. Upon opening the gate, both gases
will mix until the concentration gradient is zero, as dictated by the system’s partition sum
favoring mixed events. However, there exists a minuscule chance that the system could
return to its initial state—an extremely improbable event requiring an almost infinitely
long time.

Furthermore, we assume that the direct and reversed energy are the same, ensuring the
conservation of energy and the time reversibility of the steady-state system. The number
of forward and reversed motions is identical. 1% 20]

Let us return to the diffusive system and compare equation [3.27] with equations [3.28
and then rewrite everything:

iz—ﬂ(?ﬁ—ﬂ%ﬁﬂ (3.37)
q—pi = —0T <VT“> — T? <Z§> (3.38)

From the reciprocal relation |3.35] we get the relation between ¢ and ~:

0 =pT (3.39)
. 1. B
it = —aVu—pVT, V= —=t + EVT (3.40)
g = —0BIVu—~VT + ua
T T
= <u+ﬁ>z’— <y—ﬁ22> vT
o a
T\ .
— <u + ﬁa> i—xVT (3.41)

In the last equation, it is evident that only the heat flux remains if there is no change
in concentration and the chemical potential is zero. Importantly, the heat conductivity
and the chemical potential also depend on the pressure p. Let us express the gradient in
chemical potential in terms of concentration ¢, pressure p, and temperature 7', as it is a
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3.1 From thermodynamical description of a liquid to the classical differential equation of diffusion

function of these thermodynamic parameters.

o ou o
V= <> Ve + () VT + < Vp 3.42
oc),r orj., o) .r (3:42)
Using the Gibbs free energy ® from equation [3.11] we can rewrite as follows::
(132
(‘9/‘> _ 9% _ <6V> (3.43)
dp T Jp Oc dc o T

Now, Vyu is incorporated into the set of equations [3.46] and Furthermore, certain
relations are utilized:

a 8u> pkrD <5’u)
D = ( , o) 45 (3.44)
p \ Oc »T T oT cp
v
ky = p M (3.45)

(%)
9¢ ) p,m

Here, D represents the diffusion coefficient. Since diffusive transport is an irreversible
process, similar to heat flux, D is always greater than zero. Pressure or temperature
gradients can influence diffusive transport, hence k7 and k, are introduced as thermometric
and barometric diffusion coefficients, respectively. Both coefficients vanish in extreme cases
where the concentration ¢ equals zero or one. We have:

k k
i = —pD [Vc—i- ?TVT—F ;Vp] (3.46)

ou o
- (@), )
[ Oc T oT pe

Additionally, the pressure gradient remains in the description for completeness. It be-
comes significant when an external field is applied to the system or when particles interact
strongly. In the context of excited states in a semiconductor, this could correspond to
applying a strong magnetic or electrical field, or to strong interparticle coupling in a high-
density regime. However, for further description, we assume the pressure gradient is very
small and set to zero. Considering that the entropy of a closed system always increases,
let us rewrite equation [3.27] with these new constraints:

0 VT)?2 ;2
at/pdV:/X(TQ)dV+/;TdV+~-- (3.48)

i— VT (3.47)

From this entropy constraint, it follows that « must be greater than zero. Up to this point,
a generalized description of diffusive transport phenomena in a liquid has been provided.
To connect this description to photophysical problems or simple diffusion in liquids, the
velocity terms can be neglected because we assume there is no macroscopic velocity. Let

us revisit equations and

Jc o
p<8t+:v%> = —dive

o (L ovs) = o0, 25— diviq - pi) - ivqr (3.49)
ot Owy,
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3 Diffusion

Here, ¢V is a second-order term and will be small compared to the ghzst—)order terms. We
s(T,c

assume that all deviations from equilibrium are very small. Now, == is rewritten as
follows:

os _ (0s\ 0T (Bs\ o

o~ \oar),, ot dc ) p,, Ot

2P
(using Gibbs free energy) — <gz>mp = _8808T =— (gf’;)}mC
ds cp OT o Oc
o T Ta <8T> o (3:50)

By utilizing equations and along with the relation mentioned above, everything
is reformulated, leading to the final set of equations. The pressure terms are neglected.

Oc . kT

5% = D [AC + TAT] (3.51)
or kr (Ou oc

E = XAT+ Cp (8@)1)’,11 at (352)

In the case where the temperature remains in equilibrium over time, meaning the terms
involving temperature gradients approach zero, this leads to the well-known equation of
diffusion:

% _ DA (3.53)
This equation also holds true for suspended particles in a liquid, known as Brownian
motion. This analogy is applicable to excitons moving within a sea of delocalized electron
gas, forming the band structure of a semiconductor. Here, the probability of finding
a particle in a certain volume plays the role of concentration. This holds as long as the
concentration is sufficiently low and the particles do not interact. Initially, we assume that
the heating from the laser has no influence on the diffusive transport of excitons. Later,
an example is considered where the temperature gradient has a significant influence, and
equations and are discussed further.

3.2 Solving the diffusion problem for a 2 dimensional system

To analyze measured data, solving this differential equation is necessary. Since the mea-
surements are on semiconductor thin films, only the diffusive transport in two dimensions
is considered here. It’s important to note that the Rayleigh length of the focused micro-
scope objectives is greater than the sample thickness, which limits the analysis to a flat
sheet in two dimensions. As excitons are particles, it is more convenient to use the density
of states n instead of concentration ¢, which defines the number of excited states per unit
volume.

on(x,y,t)

5 =D - An(z,y,t) (3.54)

At the beginning, ng(z, y, t) represents the initial distribution of excited states at time t =
0. To solve the differential equation, we employ a technique using Fourier transforms?7.
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3.2 Solving the diffusion problem for a 2 dimensional system

The Fourier functions of n are well known as:

n(x,y,t) = (271)2/nk(t)-exp (ikr) d*F,
ng(t) = /n(x/,y’,t)'exp(—ikzr) d*r (3.55)

To solve it, we use the following Fourier integral ansatz for n(z,y,t):

on
= ——-D-A
0 e n
0 = dngt(t) -exp (ikr) d*k — DE? /nk(t) -exp (ikr) d*k
0 = / [dngt(t) — Dkznk(t)] -exp (ikr) d*k (3.56)

For each Fourier component, we obtain this differential equation:

dni(t)

J— 2 —
S~ DIPni(t) = 0 (3.57)

"From that, we obtain the solution for the time dependence of n(t):
ng(t) = nog exp (—k:QDt) (3.58)

It is evident that for t = 0, n = ng(z,y,t), therefore, n0j is its Fourier function. For
simplicity, we denote n(z,y,t) as n(r,t) and n(k,t) as n(ks, ky, t):

ok = / no(r) exp(—ikr)d'r (3.59)
o (2717)2 /no(r’) exp(—k*Dt) exp(—ik(r — ') d*r'd’k
= 2712/”0(7“/) [/_oo exp(—k2Dt) exp(—iky(z — 2')) dkz}

/oo exp(—k;Dt) exp(—iky(y —y')) dky] 22
) (271T)2/n0(T/) [/oo exp(—k3Dt) cos(ky(z — 2')) dk;x]

—00

[ / N exp(—k;Dt) cos(ky(y —y)) dky} 22

- el )
n(z,yt) = ﬁ / no(a', 4/, t) exp (- G “’/)L_)t(y - W) da’ dy/ (3.60)
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3 Diffusion

This equation is the solution of the differen-

% Airy Pattern for 500nm and NA<LG.
——— Gaussian Fit

tial equation describing diffusive transport and is i e
valid only for Dt > 0, depending on the ini- _
tial distribution at ¢ = 0. In microscopy, a g“

Gaussian distribution can be assumed at the fo-
cal point. In reality, this distribution is in an
approximation to the Airy function®! when fo- e A,
cusing a laser with a Gaussian beam (transver- e

sal Mode Tp) using an overfilled objective, but Figure 3.1): A Gaussian fit repre-
a Gaussian curve is a very good approxima- sentsa very good approximation for
tion (see Figure , For a perfect beam, it the actual excitation- and emission

is symmetric in # and y, so the width o, = point spread function (see also Fig-
oy. Np represents the total number of excited ure[4.5).
states.
g2 2
no(r,y) = Ngexp| ——=— ], att=0 3.61
o(z,y) 0 p( 552 ) (3.61)

To provide a complete solution, the integral including the initial condition needs to be
solved. It is evident that the integral separates into two independent integrals because
x and y are orthogonal and therefore independent of each other. Firstly, the integral is
solved for one dimension, and later the solutions will be combined for two dimensions.

1 —x? (v —a')?
1) = N — ) da
n(x,t) 2\/@/ oexp<202> exp< 1Dt > T
1 & 202 + 4Dt 2z x2
- - N, = " " 12 it ro v d /
29V Dt /oo Oexp[ ( 8Dto? )w + <4Dt> o 4Dt] v

Ny 87 Dto? . x2
o
ovrDt V202 +4Dt TP\ 22 14Dt

(3.62)

Since the integration extends from —oo to oo, mathematically it represents nothing else
than a convolution of two Gaussians. From the one-dimensional solution, it leads to the
following result:

Ny 202 —x? —y?
=22 —— 3.63
@y ) =5 Tapy P (202 + 4Dt (3:63)

Since the created species have a finite lifetime, it is important to extend the description
with an additional decay term. An analytic solution is possible as long as this term
is proportional to n. This holds true for the decay of an exciton or a monomolecular
recombination process.

on(z,y,t)

5 =D - An(z,y,t) — k- n(z,y,t) (3.64)

The solution of this differential equation is given by the equation [3.63] multiplied by an
exponential decay function:

Ny 202 —z% — y?
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3.3 Diffusion in the Limit of out-of thermal Equilibrium
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Figure 3.2): Illustration of the density of excited states for 2D diffusive transport after
diffraction-limited excitation, where the state density equals to the density of excited
states (with D = 0.1um/ns) incorporating a final lifetime of 7 = 0.7ns. The analytical
solution presented above is utilized for the calculation.

This formula represents the solution for diffusive transport in two dimensions. It is impor-
tant to note that this solution may vary depending on the initial distribution. Furthermore,
the width of the distribution changes linearly with time, given by:

o(t)? ~ 2Dt (3.66)

This simple equation allows for extracting the diffusion coefficient D from the change in
width of a Gaussian curve at each time step. This applies to a simple mono-exponential
decay or monomolecular process where the excited state has only one channel to return
to the original state. If higher-order terms need to be included, such as in a bimolecular
decay process where the excited states have several parallel decay channels, the differential
equation becomes nonlinear.

2

%’Z = _Dgtg — kyn(t) — kan(t)? (3.67)
These higher-order decay terms become significant with high-power excitation. The in-
tensity response to excitation power can be characterized by a power series, where most
measurements are conducted in the linear regime to avoid nonlinear effects. For this dif-
ferential equation, no analytical solution can be found, and computation becomes more
challenging. It is important to note that ko can also be time-dependent, and the system re-
mains in thermal equilibrium, neglecting a thermal gradient. However, if the temperature
gradient increases, this term cannot longer be neglected, diffusive transport will depend
on the heat flux.

3.3 Diffusion in the Limit of out-of thermal Equilibrium

Let us consider the scenario where excited states are out of thermal equilibrium and
internal heat affects diffusive transport. As discussed earlier, these two equations connect
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3 Diffusion

the change in chemical potential with the heat fuxfa:

dc kr

oT kr (Ou dc
YL AT LM (YR o
o XS TL (&)M at

Due to the strong focusing of laser light, high energy

densities are expected at the excitation spot, leading to Confocal remate detected time resolved PL
(normalized for every time step)

localized heating. This heat can be distributed to the 0 3
phonon bath of the crystal or to the excited states them-
selves. Both reservoirs may reach different temperatures
after high laser excitation, a scenario known as the two-
temperature model. If the excited states attain a signif-
icantly higher temperature, internal heat flux can influ-
ence diffusive transport. Another possibility is a heated
phonon bath, which efficiently transfers heat to the ex-
cited states, often observed shortly after excitation on a
femtosecond timescale. If the heat persists much longer
in the system compared to the lifetime of excited states,
these effects become apparent.

Interpreting these two equations, the dynamics of
heat dissipation and diffusive transport show similari- a 5 0 05 1
ties. Heat dissipation is governed by the heat conduc- Remote Distance [um]

0.5

Time [ns]

o

Jpateys-jnuyfinop,
uoisnyip Juapuadap ainjesadwa)

tivity x , while transport is governed by the diffusion Figure 3.3): At high exci-
coefficient D. Additionally, two additional terms emerge : i _
that connect both dynamics, indicating their interaction. ‘:S(t:loeg tgzrelil;i?;ege;iogztﬁ (e)f
Initially, with two Gaussian distributions at time zero, MoSe; reveals the halo effect.
excited states later form a halo shape around the Gaus-

sian heat distribution. We observed such an effect in a

monolayer of MoSey. This effect has been documented in literature for transition metal
dichalcogenides (TMDCs)22 23 1t is noted that TMDCs exhibit a halo effect in diffu-
sion due to coupling with a hot optical phonon bath. None of the other semiconductors
investigated in this work showed this effect.

3.4 Numerical Implementation of Diffusion

Another approach to model a diffusive process via numerical methods is needed when
the initial distribution is not a Gaussian function but another type of function. In such
cases, the integral from equation may not yield an analytical solution. The idea is
to compute the differential equation by solving the change in excited states for each
time step. This requires calculating the first derivation in time and the second derivation
in space of the discrete density function w(t;,x;). Since numerical data is discrete, the
derivation assumes linearity between pixels, with the spacing of data points small compared
to changes in slope. Inserting the mathematical definition of a slope for a finite distance
between two points.

Ou(tn, x;) U?H —ul

5 = Al (3.68)
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3.4 Numerical Implementation of Diffusion

Here the indices’s 7,n € N denote the enumeration for each entry in the digital array in
time ¢, and space x;. The difference between two time steps is At. Furthermore, the
second derivation in space can be written as:

Pultn,z;) _ T - Mg
0z2 N Az
_ U g —2u gty (3.69)
Ax? '

Ax represents the difference between two array points along the space coordinate.

1D Diffusion Now, let us introduce diffusion in one dimension using the Crank-
Nicolson methodP# 25 This algorithm is known for its stability and accurate conver-
gence to the solution. It calculates the solution backward in time and averages the second
derivation in space over both time steps, making it particularly robust with respect to
point distances. Additionally, a secondary decay term is subtracted, involving the excited
state’s lifetime 7. Instead of using 7, a rate k, which is the inverse of the lifetime, is
employed. The time average is also utilized here. In general, averaging over both time

steps enhances the stability and convergence of the algorithm.
U?H —uy D(“Zjll - 2“?“ + u?jll) + (uznﬂ —2u} +uil ) 2 U?H +u

At 2A 12 2

(3.70)

This formula represents the known differential equation for diffusion. After separating the
terms of the time step n + 1 and n:

(1+2a+ %At)u?“ —aulf —oul! = (1-2a-— %At)u? + aui, | + ouj g,
with the term o = QDT?; (3.71)
This is a linear equation system, which can be rewritten into matrix form.
Au™tt = Bu" (3.72)

Here, as an example, the matrix looks like this for one side with the corresponding vector:

1+ 2a + B2t a 0 -+ 0 0 0
a 1+2a+5 o .o 0 0 0
Aun-i—l — . . . . : : .
0 0 0 - a l4+2a+k a
0 0 0 -~ 0 a 1+ 20 + k5t

The unknown vector u™ 1! can be calculated by reforming equation It corresponds to
a trivial solving of a linear equation system, which is straightforward for most programming
languages.

u™t! = Bum/A (3.73)

Finally, the resulting vector u"*! provides the solution for the next time step. For every
new time step, the method needs to be repeated. This is the implementation for the 1D
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diffusion problem.

2D Diffusion Since the solution for a 1D diffusion transport is different from the 2-
dimensional process, the numerical differential equation has to be extended in z and y

direction26 27
n+1 n n+1 n+1 n+1 n n n
Uij o — Ui _D(ui-',-l,j = 2u )+ (uh — 20wty )
At B 2Ax2
n+1 n+1 n+1 n n n
_D (Wi — 2wy +ugisg) + (ufpy — 20 +ufly )
2Ay2

n+1 n
Upj T Ui

—k-
2

(3.74)
Here we make now the assumption that both derivations directions (z,y) are independent
of each other. The change in z-direction has no effect on the y-direction, which stays con-
stant. Therefore, it is possible to solve the matrices for the two dircetions independently.
The trick is to have an intermediate time step at 1/2:

u"+1/2A‘ = DBu"|

y=const r=const

u™ 1A = Bu"t1/2 (3.75)

r=const y=const

This alternating system results in the following linear system of equations:

+1/2 +1/2 1/2
(14 20)u T2 = aulf1 2 — a2 = (1= 28)ufl; + Bu . + Buf_y,
kAt kAt
(14+2a+ T)uﬁjl - au?jjl - auZﬁl = (1-28- T)U?] + Buily ; + Buiq
DAt DAt
with the terms a (3.76)

T 2Az2’ p= 2Ay2

Here, the decay term appears only once, since it represents a change in time that is
independent of the x-y direction. With this numerical approach, it is now possible to
compute a 2D diffusion problem for any initial distribution of excited states.

3.5 Diffusion within the confocal spot- Annihilation of Excited
States

In some cases, the diffusion of excited states is limited to their immediate surroundings,
resulting in no observable spatial broadening of the confocal spot. However, in these
systems, higher-order processes can appear under high fluence laser excitation. These
are quadratic terms in the decay, defined as bimolecular decays. In a monomolecular
process B4 with linear decay terms ~ kjn, the excited states recombine to the same
ground state from which they were excited. There is only one possible channel for re-
combination. In bimolecular decay ~ kon?, a higher density of states and mobility of
states are needed. Here, the excited states have many possible states with which they can
recombine. This means that recombination is no longer localized. All the excited states
are mobile and can interact with each other. This can result in either the annihilation
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3.5 Diffusion within the confocal spot- Annihilation of Excited States

of excited states or a moving state recombining at a different local point. This mobility
can also be described by diffusive transport. Since it is strongly dependent on the density
of states, the diffusion constant is expected to be time and geometry dependent. If this
process stays within the focal point, no broadening is expected either. Let us consider the

rate equation:
dn

dt
Since ko is assumed to be time-independent for simplicity and to enable an analytical
solution, we start by substituting it into the rate equation:
1 Ov _ Ovdn _,0n

v=—,

n ot onot ot

= —/ﬁn(t) — kgn(t)2 (377)

Now the formulas are rearranged, and the substitution is set in:
—n"“+ kin = —k9
= —— 4+ kin = —ko
Now let us use the following ansatz:
t
exp (/ —kldt’> = exp ([~kit']h)
0
= exp(—kit)

This function is now multiplied to every term, and afterward the whole equation is inte-
grated over time

g;]exp (—kit) — kyvexp (—kit) = koexp (—kit)
% (exp (—kit) -v) = koexp (—kit)
exp (—kit)-v = /Ot ko exp (—kit*) dt*
exp (—kit)-v = ko <_k::l1 exp (—kit) + C’)
vo= —Zjﬂ—:j'C-exp(klt)
Resubstitution = n(t) = ! (3.78)

—% + kQ . C - exp (—k‘lt)

The last step from C' is a constant that arises from the integration and can be determined
by the initial number of excited states at time zero, n(t = 0) = ng

- 1 1
C= kong + I’

() = 1 3.79
(*) 7%+%0<1+%-n0> exp(k1t) ( )
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3 Diffusion

This is the analytical solution for the decay processes up to second-order terms. The
solution shows that higher-order recombinations appear in the earlier times. For later
times ¢t — oo , the exponential terms dominate, and therefore the function converges to a
simple exponential decay n(t) ~ exp(—kit). Consequently, the rate k1 can be determined
from later times in the transients. Afterwards, it is possible to fit the whole dataset,
setting k1 constant to obtain ng and ks. Since this function is not continuous at zero, a
numerical convolution with an instrument response function makes the fit very unstable.

3.6 Connection of Mobility and Diffusion

In general, excited charges in a semiconductor can also move due to an applied electrical
field. This is also valid for ions or other charges moving in a lattice. As long as the forces
of internal friction balance the external force, the charge will accelerate to a constant drift
velocity,v. This results in a linear relationship between the electrical field E and drift
speed, connected by the mobility B8l

b-E (3.80)

b

= — . Fg (3.81)
q

We can replace the electrical field with the electrical force Fg; = qF, which acts on charged

particles with charge ¢q. This can also include shielding effects, resulting in an effective

charge. Now, we want to connect the diffusion coefficient D with the mobility b. Let us

recall the flux of diffusion, adding an additional term representing the force on charged
particles7 281

b
, = —pDV —F 3.82
1 P c—+ pc ol ( )
In thermodynamic equilibrium, the flux ¢ = 0 vanishes. Moreover, the concentration in
an external field F.,; = —VU is given according to Boltzmann’s distribution:
U
c = CCOnSt + exXp (M) (383)
F ext
Ve kBTC (3.84)

U is the potential energy caused by the applied external field, which is the electrical
field (Feyt = Fep). Substituting everything, we end up with the Einstein-Smoluchowski
relation:

b-kpT
q

D (3.85)

This relation connects the diffusion coefficient with mobility. Since shielding effects of the
excitations in the crystal lattice are unknown and it is unclear how many of them contribute
to the mobility, calculating the mobility b from the measured diffusion coefficient D is only
a rough estimation. However, assuming these additional shielding effects are thermally
independent, this relation can help determine a thermal trend of the mobility. For precise
absolute numbers, different experiments involving the application of external forces to the
sample would be necessary, but this is not further discussed in this work.
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4 Confocal Microscopy

In our world, the nanoscale plays a crucial role because many physical phenomena oc-
cur at these length scales, especially in addressing challenges related to generating energy
from renewable and sustainable sources. At the forefront of these efforts are new pho-
toactive materials that interact with light to convert energy. How can we describe this
interaction? What mechanisms are at play? To answer these questions, we utilize optical
microscopes in various configurations. While they do not provide the full resolution of
the entire nanoworld, they offer sufficient capabilities to study several phenomena. With
the combination of time resolution and cryogenic temperatures, microscopic investigations
reveal the beauty of the nanoscale. To distinguish the measured signals reflecting the prop-
erties of the investigated materials, it is essential to understand the signal generation and
technical details of the measuring apparatus. The following chapter will provide a brief
introduction to confocal microscopy.

4.1 Setup

All presented measurements are based on microscopic techniques combined with a laser.
Depending on the specific question, different lasers are implemented. Before delving into
the details of the different measurement techniques, let’s introduce the setup. Two different
microscopes sharing the same detection arm are used. One is combined with a closed-cycle
helium-4 cryostat, allowing the sample to be cooled to around 4.5 to 4.7K, depending on
the season and laboratory conditions. A cold plate in ultra-high vacuum cools down to
3.8K. The sample holder sits on a stack of stick-slip positioners and scanners based on
piezoceramics. The scanning range is 30um at 5K and 50um at room temperature, with
positioners reaching several millimeters in all three directions. Additionally, it is connected
via a gold-coated metal contact. Inside the sample holder, a temperature sensor and
heater are integrated to control the temperature range from 4.7 to 300K. This setup is a
commercial product from Attocube (AttoDry 800), with all optics built by ourselves. We
use a Nikon objective with a numerical aperture (NA) of 0.75 and an ultra-long working
distance of 4 mm to accommodate the distance between two windows in the cryogenic
system: one from the vacuum chamber and the other from an additional heat shield that
prevents thermal radiation from entering. Maintaining approximately equal distances
between the sample and window, and the objective and window, is crucial to ensuring
both windows are in the middle. Otherwise, the focus may be disrupted or the image
blurred due to the higher refractive index of the glass windows in the confocal setup.
These two windows also prevent clear wide-field imaging of the sample due to reflections
on the glass surfaces. One approach is to use a highly reflective surface on the sample and
replace the objective with a low-NA objective with a large back aperture (e.g., NA=0.2),
combined with white light coupled into the system. This provides an image that outlines
the area of interest. Subsequently, detailed scans using the positioners are necessary to
relocate the exact position with the original objective. A map of the sample recorded by
another light microscope is essential. This approach was used with a sample of exfoliated
hexagonal boron nitride (hBN) on a silicon substrate. It’s also important to note that the
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Figure 4.1): The sketch shows all components implemented in the microscopic system
used for the measurements.

Coldplate 3.8K

sample requires vacuum grease at low temperatures to ensure better thermal contact with
the cooled sample holder. The second microscope operates only at room temperature.
An advantage here is the use of oil immersion objectives, which have a larger numerical
aperture (NA), resulting in higher resolution and detection efficiency. Various objectives
are employed, ranging from NA 1.4 to 0.85, each suited for different purposes. Both
types of microscopes collect signals in the epi-direction, where light generated from the
sample is collected using the same microscope objective. In the detection beam path,
the collected light undergoes filtering to eliminate reflected laser light. The microscope
setup is based on a Nikon microscope body combined with a closed-loop piezo stage.
This stage allows for a range of 100um in both the x and y directions, and 20um in the
z-direction. Obtaining wide-field images from the sample is easier here, as the sample
can be illuminated from above or via laser line input for non-transparent samples. The
entire setup can be observed through an eyepiece. In both microscopes, a beam splitter
is installed behind the objective. Several options are available. Cube beam splitters are
often polarization-independent for both s- and p-polarized light. This is important for
maintaining laser polarization during excitation and for observing the polarized emission
from the sample. However, cube beam splitters have disadvantages: they may introduce
additional reflections due to their cube surfaces, leading to distortion in wide-field images.
Alternatively, thin glass beam splitters can be used where polarization components are
reflected and transmitted differently. In both setups, thin beam splitters offer better
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Figure 4.2): The idea of the remote detected time resolved PL measurements is to fix the
laser excitation spot while detecting the PL light from a remote position using a tiltable
mirror in the detection line. This setup, combined with TCSPC electronics, allows for
the observation of diffusing excited states.

imaging properties. A classical confocal microscope typically includes a pinhole in the
image plane to filter out additional signals outside the confocal spot. However, when
measuring single molecules in solution, enhancing contrast is necessary. For solid thin film
samples, the focus is directly on the sample ensuring emitters are generated within the
confocal spot and not around it. Therefore, using an aperture would block signals from
diffuse emitters surrounding the excitation spot.

4.1.1 Using Scanning Mirror

The key feature of the detection beam line is the scan mirror, mounted on a piezo stage
that tilts the mirror. Positioned in a plane conjugate to the back focal plane after the
tube lens and an additional lens, all rays from the same angular direction are focused
onto a single point. Consequently, the scanned image remains undisturbed while tilting.
However, the 90° angle between the incoming and reflected beams causes distortion in the
remotely detected image. By scanning a periodic structure, corrections for rotation and
squeezing can be applied. Both microscopes have slightly different correction mechanisms.
The microscope’s focal point is imaged onto an avalanche photodiode (APD) with an active
pixel area of 50x50m?. The lenses are configured such that the chip is overfilled by the
light spot, with the silicon chip acting as an aperture. This configuration sacrifices some
detection efficiency compared to one where the imaged focus is much smaller than the
active pixel area, but it ensures reasonable resolution in the remotely detected image. The
APD is integrated with time-correlated single photon counting (TCSPC) electronics.

4.1.2 Spectral measurements

In the detection path, a flip mirror directs the signal to a spectrometer for analysis. The
spectrometer is equipped with different reflecting blazed gratings: 150 lines/mm, 600
lines/mm, and 1200 lines/mm.

A
—n. N 4.1
A" (4.1)

This formula describes the resolution of dispersed light at a grating®¥. X represents the

incoming wavelength, n denotes the distance between the lines on the grating, and N indi-
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cates the number of illuminated lines. This formula illustrates that wavelength dispersion
is linear, and higher line density (more lines per millimeter) enhances resolution. However,
a drawback is the loss of some signal due to light being reflected in different directions from
various reflection orders. The incident angle of the incoming beam needs to be greater
than 0° , resulting in a dispersion of light into higher reflective orders as well as a strong
non-dispersed zeroth-order reflection ray. To reduce signal loss, we use blazed gratings,
which have a reduced reflection intensity for the zeroth order and more optical power
for the first reflection order. These gratings have an asymmetric triangular sawtooth-like
shape in cross sectionP¥. The distance between the triangles is equal to the line distance
n. The internal angle of the triangle, known as the blaze angle, can be chosen so that
the incoming ray and the zeroth-order reflected one overlap, depending on the incoming
wavelength. All blazed gratings are optimized for a specific wavelength, where they have
a reflection intensity maximum, but they also work very efficiently in a surrounding range.
This reflection efficiency for different wavelengths needs to be corrected in the measured
data. Additionally, the use of blazed gratings simplifies the separation of zeroth- and
first-order reflected rays. The dispersed light is projected onto an open electrode Charged
Coupled Device (CCD) camera. ”Open electrode” refers to front electrodes with larger
holes to efficiently absorb incoming light through the depleted silicon layer, enhancing the
CCD camera’s light detection efficiency. In our specific device, 2-3 absorbed photons are
needed to generate one charge. Since it’s a CCD, all charges are accumulated and subse-
quently amplified per pixel. This results in a highly sensitive readout with a maximum of
1 MHz. All recorded spectra are steady-state measurements, meaning they do not provide
time-resolved information. To ensure accurate measurements, corrections are made for the
reflecting and transmission properties of each optical component between the sample and
the CCD camera. Some optical components undergo white light absorption measurements
for calibration. The CCD chip is calibrated using a thermal light source with a known
spectrum. For the objectives used, all properties are based on data provided by the man-
ufacturer. These calibrated spectra enable correction of the measured Photoluminescence
(PL) spectrum in terms of relative intensities, although they do not directly provide the
absolute spectral quantum yield of the sample.

4.1.3 Time Correlated Single Photon Counting -TCSPC

Switching to time-resolved measurements, all such measurements employ Avalanche Pho-
todiodes (APDs) combined with Time Correlated Single Photon Counting (TCSPC) elec-
tronics. APDs generate an avalanche of charges from a single electron excited by a photon
under high voltage. This avalanche is electronically transformed into a digital pulse (e.g.,
TTL, or NIM in case of the MPDs) for each absorbed photon. However, the signal also
includes Poisson noise, known as dark counts, originating from the electronics. Addition-
ally, after measuring one photon, these devices have a dead time of several nanoseconds. A
maximum count rate of up to 1M Hz can be achieved before the APDs’ response becomes
nonlinear, making detection highly sensitive and capable of measuring single photons.
When connected to very fast electronics, each photon receives a time stamp upon ar-
rival. Let us discuss the measurement of time-resolved PL signals first. A TCSPCBY card
has two inputs: a Constant Fraction Discriminator (CFD) channel and a synchronization
channel. The laser’s oscillator serves as the clock. The CFD channel connects to the
APD. To limit the starting rate of the TAC channel and avoid dead time losses due to
high laser repetition rates (up to 40M H z), the operating clock is reversed. This means the
incoming photon starts the clock, and the laser oscillator pulse stops it. The measurement
principle involves the electronics generating a voltage ramp after the start photon arrives
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and stopping it with the TTL pulse from the laser oscillator. The slope of this voltage
ramp is proportional to the observed time window. Adjusting the voltage offset allows
shifting the time window to correct for different cable lengths between the CFD and sync
channel. Further adjustment is possible by elongating the signal cables or adjusting the
delay of TTL pulses, taking into account the finite speed at which pulses travel through
copper cables. The entire time window is divided into bins, and the measured time of a
photon event is sorted into the corresponding bin. All events are summed to create the
final transient. It is crucial that the probability of having two photons after a laser pulse
is very low due to the detector’s dead time, allowing only one photon to be measured
per period. Consequently, if the photon count rate is too high, the recorded transients
may exhibit nonlinear and disturbed characteristics. In practice, the photon count rate
should not exceed 10% of the laser repetition rate. A specially designed timing-stable
APD is used to measure these transients. Often, the Instrument Response Function (IRF')
of the APD depends on the measured intensity and varies by several picoseconds. Using
a timing-stable APD (such as MPD), a robust and reproducible IRF of approximately
25 to 28ps can be achieved, even with much faster laser pulses compared to the intrinsic
electronic response. It’s important to note that the IRF width can vary with incident
wavelength. The most reliable method to evaluate the IRF is to tune the laser to the
emission wavelength and record the temporal response. If a laser or light signal isn’t
available to represent the actual IRF, scattered laser light is recorded and used as an IRF,
which is a practical compromise.

4.1.4 Hanbury Brown Twiss Configuration

In a Hanbury Brown Twiss (HBT)BL 32 configuration, originally devised for enhancing
resolution in astronomy, particularly for measuring star distances using radio telescopes,
this concept is also highly valuable for studying the quantum mechanical behavior of
light. In this setup, an additional beam splitter is introduced along with two Avalanche
Photodiodes (APDs). One APD is positioned in the transmitted beam path, while the
other is placed in the reflected beam path. The primary objective is to measure the
second-order time correlation function go(¢):

ga(t) = W (4.2)

This measurement can distinguish between single photon emitters and emitters that emit
photons in bunches. To illustrate this concept, imagine a single molecule situated at the
excitation focus. This molecule is restricted to emitting only one photon per absorbed
photon. After emitting a photon, it travels through the beam splitter before reaching
the Avalanche Photodiodes (APDs). Depending on its path, whether it is reflected or
transmitted by the beam splitter, only one APD detects an event due to the presence of
a single photon. Consequently, the probability of both APDs registering an event simul-
taneously at time zero tends toward zero. Conversely, if multiple photons are emitted
coincidentally during the decay process, the probability of both detectors clicking simul-
taneously increases. For events occurring at later or earlier times, the probability of both
APDs registering an event is one, because these photons are not correlated. Additionally,
when several emitters are present in the focus, depending on photon statistics, this can
lead to non-correlated photons and thus distort the go function. Here, two APDs are
connected to the sync and CFD channels of the TCSPC electronics. To achieve negative
time delays for electronic pulses, a delay generator or longer signal cable can be used on
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the sync side. Furthermore, two different APDs with larger active pixel areas and higher
sensitivity, rather than focusing solely on timing stability, are used. This approach allows
for recording go functions for various possible photon statistics. However, electronic dis-
tortions may arise due to cross-connections to counters or other devices, stemming from
differences in device impedances.

4.2 Signal Generation

After presenting the setup, this part explains the signal generation of a confocal micro-
scope. First, it discusses the incoming electrical field that excites the emitting dipoles.
These dipoles subsequently emit light, which can be collected by the detectors described
earlier. This overview aims to clarify the information obtained and its physical significance.

4.2.1 Focus of Laser Beams

Let us take a quick look at the laser focus that excites the sample in the microscope.
Depending on the polarization, incoming laser mode, and used numerical aperture (NA),
different dipole orientations are excited. The objective can be regarded as a single lens.
The beam is focused according to the principles of geometrical optics as follows2L:

h = fsin(0) (4.3)

In this context, h represents the distance to the optical axis of the incoming rays, # denotes
their divergence angles, and f stands for the focal length of the lens. Before entering the
objective, a Gaussian mode is employed as the incoming laser mode, which overfills the
back aperture. The incident electrical field E;,. can be expressed as:

2 2 2.7 2
Eine = Foexp <_ (mOO +2y00)> = Epexp <_ f S”LQ(H) > (44)
wo Wo

Getting to the focal point, the electrical far field F, propagates through the lens system.

n 1
Ew = [1°[Binc-nglng + 17 [Eie -1, ng) ;;(0089)2

(4.5)

Here, t* t° represent the Fresnel coefficients for the transmission of s and p polarized light,
respectively®d . The vectors n denote unit vectors in spherical or cylindrical coordinates.
At the focal point, the electrical field is expressed before the lens in cylindrical coordinates
(p, ¢, z) and for the focus in spherical coordinates (r, ¢, ) for a spherical and aberration-
corrected lens. Along the direction of the beam, the energy remains constant. To solve
for the electrical field in angular representation at every point, the Fourier transform of
F in x and y, multiplied by a field propagator along z, is calculated. Since this involves
integration over k, andk,, and considering the spherical symmetry, the coordinates are
transformed to ¢ and 6. In the Fourier plane, the directions of the individual rays become
visible.

. Omaz 27
B ik fe kf

E(p,¢,z) = o / /Em(@’q))eikz cosOikp sin® os(2-9) i1 (©)dDdO  (4.6)
0 0
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Figure 4.3): Calculated Intensity of a focused laser beam: the electric field is
calculated for an objective with a numerical aperture (NA) of 1.4 in a medium with a
refractive index n=1.52. The polarization of the incoming light is along the x-axis. The
different field components are shown in the focal plane. As expected, the field component
in the x-direction is the strongest, but due to strong focusing, field components in the y
and z directions also exist. The sketch on the right shows the Rayleigh length and the
transition from cylindrical to spherical coordinates used in the calculations.

Using E., with both Fresnel coefficients equal to one, and an electric field polarized solely
along the x-axis, results in:

(1+cos®) — (1 — cos O) cos 2 -

E = Einc(0,9)= —(1 — cos ©) sin 2 —1(cos 0)!/2 (4.7)
2 n
—2cos Psin© 2

This leads to the following excitation field for a Gaussian mode as incoming field FE;,.:

. Too + In2 COS(2¢)
E(p,¢,z) = k] \/EEO exp(—ikf) Iy sin(2¢) (4.8)
2 Ve —2i1p1 cos(¢)

Here, the Is represent integrals, which can be found in the book "Principles of Nanoop-
tics” (Novotny et al.)2. These integrals involve Bessel functions, and since no analytical
functions describe a focused electrical field, these integrals must be computed for every
point in space. The resulting electrical field is depicted in Figure Here, the focus is
illustrated in a homogeneous medium with a single refractive index. The calculation can
be extended to include changes in refractive index at different interfaces. This would yield
focal patterns of scattered laser light at surfaces. Furthermore, incorporating the detailed
interference of transmitted and reflected electrical fields becomes crucial in understand-
ing the signal formation in scattering measurements. Since all the measured light here
originates from photoluminescence (PL) emission, observing the field distribution from
the focusing medium is sufficient to understand how it excites the emitting dipoles after
excitation. The distribution and orientation of emitting dipoles are determined by the
sample’s symmetry and the polarization of the incoming light. As seen in Figure the
electrical field extends in the z-direction with little change over a distance known as the
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Rayleigh length zg. wg represents the beam radius:

kw?
20 = - (4.9)
2
Within this length, the excitation can be assumed to remain uniform. For strongly focusing

microscope objectives, the Rayleigh length is typically on the order of a few micrometers.

4.2.2 Dipole emission

Let us discuss the signal generation of a confocal microscope. Imagine we have an emit-
ting dipole located on a surface with a higher refractive index than air, such as glass. The
substrate is thin, transparent, and used in conjunction with an oil immersion objective.
Because the oil, substrate, and the final lens of the objective share the same refractive
index, this sets up a classical electrodynamical scenario of a dipole emitting light at the
interface between two different dielectric media. The fundamental concept here is that
the emission originates from a dipole, which radiates light. This holds true whether we
are considering a single molecule, a quantum dot, or an array of dipoles in the case of
2-dimensional materials or thin crystalline films. For coherent signals like scattering or
second harmonic generation, the electric fields interfere. However, for fluorescent or pho-
toluminescent dipoles, the intensities add up in the observed signal because the emissions
from each dipole are not coherent with each other. The electric field generated by radia-
tive dipoles can be theoretically calculated using the Green’s function approach. However,
specific electrodynamical details are not elaborated here.

E(r) = wns G (r, ro)p (4.10)

In the literaturePL B3 B4 B o solution in spherical coordinates describes the propagation
of the electric field into the dielectric medium from a radiating dipole positioned on its
surface. To comprehend the measured signal, visualizing the intensity and its direction
is crucial. This visualization is akin to observing the back focal plane of a radiative
dipole. The direction of electromagnetic energy in an electromagnetic field is defined by
the Pointing Vector:

1 [e1e9

1
S)=—- Re|lEx H"| = -
(S) =5 Rel =3 i

EE*n, (4.11)
Therefore, the measured intensity for the radiation pattern is given by:

I(r,¢,0,®,0) ~ ; !

oo [E,,E; v ESE:} (4.12)

The parameters 7, ¢, 0 represent the spherical coordinates: radius, polar angle, and az-
imuthal angle, respectively. ®, ® denote the angles of the dipole orientation on the surface
as illustrated in figurd4.4]. The azimuthal angles 6; and 6, are related through Snell’s law
for refraction.

sin(f1) no

R (4.13)
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Figure 4.4): Different radiation patterns for several scenarios are calculated. For a
single dipole emission, its orientation is clearly seen. When there are several incoherent
randomly oriented in-plane or in-and-out-of-plane dipoles, the orientation is not visible.
However, due to the refractive index differences, from air (n=1) to glass (n=1.52), the
main energy is radiated towards the substrate in represented angles higher than NA = 1.
This explains that using high NA objectives in the epi-direction is an optimal setting for
our microscopic system regarding photon collection efficiency and resolution.

For calculating the electrical field, the solution in spherical coordinates is required. The
exact derivative can be found in the literatureU:

B E,]  mni |ulexp (i1%227) [ ¢; cos(®) sin(fy) + 2sin(O) cos(fy) cos(¢p — ®)
L Es ] Aea r c3sin(fs) sin(¢ — ®)
2
ngy cos(fz) -
= — . . . H
“ (nl) cos(fy) o
n2 .

Cy = nil . tp 11
o = 12 eos0a) o (4.14)

ni cos(fy) °

This electrical field can be used to calculate the radiation pattern that can be observed
in the back focal plane. Here, ; and fp are the Fresnel coefficients for transmission in a

dielectric medium.

P 2n4 cos(61)
P nycos(fe) + nacos(6y)
P 2n4 cos(61) (4.15)

ny cos(61) + ng cos(62)
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4 Confocal Microscopy

Additionally, a propagating phase is needed if the emitting dipole is not exactly at the
origin of the coordinate system. This phase is valid if the spatial extent of the emitter is
small enough compared to the distance r.

IT = exp <z 2 (2o sin(61) cos(¢) + yo sin(6y) sin(p) + zo 605(91))> (4.16)

With all these formulasP® 33 it is possible to calculate different radiation patterns de-
pending on the sample’s emission characteristics. The most important result is that dipole
emission mainly occurs into the optically denser medium. Furthermore, a significant por-
tion of the emission is directed towards critical angles. This explains why the epi-direction
is much more efficient and high NA objectives are needed. They enhance resolution and
also increase detection efficiency. Since samples often have a low quantum yield and fewer
emitting centers, this setup provides a means to observe these emitters. When combined
with an APD, single photons can be measured and observed.

4.2.3 Resolution

From the paragraphs above, it is necessary to first calculate the excitation laser field E.,..
This excitation field induces emitting dipoles p , with orientations corresponding to the
polarizability tensor ‘&’. This tensor depends on the symmetry of the crystal or molecular
structure and the absorption properties?.

un(w) = WEemc(rmW) (4.17)

This emitted field generates a new electrical field, which can be measured as an intensity.
w2
E(r) = e A psrm, (4.18)

In confocal microscopy, the emission from a dipole appears to originate from a single
point where the incident laser light is focused. The tightly focused or localized electrical
field extends spatially due to wave nature limitations in focusing. The intensity I ~ |E|?
is measurable and proportional to the power density. This characteristic is known as the
point spread function (PSF), which determines the resolution capability. The signal PSF
depends on both the excitation and the response and is the convolution of both:

ITotal ~ Iewcitatian PSF X Iemission PSF (419)

Here, assuming a perfect setup, any limitations in the setup will affect the PSF accordingly.
For an emitting dipole aligned along the x-axis, the intensity profile along x is as follows:

Ji (27r NAp)
lim  [E(r,y,z=0)~ 2. —~ 2/ (4.20)
Omae < /2 (QW]\}\I;\P)

This formula is derived from the integral Ipg. Other terms in this approximation can be
neglected due to the small angles involved. The result remains accurate for calculating the
PSF even with high NA objectives. The resulting function is known as the Airy function.
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4.3 Data Analysis - Fitting

Its radius is:

M

Ax = 0.6098m (4.21)

It represents the first zero-crossing of the function.
With a magnification M = 1, it precisely defines
the resolution limit as given by Rayleigh. In this
scenario, for instance, when an effective in-plane
dipole emits incoherently and independently from
the excitation light, this criterion overlaps two Airy
functions in space. If one function reaches its maxi-
mum precisely at the zero-crossing of the other, this
marks the closest possible position to distinguish
both points. This criterion is one of many defini-
tions of resolution. It is evident that changing the
excitation mode and the response PSF can lead to
completely different intensity patterns, necessitating
a separate discussion. Additionally, in the case of a
scattering signal, where incoming and outgoing rays
interfere, it introduces a different aspect to consider.

—— excitation PSF (500nm)
——— PLPSF (800nm)
- - —PSFPLxPSFexc
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Figure 4.5): The point spread
functions (PSFs) are shown for a
PL emission at 800 nm, the exci-
tation laser at 500 nm, and the re-
sulting resolution of both (PSF ex-
citation convoluted with PSF PL).

4.3 Data Analysis - Fitting

As a final chapter, let’s briefly explain the principle of fitting the measured PL data.

4.3.1 Time-Resolved Data

We will begin with fitting time-resolved transients. Generally, the time resolution of the
measured TCSPC PL signal depends on the Instrument Response Function (IRF), as
discussed earlier. The IRF is obtained by measuring TCSPC of the reflected pulsed laser
before or after recording series in different measurement configurations. This includes
various setup settings, as well as different timing and binning settings of the TCSPC
electronics. For this, a position on the sample without any sample material is used, if
possible. In the case of a tunable laser source, the wavelength is set to be the closest to
the PL wavelength. In all other cases, the used laser setting is recorded. To clean the
laser from sidebands, which can influence the IRF, a spectral clean-up filter is always used.
Since the IRF is asymmetric, in our case and signals cannot be analytically deconvoluted,
the signal must be fitted using a convolution of a decay function Fiecqy(t) and the IRF.

Isignal<t) = IRF(t) * Fdecay (t)

tmaz
= / IRF(7) - Fiecay(t — 7) dr (4.22)
tmin
In cases where the decay is much longer compared to the width of the IRF, the IRF
approximates a delta function. Consequently, the convolution function becomes equal
to the decay function Fiecqy(t). Convolution functions for the analysis are essential for
evaluating lifetimes ranging from picoseconds (ps) to lower nanoseconds (ns). The decay
function varies depending on the specific decay processes. Below are examples illustrating
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4 Confocal Microscopy

the solutions for monomolecular and bimolecular decays:

d
dit% =—kin = Fiecay(t) = noexp(—Fkit) monomolecular
dn 1 .
i —kan? = Flecay(t) = o + ot bimolecular (4.23)

These decay functions represent solutions to the corresponding differential equations de-
scribing the decay process for times ¢ > 0. The initial rise of the signal is not of interest
in these fits, as it is primarily determined by the electronics and the temporal shape of
the laser pulse. mg represents the number of excited states at time zero, and k1 = 1/7;
and ko = 1/79 are the decay rates associated with the processes. Often, multiple decay
channels are present in the systems under investigation, necessitating the use of a sum
of several decay functions. The detailed understanding of the underlying decay processes
is often lacking, which complicates the analysis. For systems exhibiting several mono-
exponential decays, plotting the intensity on a logarithmic scale can aid in identifying
individual decay times, as each decay process appears as a line with a distinct slope when
the lifetimes differ significantly. When the individual lifetimes are closely spaced or exhibit
a statistical distribution, or when dynamics such as diffusion are involved, a sum of many
exponential functions might provide a good fit. However, the resulting lifetimes may lack
physical meaning when the fitting function includes too many variables. With more than
five variables, almost any decay curve can be fitted well. In time-resolved photolumines-
cence (PL) measurements of crystalline films, decay curves often exhibit a banana shape
when plotted on a logarithmic scale. To simplify the analysis of decay lifetimes without
overly complicating the fit with too many variables, a stretched exponential fit function is
employed B8 37,

B
F(t) =ng-exp <—t) , average lifetime: (1) = Tr <1> (4.24)
T g\B

It is an exponential function extended by an exponent §, which represents a statistical
distribution of the lifetime 7 around an average value (7). The average lifetime can be
calculated using the Gamma function I'. The parameter 8 must lie between 0 and 1, or it
can be a special case of 2 representing Gaussian statistics. However, the statistical nature
cannot be fully determined solely from the exponent 8 without additional information.
As an analytical tool for determining lifetimes in a comparable manner, this stretched
exponential function is reproducible and provides a basis for comparison, particularly in
cases involving unknown excited state dynamics. In crystalline films, which are typically
imperfect and may exhibit surface states with dangling bonds, decay lifetimes can vary
for different excited states. Moreover, this fitting function utilizes only 3 fitting variables,
which typically yields a reasonable fith36 57

4.3.2 Energy Resolved Data

Now, let us consider spectral measurements. Typically, for radiative transitions, a Lorentzian
lineshape is expected in first order, while a Gaussian-shaped photoluminescence (PL) spec-
trum is expected for Gaussian distributions of different transitions. In these cases, simple
Gaussian or Lorentzian curves can be fitted to the spectra. The measured spectra are
recorded using a grating spectrometer that disperses light linearly in wavelength, and
the spectra are plotted on a wavelength scale. It is important to note that symmetric
lineshapes, such as a Lorentzian curve, appear asymmetric on a wavelength scale but sym-
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metric on an energy scale, given that £ ~ % Therefore, the data needs to be rescaled

to an energy scale. Additionally, the intensity values must be corrected by dividing by
A2, as the effective detecting area dI()\) = dlff ) changes upon rescaling. However, in
reality, spectra often appear asymmetric due to the involvement of numerous defect states
in crystalline films, as discussed earlier. To determine a central wavelength xg asymmetric
peak function is used. This function is a sum of a Lorentzian L(x) and a Gaussian peak

G(z) , known as a pseudo-Voigt peak, and includes a non-constant width function o (z)58l,

G(x) —Ué)\/@ exp (—4ln2 (xgz;oy) (Gaussian)

L(x) = 24 (Lorentzian)
4(z—1x0) 2
7T(7($) (1 + W)
200

— i idth
1+ exp(a(z — z9)) (varying width)

V(z) =p L(z) 4+ (1 — p) G(zx) (pseudo-Voigt) (4.25)

The width function o(z) is a sigmoidal function that varies with a factor « , controlling
its asymmetry. Typically, o ranges between -1 and 1, as higher values can lead to fits with
multiple maxima, making the fit less stable and reliable. In the pseudo-Voigt function
V(z), the parameterp weights the ratio of the Lorentzian and Gaussian distributions.
While originally defined as the convolution of these two distributions, the pseudo-Voigt
function uses a weighted sum approach, which is simpler to fit and often yields satisfactory
results. This asymmetric peak function is highly effective for fitting spectra commonly
found in crystalline solid-state materials.

A nonlinear least squares approach is utilized to fit a function to the measured data,
yielding a set of parameters.

Fopt(a) = min

En: (Fifit(av x) - Data(x)i)2] (4.26)

i=1

It is clear that the sum of the squared differences between the fit function and the mea-
sured data must approach zero, ensuring that the optimization function F,,; reaches an
extremum. The second-order term, the sum of squared differences, aims to minimize and
converge to the best possible solution. This sum encompasses individual data points ¢,
where n represents the data length. The fit function is computed at each point x cor-
responding to the z-scale of the recorded data. It is important to note that the initial
starting point can influence the final solution. Optimization algorithms are designed to
find a minimum, and while many local minima may exist, they may not represent the best
solution. Starting with values close to the expected solution and constraining the vari-
able space boundaries is advisable. Iterative processes often help in finding the optimal
solution, and weighting the fit with a logarithm can further refine this process.

=1

Fopt(a) = min [Zn: (log <Fifit(a,x)> — log (Data(x)i))zl (4.27)

The advantage lies in weighting low intensity values more heavily compared to higher
intensity values, often leading to optimal physical solutions and stabilizing the fit. This
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approach is particularly beneficial for TCSPC data, where long-lived states may have
very low photon counts towards the end of the measurement interval. Looking ahead, I
envision that fitting analyses could be optimized using artificial intelligence (AI) in the
future. AI could potentially accelerate the subtraction of physical models by directly
inputting measured transients. Moreover, Al could aid in finding optimized parameters
without depending heavily on initial conditions, thereby speeding up and enhancing the
efficiency of analysis. This advancement could provide researchers with more time in the
laboratory, leading to the discovery of more intriguing new results.
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5 Perovskite and Coordinated Polymer
Frameworks - Photoactive semiconductors

This chapter summarizes the work of my doctoral thesis. Often, these studies are col-
laborative efforts involving many people, especially for the synthesis. Nonetheless, this
provides you, the reader, with a brief introduction to the main publications, which are
attached to show the detailed story. Given the world’s high energy consumption and
reliance on oil and gas, new renewable energy sources are essential. Solar energy is a sig-
nificant renewable source, with photons freely available to everyone. The possible power
density on Earth ranges between 300 and 800 W/m? having no cloudsB¥ | representing a
vast amount of energy that we can potentially harvest. Cost-effective production of solar
cell devices remains a challenge. Here, we present materials that can be produced by
spin-coating or solvothermal reactions of reagents, making them interesting candidates for
potential devices due to their low production costs. Additionally, we need more efficient
solar cell devices because of limited space for installation on fields or rooftops. However,
these photoactive materials might also have other applications. The different projects in
this work focus on novel materials and their intrinsic properties, aiming to explain the
photophysics of these materials, which could be useful for various applications.

5.1 Methylammonium Lead lodide - a Lead Perovskite

For one generation of PhD students, this material was a very hot topic. A new solar mate-
rial that achieves almost the same efficiencies as silicon solar cells with much less energetic
effort. It is generally printable and based on two solutions (Methylammonium and Lead
iodide precursor) that crystallize on the surface to form Methylammonium lead iodide
(MAPbDI3). By tuning the fabrication process, it is possible to achieve highly crystalline
films that show high power conversion efficiencies. This material has high potential for
commercialization as a solar cell material, especially as a tandem cell material. A tandem
solar cell combines several materials to overcome the Shockley limit and utilize the solar
spectrum more efficiently. The combination of silicon and MAPDIj3 is the most prominent
one. In our investigations, we focus on the excited state dynamics of the intrinsic material.
The sample is a film on glass with a thickness of 400nm and large crystals ranging from
30 to 50 pum in diameter. The sample is excited by a 635nm diode laser with a tunable
repetition rate. This laser wavelength excites the material above the exciton absorption,
targeting the free charge carrier absorption. In general, the excitons at room temperature
are not stable since the binding energy can be easily overcome by thermal energy. They
dissociate, and after excitation, only ambipolar free charge carriers remain in the system.
The charge carriers must move together; otherwise, the electrical field would become too
high, making them ambipolar. Furthermore, it is assumed that the number of electrons
equals the number of holes (n, = np). We also know from previous studies that the
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mobility of holes and electrons in these materials is almost equal (pe ~ pp).

Oz t nonradiative radiative nonradiative
On(w.y,t) = DAn — kin —  kon? — kan® (5.1)
ot ~—~— ~—~ —— ~

Diffusion  monomolecular  bimolecular Auger-recombination

It was shown that the recombination of the ambipolar charge carriers is a bimolecular
process (~ kan?). This means that the measured intensity Ieqsured iS proportional to n?.
The Auger process (~ n3) , which is the annihilation of excited charge carriers, is a non-
radiative process. The recombination on defects or localized states, the monomolecular
recombination (~ n), is also non-radiative. Nevertheless, by keeping the excitation power
low, the quadratic and third-order terms are negligible.

W ~ DAn — kin — kaiiz — ks>,  where  Ineasured ~ 1 (5.2)
The excited states have a lifetime of around 1us and are highly mobile. To measure the
diffusion coefficient without introducing additional contacts, a remote detection scheme is
used. In a solar cell configuration, the contacts are on the top and bottom, meaning the
charge carrier separation would happen within the 400nm film, where it is monocrystalline.
Additionally, the excited states cannot overcome the grain boundaries of neighboring crys-
tal grains, so observing mobile excited states in large crystallites of several um is necessary.
Given the long-lived and mobile states, it is possible to measure the diffusion coefficient
from them. To determine the limitation of diffusive transport, we measured the tempera-
ture dependence of the diffusion coefficient of MAPbI3, ranging from 300K down to 5K.
The diffusion coefficients are recalculated to a mobility using the Einstein-Smoluchowski
relation8. Tt is assumed that the free charge carriers are not shielded and all participate
equally in the mobility. Although the absolute calculated value may not be correct, the
shielding effects can be assumed to be temperature-independent. Therefore, the trend
of mobility along the measured temperatures remains valid. The temperature-dependent
diffusion measurements show that the mobility trend is limited by scattering on lattice
fluctuations and optical phonons, as indicated by comparing datasets to theoretical calcu-
lations in the literature®® 4 Interestingly, the diffusive transport stops between 140 to
180K . This is because the tetragonal phase present at room temperature transitions to
the orthorhombic phase in this temperature range. In the PL spectra, a certain jump of
a few nanometers in the PL maximum (~ 780nm)is observed and additionally a second
peak on the blue side (~ 740nm) is rising with further lowering temperature. After the
red-sided peak smears out, only one PL peak is left around 90K, which corresponds to
the pure orthorhombic phase. The red-shifted peak above the phase transition belongs to
the tetragonal phase, while the region with two peaks indicates a mixture of both phases.
The phase transition temperature can differ for each thin crystal, typically occurring be-
tween 159 and 160K when coming from high temperatures. This shifts to around 169K
when increasing temperatures from lower values. The material shows a hysteresis in its
phase transition, and the absolute values of the phase transition points differ slightly from
sample to sample but consistently reproduce the same trend. During the phase transition,
both phases appear simultaneously. This is observed in confocal scans as well, where large
homogeneous light-emitting crystals change to small inhomogeneous PL spots, indicating
local disorder in the system. This is why diffusive transport stops: the excited states be-
come localized, and phase mixing creates an energetic barrier they cannot overcome. This
demonstrates that disorder can significantly influence diffusive transport, highlighting the
importance of grain crystallinity on charge transport in MAPbI3.
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This section is a summary of these two published papers, which are attached:

Local Disorder at the Phase Transition Interrupts Ambipolar Charge
Carrier Transport in Large Crystal Methylammonium Lead Iodide Thin
Films/42

Temperature-Dependent Ambipolar Charge Carrier Mobility in Large-
Crystal Hybrid Halide Perovskite Thin Films/43!

5.1.1 CsFAPDbI3 Nanocrystals

Another lead perovskite system of interest is the caesium formamidinium lead triiodide
CsFAPDbI3 quantum dots. A significant challenge with lead perovskites is their rapid degra-
dation over time. However, synthesizing nanocrystals with ligands around them helps to
passivate the surface, keeping oxygen and moisture away from the material. Addition-
ally, the quantum dots are in solution, making it convenient to print solar cells. In this
study, the nanocrystals are slot-die coated to print solar cell devices. Various post-print
treatments are compared to evaluate their influence on performance. The photophysical
properties are measured on films coated only on glass. The post-print treatments in-
volve multiple steps. Initially, the long-chain oleic acids and oleylamines surrounding the
nanocrystals are exchanged with Pb(NOg3)s. Subsequently, the surface layers are passi-
vated with formamidinium iodide (FAI). These treatments enhance the solar cell perfor-
mance from approximately ~ 0.5 to 6.4% photo conversion efficiency (PCE). It has been
shown that the average lifetime of the excited charge carriers increases from 5 to 40ns,
and there is a redshift in PL emission from 1.71 to 1.65e¢V when comparing pristine and
treated materials, respectively. The excited state dynamics are assumed to be similar to
those in MAPbDI3, excluding the diffusion out of the confocal spot, as no temporal broad-
ening is observed. However, the density of states is not negligibly small, which includes
the bimolecular decay channel.

on(t)

5t ~ —kin — kon?, where ILneasured ~ N> (5.3)

This solution of the differential equation is used to fit the observed transients. Moreover,
the structure in these films changes from pure cubic to a mixture a- and S-phase. These
reorganizations, including the change in photophysical properties, seem to be the reason
for the improved performance in this example.

In general, lead-based perovskites perform very well in solar cell applications. It is
promising that these types of materials will play a significant role in future energy con-
version concepts. However, these materials are very unstable under ambient conditions,
which needs to be improved. So far, devices made from lead perovskite require a very
robust and stable encapsulation to shield them from water and oxygen. Moreover, this
encapsulation needs to be robust enough to prevent any contamination of lead into the
environment. Additionally, after degradation, it is not easy to recycle the material be-
cause of the lead toxicity. One future direction could be improving the inertness of lead
perovskites or finding ways to replace the lead with a different, less toxic material. Nev-
ertheless, a lot of screening work still needs to be done to find other possible candidates
that can improve the harvesting of sunlight.
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This section is a summary of the scientific contribution to this published paper:

Layer-By-Layer Printed Metal Hybrid (Cs : FA)Pbls Perovskite Nanocrystal Solar
CellsH4!

5.2 Lead Free Perovskites

Lead-based perovskites are very efficient solar cell materials, as discussed in the previous
chapter. Unfortunately, without encapsulation, these materials degrade within weeks to
months. Moreover, these materials contain lead salts, which are very harmful to the envi-
ronment. Organisms can absorb lead salts more easily than elemental lead, and these salts
are water-soluble. Deploying these types of solar cells on a large scale in fields poses a risk
of environmental contamination, comparable to the lead intoxication from leaded gasoline
used until the late 1980s. The consequences of such contamination were only identified in
hindsight because these effects do not appear immediately. It has already been shown that
plants can efficiently absorb lead when grown in lead-perovskite-contaminated soil 46l
Thus, more research is necessary. One approach is to use the perovskite crystal struc-
ture but replace the lead, exploring combinations of many elements to find a new, less
toxic material. Hypothetically, there are over > 10° possible perovskite structures with-
out lead. However, screening every material and achieving chemical realization through
synthesis is almost impossible. By using computational methods, many structures can
be excluded®? 4849 hyt experimental validation is still necessary. The more we under-
stand how the photophysical properties are connected to their structure, the better we
can predict novel materials. There is still much work to do to improve energy conversion
materials in the energy transition. In this chapter, we focus on the investigation of 2D
lead-free perovskite thin films. The benefits of 2D materials include their stability due to
the surrounding ligands that isolate the material from oxygen and water in the ambient en-
vironment. Additionally, incorporating organic spacer molecules into the crystal structure
allows for the tuning of physical properties. This tuning can affect the density of states,
contributing to the valence and conduction bands in a way that influences the excited state
decay. We have contributed microscopic time- and spectral-resolved photoluminescence
(PL) measurements to support the photophysical understanding. Three different studies
are highlighted: one where in a Ruddelsen-Popper perovskite the halides were changed
((4FPEA)4AgBiXg, where X = Cl, I, Br), one where the cations of a Ruddolfite perovskite
are changed (Cul — xAg,Sbl), and one where the interlayer organic ligands are exchanged
on AgBil and CuBil. All these materials are 2D perovskite thin films. We will not delve
into the chemical details of realization, synthesis, and structure, as these are outside my
expertise and can be found in the respective publications. Our contributions are primarily
focused on the photoluminescence measurements. From a photophysical point of view, the
processes observed in these materials are comparable and can be summed up in a single
model representing the observed material class. After excitation, free excited charge car-
riers exist and form a polaronic state within approximately a picosecond. This polaronic
excited state, due to phonon coupling and the resulting local lattice deformation, does not
travel far. Additionally, these materials have numerous defects and trap states. Conse-
quently, the excited polaronic state falls into these trap states and ceases to move further.
These trap states have a lifetime of several nanoseconds, meaning the lifetime of the ex-
cited states is much shorter compared to MAPbI3. The excited states also exhibit much
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Figure 5.1): Scheme of charge carrier dynamics, emission, and energy lev-
els of Ag-Bi based 2D double perovskites This model was developed specifically
for the silver-bismuth based 2D double perovskite ((4FPEA);AgBiXg, X = Cl, Br, I)
system[‘r’ol, but it represents the entire class of lead-free perovskites. In PL measurements,
the formation and localization of the polaron, followed by its decay, is observed. The
ultrafast localization is detected through THz pump-probe measurements.

stronger coupling to phonons, and these materials appear to have significantly more defect
states, as evidenced by the broader PL spectrum at low temperatures. While the specific
numbers for the different combinations of materials vary slightly, they remain within the
same order of magnitude, resulting in similar behavior. The efficiency ranges from 0.7 to
1.1%, which is much lower than that of the lead-based types. Hopefully, by exchanging
molecules within the structure and reducing the defect states, the strong phonon coupling
and localization of the excited state can be reduced.

This section is a summary of the scientific contributions to these published papers:

Silver-Bismuth Based 2D Double Perovskites (4FPEA);AgBiXg (X=Cl,Br,I): Highly

Oriented Thin Films with Large Domain Sizes and Ultrafast Charge-Carrier Localization®%

Cu/Ag-Sb-T Rudorffite Thin Films for Photovoltaic ApplicationsP!!

Overcoming Intrinsic Quantum Confinement and Ultrafast Self-Trapping in Ag-Bi-1
and Cu-Bi-I Based 2D Double Perovskites through Electroactive Cations®2 (under
revision)

5.3 Covalent Organic Frameworks

A novel approach involves using highly oriented crystalline structures made of organic
molecules connected by covalent bonds. These ordered polymer-like structures are called
covalent organic frameworks (COF). The advantage of this material class lies in its tunabil-
ity and design flexibility by choosing different linker and node molecules. Investigating the
excited state dynamics can provide more insights into the connection between the crystal
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structure and its properties. This study explores a photoactive material beyond perovskite
materials, focusing on fundamental material characteristics to evaluate the performance
and limitations of this specific COF as an example of the entire material class. Here,
a highly crystalline WBDT COF is spectroscopically investigated. It is a 2-dimensional
system with planar sheets oriented parallel to the substrate surface. The crystal grains
are about 200um in size. Although individual crystals have different orientations, the 2D
sheets appear to connect across different grains, forming grain boundaries. Interestingly,
these films show the diffusion of excited states across several grains, which is entirely dif-
ferent from MAPI thin films where excited ambipolar charge carriers do not pass grain
boundaries. Additionally, the excited state dynamics are very similar to lead-free per-
ovskite systems. In the early picoseconds, free ambipolar charges are very mobile before
they get localized into a polaronic exciton state. This exciton diffuses as well, reaching
diffusion coefficients up to 4cm?/s, which is very high compared to reported values in the
literature for COF systems. As mentioned before, this system is made entirely of organic
molecules, achieving values expected for semiconductor materials. To model the transport
of the excited states, temperature-dependent remote-detected time-resolved PL measure-
ments are conducted. The PL spectrum has a spectral width of around 0.3eV, which
remains constant at low temperatures. Additionally, when measuring only the red side of
the spectrum, no significant broadening is observed in the remote-detected time-resolved
PL measurements This provides evidence for a localized species trapped in defect states
and possible localized states belonging to individual organic molecules. Immediately after
excitation, an unbound excited state consisting of ambipolar free charge carriers is ob-
served. It is challenging to distinguish if freely moving excitons are also involved. These
unbound states are detected in time-resolved PL measurements and additional transient
THz measurements, specifically performed at room temperature. In the room temperature
THz pump-probe measurements, only a signature of the free ambipolar charge carriers is
observed due to the limited probing THz spectrum. This unresonant signal from the ex-
cited charge carriers decays within 1.4ps, which represents the lifetime of this unbound
species. In PL measurements, these unbound excited charges manifest as initial broaden-
ing within the first 10ps in the signal rise observed in the remote-detected TCSPC signal.
These rapidly moving free unbound excited states reach an average diffusion coefficient of
about 10cm?/s. No temperature dependence is observed for these states due to the ex-
cess energy from excitation over the bandgap. Additionally, during excitation, the excited
states and the phonon bath are not in equilibrium and not coupled, contributing to the
high mobility of these charge carriers. Subsequently, these fast-moving excited charges
localize into excitons, which appear to couple with crystal lattice phonon modes, slowing
their mobility by an order of magnitude. Calculations of the excited state at room tem-
perature yield similar diffusion coefficients of approximately 0.2cm? /s, comparable to the
measured values ranging from 0.1 to 0.4cm?/s at room temperature. Simulations assume
a phonon-assisted hopping process, revealing a temperature-dependent diffusion coeffi-
cient D(T) that indicates two competing transport processes: coherent band transport
and incoherent hopping transport. At room temperature, the degree of disorder in these
organic molecular systems favors dominant phonon-assisted hopping transport. Coherent
band movement is slower due to phonon scattering. Lower temperatures increase coherent
transport values by reducing phonon scattering effects. Phonon-assisted hopping slows as
phonons freeze out, resulting in a peak diffusion coefficient of 4cm?/s at 200K. At very
low temperatures, coherent transport dominates, while incoherent transport diminishes,
explaining the decreasing trend in diffusion coefficient below 200K to 100K and stays
then constant at around 2cm?/s until 5K. This temperature dependence reflects the dis-
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order of the system, particularly evident in this WBDT COF. It remains unclear whether
this disorder is intrinsic to the material or arises from imperfections in crystallization
during synthesis. Future synthesis efforts may explore methods to reduce disorder, but
current limitations persist with crystalline films that lack ordered structure accessibility.
Alternatively, synthesizing unoriented thin films where single crystallites are randomly
oriented shows comparable diffusion coefficients for the longer-lived state at room temper-
ature, albeit decreasing with lower temperatures. Higher disorder in these films results in
predominantly incoherent hopping transport of excited states. Nevertheless, the efficient
transport observed in highly oriented crystalline films makes them intriguing for further
energy conversion applications, such as catalytic reactions where they can serve as pho-
ton absorbers transporting charges to catalytic centers positioned within the COF-films’
pores. The direct access to the molecular structure in this architecture will enable more
detailed insights linking photophysical properties with the semiconductor crystal struc-
ture in future studies. Using crystalline COF films with different linker isomers, which
exhibit varying absorption and emission spectral® will allow investigation into how these
differences influence the dynamics of excited states. Moreover, exploring combinations of
different molecules may reveal variations in disorder within crystalline films, potentially
enhancing our understanding of how to tailor crystal structures to optimize the efficiency
of energy conversion processes driven by light absorption.

This section is a summary of this preliminary manuscript, which is attached:

Spatiotemporal Spectroscopy of Fast Excited-State Diffusion in 2D Co-
valent Organic Framework Thin Films/54!

5.4 Metall-Organic Frameworks

Another class of controllable crystal structures on a molecular basis are Metal-Organic
Frameworks (MOFSs). These crystalline structures combine organic frameworks with metal
centers, offering porous properties and high conductivity within the organic electronic
material class. In this study, we investigate a MOF crystal incorporating rare earth ions
(REIs), resulting in single crystals on the order of several hundred micrometers. These
large crystals are unusual in this material class and present an intriguing candidate for
further research. Notably, the crystal structure could be determined crystallographically
due to their large size, using a novel synthesis approach. Furthermore, these crystals
exhibit remarkable stability in water and under ambient conditions, maintaining their
properties over a year. Interestingly, these MOF crystals exhibit emission lines from the
REIs incorporated into the framework. This prompts an exploration of the photophys-
ical relationship between the MOF framework and the REIs. In general, transitions in
lanthanides from the excited state to the ground state are forbidden in the elementary
state, thus they do not emit photons naturally. However, when the atomic states couple
with a crystal matrix, this symmetry is broken, allowing for radiative transitions. The
4f-electrons in lanthanides exhibit many energy levels due to Coulomb interactions and
spin-orbit coupling, leading to energy level degeneracies. Fine splitting of these atomic
states occurs when they couple with the surrounding crystal lattice, enabling radiative
transitions. In the case of MOF matrices, these serve as light-absorbing materials capable
of transferring energy to REI metal centers. Various combinations of REIs are possible,
including ytterbium, neodymium, europium, samarium, and erbium, with current focus on
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ytterbium and neodymium for further investigations. The absorption onset of MOF crys-
tals typically occurs around 650nm. These crystals exhibit a broad-band emission with
Stokes shift (500 to 700nm) originating from the framework, along with smaller significant
emission lines attributed to the REIs. Due to their wide absorption spectrum, it is feasible
to excite these materials at 405nm and observe emission lines in the near-infrared range
(800—1024nm). Two distinct timescales are observed in the photoluminescence (PL) emis-
sion. The broadband emission exhibits an average lifetime below 10ps, interpreted as the
average time for the energy transfer process within the MOF framework. The PL emission
lines from the rare earth ion (REI) have lifetimes ranging from 130 to 150ns for ytterbium
and 30 to 50ns for neodymium. These lifetimes are surprisingly short for REIs compared
to reported values for neodymium and ytterbium crystals in the literature. This is likely
due to the high density of REI metal centers causing quenching among them, exacerbated
by the presence of embedded water molecules that further quench the excited states of the
REIs. For REIs, a reported process involves one photon generating two photons with half
the energy, emitted in parallel within the excited state’s lifetime-a non-parametric, inco-
herent process. This is evidenced in many materials through the measured quantum yield
of emitters, where more photons are emitted than absorbed. In the DHBQ framework,
the matrix may emit photons in addition to the excited REIs. However, the efficiency of
energy transport from the framework to the REIs remains unknown, and potential dark
transitions further complicate interpretations of quantum yield measurements. To address
this, we employ a different approach: measuring the second-order time correlation func-
tion of emitted photons via a Hanbury-Brown-Twiss configuration. This method relies on
the emission of two photons within the lifetime of the excited REI. We observe a ~ 1%
bunching for ytterbium DHBQ systems, while neodymium crystals do not exhibit bunch-
ing. This difference may be explained by neodymium’s multiple energy transitions due to
its atomic properties. In ytterbium-DHBQ crystals, we confirm that after absorbing one
photon, energy is transferred to two independent ytterbium metal centers, which become
excited and decay in parallel within their lifetimes-confirming the non-parametric down-
conversion process. The second-order time correlation function depends approximately on
~ 1+ % , where n is the number of excited states. Given many independent emitters, the
observed bunching is only around 1%. These results highlight the potential of the ma-
terials for imaging applications, due to their large Stokes shift, efficient photon emission,
short lifetimes, and the downconversion process. Moreover, their stability in air and water
is noteworthy.

This section is a summary of this preliminary manuscript, which is attached:

Giant rare-earth metal catecholate crystals - morphology control and
rapid NIR luminescence response 55!

5.5 Conclusion

In summary, several intriguing phenomena were observed across different projects using
advanced time-resolved photoluminescence microscopy and spectroscopy techniques. In
MAPDI3, the diffusive transport of excited ambipolar charge carriers is hindered by optical
phonons and lattice fluctuations. Additionally, the disorder induced by phase transitions in
thin films was found to halt this transport. In CsFAPbI3 quantum dot films, restructuring
of the clustering improved photophysical properties and consequently enhanced power
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conversion efficiency. For lead-free perovskite systems, the inferior solar cell performance
was attributed to strong localization of excited states on lattice phonons and immobile
defect states. The novel approach using WBDT COF, a tunable material composed solely
of organic molecules, exhibited semiconductor-like behavior, with disorder identified as a
critical factor influencing excited state diffusive transport. Finally, measurements on REI
MOFs revealed a non-parametric downconversion process in ytterbium DHBQ MOFs,
demonstrated through second-order time correlation function analysis of emitted photons.
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ABSTRACT: Perovskite-based thin-film solar cells today reach
power conversion efficiencies of more than 22%. Methylammo-
nium lead iodide (MAPI) is prototypical for this material class of
hybrid halide perovskite semiconductors and at the focal point of
interest for a growing community in research and engineering.
Here, a detailed understanding of the charge carrier transport and
its limitations by underlying scattering mechanisms is of great
interest to the material’s optimization and development. In this
article, we present an all-optical study of the charge carrier
diffusion properties in large-crystal MAPI thin films in the
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tetragonal crystal phase from 170 K to room temperature. We probe the local material properties of individual crystal grains
within a MAPI thin film and find a steady decrease of the charge carrier diffusion constant with increasing temperature. From
the resulting charge carrier mobility, we find a power law dependence of y & T" with m = —(1.8 + 0.1). We further study the
temperature-dependent mobility of the orthorhombic crystal phase from 50 to 140 K and observe a distinctly different exponent

of m=—(12 + 0.1).

KEYWORDS: hybrid halide perovskite, MAPIL, solar cell material, ambipolar charge carrier mobility, temperature dependence,

photoluminescence, remote detection

B INTRODUCTION

In the context of global climate change, the development and
optimization of photovoltaics play a major role. It is desirable
to establish alternatives to silicon-based technologies that can
fill gaps in productivity in a flexible and fast way."” With a solar
cell efficiency of more than 22%,” hybrid organic—inorganic
perovskites proved to be a very promising class of materials for
this purpose. In addition to the outstanding device perform-
ance, the low-cost solution-based processing techniques and
the abundance of the raw materials are the most important
factors in favor of hybrid perovskites."”® Apart from photo-
voltaics, perovskite-based photodetectors,”® light-emitting
diodes,” and lasers'® were successfully developed. For all of
these applications, a precise and detailed knowledge and
understanding of the charge carrier dynamics are key for
further progress in optimization and engineering. Despite the
good device performance in photovoltaics, the drift mobility of
4 = 10..100 cm?/Vs in methylammonium lead iodide (MAPI)
is not particularly high when compared with that of
conventional semiconductors, such as silicon, gallium arsenide,
or cadmium selenide'"!? with 4 > 1000 cm?/Vs. On the other
hand, they show quite high typical diffusion lengths of up to

W ACS Publications  © 2019 American Chemical Society 20838

several microns, which means that diffusing charge carriers will
very likely reach the contact electrodes within their lifetime.
In thin films, the physical transport properties can differ
from those of macroscopic samples because of the influence of
interfaces and the local grain structure. In this context, a
microscopic measurement approach for the charge carrier
mobility has the advantage that it suits the situation of thin-
film devices and that it can help identify local variations or the
influence of grain boundaries. The charge carrier mobility y of
single-crystalline semiconductors is typically limited by
scattering off impurities and phonons."> Since these mecha-
nisms result in different temperature dependencies, low-
temperature measurements help differentiate them." Elastic
scattering off of acoustic phonons leads to a power law of ;1
T~%2, inelastic scattering off of optical phonons leads to a
power law of y & T™"/% and scattering off impurities or ions
results in a power law of 4 o« T2, If a mixture of those effects
is present at the same time, the reciprocal mobilities add up,
and the resulting exponent can take different values. Based on
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the exponent only, experimental studies on MAPI would very
consistently suggest that acoustic phonon scattering (T73?)
should be the dominant scattering mechanism,"*™® but its
polar crystal structure makes it very unlikely to be the correct
description.'”'® A recent theoretical study on MAPI found a
power law of y o« T™>!! and assigned this to a more complex
interplay between optical phonon scattering and lattice
fluctuations,'® whereas an analysis of the temperature-depend-
ent photoluminescence (PL) line widths indicated that optical
phonons play a major role in mobility."”

In this paper, we study the temperature-dependent diffusion
properties of highly crystalline MAPI thin films in an all-
optical, that is, contactless, fashion. We show that transport of
photoexcited charge carriers is driven by diffusion and can be
visualized through photoluminescence in a very direct way in
time and space. The direct measurement of the diffusion
properties via time-resolved PL microscopy is complementary
to the various existing measurements of drift mobi-
lity."*~ """ With our contactless and voltage-free exper-
imental approach we contribute to the long-standing question
of charge carrier mobility limitations.

B EXPERIMENTAL APPROACH

We use highly crystalline MAPI thin films of 400 nm thickness on a
glass substrate covered with a S00 nm-thick layer of poly(methyl
methacrylate) to prevent degradation. The individual crystal grains
reach lateral sizes of up to 10 um, as is shown in a scanning electron
micrograph in Figure la. In the vertical direction, these MAPI films

®) PLOGY.) \

Laser pulse

Figure 1. (a) Scanning electron micrograph of a MAPI thin-film
sample in top view. The monocrystalline grains reach sizes of several
microns. (b) Schematic of the experimental approach: confocal
images are recorded by raster-scanning the sample with overlapping
excitation and detection position. Detection beam scans are obtained
after local excitation at a fixed position while scanning the detection
point d. PL from mobile charge carriers is detected as a function of
position «x, y (distance d), time delay t, and temperature T.

are continuous and monocrystalline, as has been reported else-
where.””** When used in solar cells with state-of-the-art materials in a
planar device configuration, these MAPI thin films can achieve a
power conversion efficiency of 18% (see the Supporting Information,
Section S2).

The sample is situated within a closed-cycle liquid helium cryostat
on an xyz-piezo positioning stage. An additional heater within the
vacuum chamber allows us to adjust the sample temperature from 5 to
350 K; here, we use the range of 170—300 K for the tetragonal crystal
phase and 50—150 K for the orthorhombic crystal phase. Below a
temperature of about 50 K, the model is not able to provide a reliable
fit to the transients anymore, which is why we chose this as the lower
limit. A picosecond pulsed diode laser (635 nm/1.95 €V, 250 kHz
repetition rate) is focused at the sample by an air objective (NA 0.75)
to create a localized charge carrier distribution, illustrated in Figure 1b
and the Supporting Information Section S1. The laser fluence was
adjusted such that the peak charge carrier density #n would not exceed

5 X 10" cm™ to prevent a substantial nonlinear contribution to the
charge carrier decay dynamics.”* The photocreated electrons and
holes undergo diffusion and eventually recombine, emitting photo-
luminescence (PL) light centered at a temperature-dependent
wavelength between 768 nm (1.61 eV) and 781 nm (1.59 eV). PL
of the film is detected as a function of distance d between excitation
and detection, time ¢, and temperature T. This is achieved by an
additional scanning mirror in the detection beam path, an avalanche
photodiode, and fast electronics (time-correlated single-photon
counting). The spatial resolution of the setup is about 600 nm, the
temporal resolution is 2 ns, and the temperature can be adjusted to
below 100 mK accuracy. The diffusion length in MAPI thin films is
typically about 10 um or larger,* so the diffusion dynamics is mapped
with little spatial averaging.

Through absorption of a photon of sufficient energy, an electron—
hole pair is created in the MAPI thin film. The reverse process can
occur if an electron and a hole come into proximity, emitting PL
light.”® This emission directly reflects the charge carrier density inside
the materials and can thus be used to monitor the local density of
mobile charges. Our approach, combining pulsed optical excitation
with a remote, time- and space-resolved detection scheme, allows us
to selectively excite individual grains within a thin film and then to
monitor the lateral movement and decay of the charge carriers. By
analyzing the data in terms of charge carrier diffusion, we can extract
the diffusion constant D of the material in a contactless fashion.”**’

B RESULTS

Figure 2a presents a confocal PL scan of a MAPI thin film at a
temperature of 240 K. Individual crystallites are clearly
separated by grain boundaries, visible as dark lines. In Figure
2b, PL spectra at different temperatures for the two crystal
phases are presented. Similar to earlier reports,'>'” we observe
a blue shift of the PL emission with increasing temperature for
each phase. At 150 K, there is a coexistence of the two phases,
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Figure 2. (a) Confocal image of a MAPI thin-film sample at 240 K
temperature. Grain boundaries are visible as dark lines, separating the
individual crystallites. (b) PL spectra at different temperatures show a
blue shift and a broadening of the emission with increasing
temperature. (c) PL transient including a lifetime fit at 240 K. (d)
Temperature-dependent lifetimes 7 in an Arrhenius plot. The dashed
line is a fit to the data including a thermally activated decay channel
with an energy barrier of AE = 200 meV and a constant low-
temperature lifetime of 7, = 670 ns.
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visible through the two distinctly different bands in the PL
spectrum. From recorded PL transients in the confocal spot,
we determine the monoexponential PL lifetime, which is equal
to the carrier lifetime,'>** shown in Figure 2¢,d. It is important
to note that in a localized measurement, the PL lifetime cannot
be determined from the initial decrease because this reflects
both fast charge carrier diffusion®® and bimolecular recombi-
nation”” rather than the monoexponential decay. Rather than
this, one has to use the later parts when the relatively fast
diffusion has already spread the charges throughout the crystal
evenly. In the present case, we use the data from 500 ns
onward to determine the monoexponential lifetime, which is
found to be roughly constant at 670 ns from 170 to 240 K and
to then rapidly decrease to 350 ns at room temperature. The
Arrhenius plot in Figure 2d suggests a thermally activated
process for the rapid change in lifetime. A fit to the data
provides an activation energy of 200 meV and a low-
temperature lifetime value of 670 ns for the present
temperature range. Local, subwavelength energy fluctuations
are known to exist in hybrid perovskite thin films in an energy
range of tens of meV to hundreds of meV as a result of
distortions of the lattice, surface defects, or ion migration.?‘8
The observed energy barrier of 200 meV can be explained by
such fluctuations, taking into account the fact that the surface
quality of large-crystal MAPI thin films is the main source for
defects with an impact on the lifetime. Since some variation is
observed in the lifetime throughout different samples of the
same kind, the lifetime values can serve as a measure of the
local surface quality rather than being a universal constant for
the material.

In an earlier study, we investigated the charge carrier
diffusion dynamics of MAPI on highly crystalline thin films at
room temperature.”® We here repeat and extend these
measurements in a series of low-temperature scans on a
representative part of a MAPI thin film. We first use the
temperature range between 170 K and room temperature to
remain within the tetragonal crystal phase of MAPL* which is
the most relevant for device applications, and then apply the
method to the orthorhombic crystal phase in the temperature
range of 50—150 K. Figure 3a shows three confocal PL images
of the tetragonal series at increasing temperature. Except for a
slightly reduced general image contrast at lower temperatures,
the confocal images show no apparent differences. Figure 3b
presents intensity-normalized detection beam scans at the
same sample area as in Figure 3a, with the position of
excitation marked by a cross-hair. The width of the scans
differs significantly: at low temperatures it is much less
confined than at high temperatures, indicating a faster and
more efficient transport at low temperatures as compared with
that at high temperatures. This trend can readily explain the
changing contrast in the confocal images of Figure 3a: a
broader (narrower) detection volume results in lower (higher)
optical contrast. The physical reason for the temperature-
dependent contrast lies in varying diffusion properties, as will
be discussed in the following.

PL transients recorded at increasing distance from the
excitation point can directly map the square of the charge
carrier population n(7, t)* in time and sp;ace.26’27’30 In Figure 4,
we present such transients for the crystal position marked in
Figure 3 at four representative temperatures and three
representative distances. At the laser position (0 um), a
rapid decay is visible for all four temperatures. At 2 pm
distance from the point of excitation, a shoulder in the PL

Figure 3. (a) Confocal PL scans of a representative grain (white
dashed line) within a MAPI thin film at 180, 240, and 280 K
temperatures. The image contrast appears slightly reduced for lower
temperatures. (b) PL detection beam scans (log scale) at the same
sample position and temperatures, recorded upon focused excitation
in the center of the crystallite marked by the white cross-hair. The
emission becomes more uniform at lower temperatures, indicating
increasingly efficient charge carrier transport.

transient appears, which transforms to a clearly visible delayed
peak at a distance of 4 ym below 250 K. The origin of this
shoulder/peak lies in the finite velocity of charge carrier
diffusion, which leads to the following spatiotemporal
distribution of charge carriers after pulsed excitation®®

P 4Dt (1)
D is the temperature-dependent diffusion constant, N is the
initial number of charge carriers,  is the height of the film, 7 is
the position relative to the excitation point, and r = [l is the
corresponding distance. The detected PL signal is proportional
to the square of the charge carrier density Iy (7, t) o« n(7, £)*
since an electron and a hole are required to produce a photon.
To give a quantitative description of the experimental data,
various effects have to be considered. First, eq 1 has to be
spatially convoluted with a function f(7) « exp(—r/0)/r to
account for wave-guiding modes within the thin film,***'
where ¢ is the extinction length for PL light, corresponding to
an average penetration depth in the range of the PL emission.
Losses in the film are due to scattering and reabsorption.
Second, the influence of the finite size of the crystal grains has
to be included in the model. In a restricted geometry as shown
in Figure 3, the charge carriers cannot travel freely but will be
confined to the finite space of the very crystal that was initially
excited.”® We include this effect heuristically through an
additional offset term of the PL whose magnitude is adjusted
to the signal at later times. Third, the spatial and temporal
resolutions of the setup have to be taken into account by a
convolution of the theoretical data with the point-spread
function (full width at half maximum (FWHM) of 600 nm)
and the instrument response function (FWHM of 2 ns). The
calculated curves are shown in Figure 4 as solid lines and
provide a good fit to the experimental data. The clearly visible
initial, fast decay in all transients of Figure 4 can now be
understood based on the wave-guiding effect: it predominantly
reflects the PL dynamics in the bright spot at the laser position.

Ny
47Dth

”(7; t) =
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Figure 4. Transient PL signal (points) and a model calculation (lines) for temperatures of 190—270 K (left to right) and distances of 0—4 ym from
the laser excitation spot (top to bottom). The theoretical description of the data set is based on charge carrier diffusion and waveguided PL (see

main text).
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Figure 5. Diffusion constant D and extinction length ¢ of the PL emission from fits in Figure 4. (a) Diffusion constant decreases from 0.6 cm*/s at
170 K to 0.35 cm?/s at 295 K, indicating more frequent charge carrier scattering events. (b) Extinction length of the PL emission smoothly
increases from 0.85 um at 170 K to 1.5 ym at 295 K, which is caused by an increasing Stokes shift.

The second peak/shoulder originates from eq 1, which
produces a delayed rise of the PL in time, depending on the
distance r from the point of excitation. The exact shape of all of
the transients depends on the charge carrier diffusion constant
D and the lateral extinction coefficient o. For each temper-
ature, a set of three parameters (D, o6, and an offset) is
sufficient to describe the shape of the transients at all remote
distances.

Fitting this model to our PL data allows us to directly
determine the charge carrier diffusion constant D and the
lateral extinction length ¢ in the MAPI thin film as a function
of temperature. We find clear trends in D and ¢ with
temperature, presented in Figure 5 for the tetragonal crystal
phase (additional data on a larger temperature range is
presented in the Supporting Information, Section S3). In the
given sample, the diffusion constant decreases from 0.60 +
0.05 cm?/s at 170 K down to 0.35 + 0.05 cm?/s at room

20841

temperature, and at the same time, the extinction length
increases from 0.85 + 0.05 to 1.5 # 0.15 um. We observe that
these numbers vary in amplitude for different samples but
show a consistent temperature dependence (cf. the Supporting
Information Figures S4—S6). The error bars were estimated
from the quality of the model fit.

The morphology of the sample, and with this scattering at
surface roughnesses, is not expected to vary with temperature.
Changes in ¢ are thus connected to variations in reabsorption.
We know that at room temperature, the PL spectrum is blue-
shifted with respect to 170 K;** see Figure 2b. The observed
increasing extinction length for rising temperature is thus due
to an increasing Stokes shift and reduced reabsorption of
emitted PL light. As the Stokes shift in MAPI is found to
correlate with the degree of disorder,”” we can interpret this
result in terms of a reduced structural disorder in the material
at lower temperatures. This is also in good agreement with the

DOI: 10.1021/acsami.9b04592
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temperature trend of the diffusion constant in Figure Sa
because structural disorder is expected to interfere with charge
carrier transport through scattering, in general."

B DISCUSSION

We first discuss the relevance and possible benefits of the
applied PL-based approach for studying charge carrier
transport in perovskite thin films. We then review the possible
transport-limiting scattering mechanisms put forward in the
literature and compare the theoretical predictions to the
observed temperature dependence.

In case that charge carriers can travel distances much longer
than the typical film’s thickness, they will encounter the film’s
surface multiple times within their lifetime. For that reason, the
interfaces between the layers play a major role in the overall
device performance in thin-film photovoltaics.”>™** It is thus
preferable to determine the absorber’s properties in a thin-film
configuration that is also used in actual devices. The
microscopic approach of spatially resolved PL dynamics, on
the other hand, still enables us to perform the measurements
on a single-crystal level because individual grains can be
addressed. This yields insight into the homogeneity of the thin
films, which in our case appear to be very uniform, and allows
for a direct mapping of the charge carrier movement via the
emitted PL. Importantly, no additional metal contacts are
required, whose impact on the measurement in terms of
doping, internal fields, or the deposition process is nontrivial.
Another important advantage of the present approach is the
absence of external electric fields and the resulting effects of
ion migration. The contactless and voltage-free method
provides information on the charge carrier mobility without
the influence of ion mobility.

We now discuss our data on charge carrier diffusion in terms
of the associated ambipolar charge carrier mobility of the films,
which can be directly linked to the impact of different
scattering processes. We note that our PL measurements rely
on the product of the local electron and hole densities rather
than that of a single species; the determined transport
properties are thus charge neutral. In other words, we observe
ambipolar electron—hole diffusion rather than transport of
positive and negative charges. Complementary time-of-flight
measurements on the same type of large-crystal MAPI samples
at room temperature had shown that electron and hole
mobilities are almost identical.”> This allows us to use the
Einstein—Smoluchowski relation to calculate the charge carrier
mobility from the diffusion constant, the result of which is
presented in Figure 6. In total, we measured the temperature-
dependent mobility of four individual crystal grains on two
independently synthesized MAPI thin-film samples; the
additional data sets can be found in the Supporting
Information, Section S3. We find that our data from the
tetragonal crystal phase consistently follows a power law of y
T-(8£01) and a power law of py T-0220D in the
orthorhombic crystal phase. The value of the exponent m in
the tetragonal phase is lower than other reported thin-film
values, which, measured with various techniques, are mostly
centered around m ~ —1.5."*7'® From this, it was concluded
that the charge carrier transport is bandlike, and Karakus et al.
identified acoustic phonon scattering as the limiting factor for
MAPL' The present data, however, does not confirm the
notion of acoustic phonon scattering. Within the error margin,
the derived exponent is clearly below m = —1.5. On the other
hand, a more recent study by Shrestha et al. found m;, = —2.0
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Figure 6. Charge carrier mobility y, extracted from the diffusion
constant D using the Einstein—Smoluchowski relation. The temper-
ature-dependent mobility can be described by a power law y o« T™
with exponent m = —(1.8 + 0.1) in the tetragonal crystal phase and m
= —(1.2 + 0.1) in the orthorhombic crystal phase.

in the tetragonal phase and my, = —0.6 in the orthorhombic
phase for holes using time-of-flight measurements on a
macroscopic single-crystal sample'® and attributed this to
charge carrier scattering off polar optical phonons. While this
number compares well to our results, we note that a time-of-
flight experiment also relies on localized photoexcitation with
transient detection and is thus conceptually similar to our time-
resolved PL studies. In a theoretical study, Mayers et al
suggested carrier scattering off optical phonons and lattice
fluctuations to limit charge transport,'” predicting a value of m;,
= —2.08 for holes. This theoretical value is in good agreement
with ours and offers an explanation for the observed trend.
Another approach by Poncé et al.*® included a larger number
of optical phonons while omitting other concepts such as
lattice fluctuation, which leads to a power law of T~*" in the
tetragonal and T~>?¢ in the orthorhombic crystal phase. Their
curves are to be understood as upper boundaries for the
transport properties of MAPI, limited by phonon scattering
only. While the predicted absolute value of 30—80 cm?/Vs at
room temperature’® agrees well with our results, the exponents
differ, indicating that the mobility in our films is limited not
only by phonon scattering.

B CONCLUSIONS

We demonstrated an all-optical, microscopic approach to map
and quantitatively determine the temperature-dependent
charge carrier diffusion properties of highly crystalline MAPI
thin films. For the tetragonal crystal phase in the temperature
range of 170—295 K, the dynamics of the laser-excited charge
carriers is quantitatively explained by a classical diffusion
model and several decay channels, resulting in the temper-
ature-dependent diffusion constant D. This model can further
be applied to the orthorhombic crystal phase. From time-
resolved PL data, we identified a thermally activated decay
channel with an activation energy of 200 meV that is probably
caused by surface defects. Moreover, in the tetragonal phase,
we observed a temperature-dependent change of the optical
extinction length ¢ in the film that relates to the Stokes shift
between absorption and emission and is a sign of increasing
lattice disorder at rising temperatures. From the diffusion
constant, the charge carrier mobility ¢ can be calculated, which
is found to follow a power law of yu o T~ jn the
tetragonal phase. Our interpretation is that this supports the
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theoretical model of lattice fluctuations and optical phonons as
dominant scattering mechanisms and transport limitations for
charge carriers in large-crystal MAPI thin films,'® whereas pure
phonon scattering constitutes an upper limit to the mobility.*®
Within the orthorhombic phase, the observed mobility changes
are less steep and are described by a power law of u
T-(1220)_ Byrther studies could focus on the temperature-
dependent charge carrier mobility of different material
compositions and morphologies as well as the influence of
other layers such as electron and hole transporters.
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S1 Experimental setup
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Figure S1: Schematic of the optical low temperature setup. The sample is placed inside a
vacuum chamber that can be cooled down to about 5 K through a closed-cycle liquid helium
flow cryostat (attocube AttoDRY 800). A heater below the sample allows to access the full
temperature regime from 5K to 300 K. The sample is optically excited by a pulsed diode
laser at 635 nm wavelength. Confocal scans are performed using the piezo scanner within the
cryostat. Detection beam scans are obtained after local excitation at a fixed position while
scanning the detection beam over the detector (fast APD or spectrometer). Time correlated
single photon counting (TCSPC) electronics allow to record transients of the signal. PL
from diffusing charge carriers is then detected as a function of position, time delay, and
temperature.



S2 Sample preparation and characterization

The sample preparation follows the route of Giesbrecht et al.! with modifications for methy-
lammonium lead iodide? and was carried out in a glove box under nitrogen atmosphere.
We used 160 pm thick borosilicate microscope cover slips as substrates which we covered for
better wetting with 0.2 wt% solution of Al,O3 nanoparticles (Sigma Aldrich <50 nm parti-
cle size, 20wt%) in isopropanol at 2000 rpm for 30s. This resulted in about 10 % coverage
of the substrate. A 62wt% perovskite precursor solution with lead acetate (PbAcsx3H50,
Sigma Aldrich 99.999 %) and methylammonium iodide (MAI, Dyesol) in a 1:3 ratio was
prepared in a solvent mixture tetrahydrothiophene 1-oxide (THTO, Alpha Aesar, 97 %) /
dimethylformamide (DMF, Sigma Aldrich anhydrous) with 13 vol% THTO and spin-coated
for 3min at 5000 rpm. After spin-coating, the film appears yellow and transparent and after
5min turns orange-brown when pre-crystallizes at room temperature to the perovskite. Af-
ter pre-crystallization, the substrate was transferred to the hotplate and annealed at 130°C
for 5min. The sample was then covered with a layer of approximately 500 nm polymethyl
methacrylate (PMMA) by spin coating to prevent moisture driven degradation.

These high quality MAPI thin films can achieve a power conversion efficiency of up to
18 % when used in devices with state-of-the-art materials in a planar device configuration
consisting of fluorine doped tin oxide (FTO), TiOy, MAPI, spiro-OMeTAD, and Au-contacts
as shown in Figure S2. Figure S3 presents a cross section of such a solar cell, demonstrating
the homogeneous material quality. Further studies on the local crystallinity of these thin
films were conducted elsewhere. ?

For the given sample material, no measurable light soaking effect® was present, indicating

that the PL had already reached its steady-state regime by illumination inside the glove box.
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Figure S2: Solar cell device performance. (a) Schematic of the used solar cell architecture.
(b) Power conversion efficiency statistic.
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Figure S3: SEM Cross section of a MAPI based solar cell as described in Figure S2. The
MAPIT thin film is homogeneous in the vertical direction.
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S3 Additional data sets

We used two different samples (S1 and S2) of large crystal MAPI thin films which were
produced as described in the previous section and measured a total of four individual crystall
grains on them. Due to experimental restrictions, the accessible temperature range for the
four positions varied. Figure S4 presents the fit results for the diffusion constant D and
the extinction length o from the individual sets of transients. Near the phase transition, it
is not possible to fit our model to the data in a reliable fashion because of the coexistence
of the two PL bands, therefore the range of 150K to 170 K has been omitted. We note,
that the absolute values of the diffusion constant for the two samples differ by a factor of
two, which lies within the typical range of different batches, the temperature depencende,
however, is identical. Within the orthorhombic crystal phase, the extinction length increases
again when the temperature is further reduced. As discussed in the main manuscript, the
extinction length represents an average penetration depth in the spectral range of the PL
emission with losses in the film due to scattering and re-absorption. Since the evolution of the
PL lineshape in the orthorhombic crystal phase is more complicated than in the tetragonal
phase,? the trend cannot be interpreted in terms of a Stokes-shift only. Figure S5 presents

the derived mobilities of all four positions.
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Figure S4: (a) Diffusion constant D and (b) extinction length o of the PL emission for two
different samples (S1 and S2) on four different crystallites (pos. 1...4) in the temperature
range of 50 K to room temperature.
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Figure S5: Temperature dependent mobility for two different samples (S1 and S2) on four
different crystallites (pos. 1...4) in the temperature range of 50 K to room temperature. The
data was derived from the temperature dependent diffusion constants D in Figure S4(a).
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Figure S6 presents confocal and remote detection PL scans of a single crystal grain at
different temperatures ranging from 70 K to 300 K. In the tetragonal crystal phase, the same

behavior as in the main manuscript is observed (c.f. Figure 3a of the main manuscript).
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Figure S6: Confocal and remote detection scans of a crystallite from 70 K to 300 K.
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ABSTRACT: The low-temperature transition from a tetragonal to an
orthorhombic crystal phase in methylammonium lead iodide (MAPI) is JlL
accompanied by drastic changes in the charge carrier mobility around a 164K
critical temperature of approximately 164 K. This transition is studied here
using photoluminescence (PL) microscopy on large crystal MAPI thin films,
which is extremely sensitive to modifications of the charge carrier dynamics
and can resolve physical properties on a single-grain level. The key
observation is that ambipolar charge carrier diffusion suddenly stops when tetragon§| phase

MAPI

mixed phase

the temperature falls below the phase transition temperature. From coexisting
PL bands and their spatial distribution, it is concluded that the temperature range from just below the phase transition until about
150 K is determined by a mixed phase where small orthorhombic and tetragonal domains coexist. This results in local disorder,

which hinders ambipolar charge carrier diffusion.

B INTRODUCTION

Metal halide perovskite materials show an ever-increasing
number of optoelectronic ap}s)lications,1 ranging from photo-
voltaics,”™* light detectors,”® light-emitting diodes, and
lasers”® to piezo-electric energy harvesting’” and more. A
route to an improved understanding of the material’s
properties is the study of its behavior at low temperatures,
which helps to distinguish the different charge carrier
scattering channels.'"’”"* Due to their favorable electrooptic
properties at low temperatures, perovskite materials have even
been proposed for applications in space technology.'”"*
Especially, the prototypical methylammonium lead triiodide
(MAPI) is still at the focus of interest as a model system to
study the fundamental properties of perovskites. One of these
is a change in the crystal structure at a temperature of about
163 K,** which heavily influences the optoelectronic proper-
ties. Literature reports of temperature-dependent charge carrier
transport phenomena that cross this phase transition typically
either leave out the area around the transition temperature or
use large temperature steps of >5 K.'"'*'%'" It is, for example,
known that the charge carrier mobility follows a different
power law for the two crystal phases'"'” and that the band gap
differs,"” but the implications regarding charge carrier
dynamics at the phase transition temperature are still
unknown. In this context, Dobrovolsky et al. assumed that
the existence of nanodomains should hinder charge carrier
diffusion in MAPI crystals.'” Therefore, we focus on
temperatures very close to the phase transition to get a better
picture of the nature of the changes in charge carrier transport.

© 2020 American Chemical Society

7 ACS Publications

Below T = 163 K, the crystal structure of MAPI changes
from the tetragonal to the orthorhombic phase in a first-order
phase transition of the Pbl, lattice.'””” During the transition,
the MA* ions move from an orientational disordered state in
the tetragonal phase to an ordered state in the orthorhombic
phase.”’ The transition has been investigated using neutron
diffraction, X-ray diffraction, and other methods.'?*%%
Current reports agree that, below the phase transition
temperature, there is a temperature range of about 30 K in
which the properties of the crystal are in a transitional
state.'®**7> Two distinct PL peaks are usually attributed to
the two crystal phases where the low energy peak at around
1.58 eV belongs to the tetragonal high-temperature phase and
the high energy peak at 1.68 eV is indicative of the
orthorhombic low-temperature phase. Some studies attribute
the existence of two peaks in the spectrum to submicron-sized
domains of different crystal phases in the samples,'®** whereas
others claim that the reason for the double-peak spectrum lies
in domains of different degrees of order and disorder of the
MA ions.”* The use of very high fluence shows that this
coexistence is a metastable state.”® The phase transition
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temperature itself is known to depend on factors such as the (a) (c) Photon Energy (eV)
substrate, strain,”> and crystal size.”” Larger crystals generally 1 )\ 1.70 165 1.60 1.55 1.50
. . i (Y.t T T T T T
exhibit a clearer trend in the PL energy, which reflects smaller Laser pulse : ]
total variations of composition and crystal orientation”’ and + [|phase: T = 170K 1
. : . P S — F 9
underlines that microscopic measurements contain informa- T Twmmm——— ]
tion that ensemble-type experiments cannot yield. — 1

In this manuscript, we investigate large crystal MAPI thin
films, which can be implemented in solar cells with an
efficiency of up to 18%'**® and combine single-crystal
properties with thin-film technology. We utilize low-temper-
ature photoluminescence (PL) microscopy as a versatile and
sensitive tool to investigate this phase transition in MAPL
Hyperspectral and time-resolved PL microscopy help us to
shine new light on the optoelectronic behavior of this material
in the presence of disorder related to the phase transition. Our
results contribute to the understanding of the transition
process from the tetragonal to the orthorhombic crystal phase
and for the first time show a complete breakdown of the
diffusive charge carrier transport in the orthorhombic crystal
phase due to small tetragonal inclusions.

B METHODS

The sample is a 400 nm-thick large crystal MAPI film on glass,
prepared by spin coating and annealing,”” and covered with
PMMA to prevent degradation. The individual crystal grains
reached sizes of 10 ym and more, which makes the sample an
ideal platform for lateral transport measurements™” (see also
the Supporting Information, Section S2). It was placed inside a
homebuilt confocal low-temperature microscope setup based
on a closed cycle helium flow cryostat. An individual crystal
grain of the thin film was optically excited using a tightly
focused pulsed laser at a wavelength of 635 nm, as
schematically illustrated in Figure la and Section S2 of the
Supporting Information. In addition to confocal scans, a
scanning mirror within a detection beam path can be used to
selectively collect the signal from outside the point of
excitation. This mode of operation with a fixed laser position
at the sample is called detection beam scan. For PL detection,
we used either an avalanche photon diode (APD) with fast
electronics for time-correlated single-photon counting
(TCSPC) or a grating-based spectrometer with a sensitive
charge-coupled device (CCD) detector. Laser light was
removed from the PL signal by spectral longpass filters.

B RESULTS

PL Spectra. We first investigate the temperature depend-
ence of MAPT’s PL spectra around the phase transition. Figure
1b presents a confocal PL scan of the sample at 164 K in the
tetragonal crystal phase with grains of different brightness,
separated by dark lines at the grain boundaries. Smaller grains
tend to show brighter PL because of restricted carrier diffusion
at grain boundaries leading to higher average carrier densities
within the individual grains.” In Figure lc, we compare the PL
spectrum from the tetragonal (top) with that from the
orthorhombic (bottom) crystal phase and those from the
mixed phase regime (middle), all recorded at the position
marked in Figure 1b. In the tetragonal phase, the spectrum
consists of a single, broad peak centered at 770 nm (1.61 eV).
Below 164 K, the PL spectrum changes significantly: a second
peak at 740 nm (1.68 eV) occurs, which is commonly
associated with the orthorhombic crystal phase.'®***” This
new peak is a direct indication that the crystal phase has

MAPI =i

I | Mixed phase: T = 155K
= cooling down = warming up

glass substrate

Cryostat, p = 10-5 mbar

T
Orthorhombic ]
phase: T = 130K | ]

Normalized PL intensity

720 740 760 780 800 820
Wavelength (nm)

Figure 1. (a) Schematic of the experimental setup. Confocal
photoluminescence (PL) images are recorded by raster-scanning the
sample with overlapping excitation and detection position. Detection
beam scans are obtained after local excitation at a fixed position while
scanning the detection point d. PL is detected as a function of
position x, y (distance d), wavelength 4, time delay t, and temperature
T. (b) PL raster scan of a large crystal MAPI thin film, covered with
PMMA at 164 K. “x” denotes the position where spectra are recorded.
(c) Spectra from the tetragonal (top) and orthorhombic (bottom)
crystal phase. At intermediate temperatures, there is a mixed phase
(middle) with both characteristic PL bands visible. A hysteresis of the
relative intensities is observed between cooling down and warming up
the sample.

changed, but the coexistence of both PL peaks also indicates a
coexistence of the two crystal phases.'®**™>° We observe a
dependence of the spectral amplitudes on the direction of the
temperature change in the mixed phase regime at 155 K
(Figure 1c, middle).

Transition Temperature and Hysteresis. We now study
the evolution of the PL spectrum around 163 K at the same
position in greater detail, running slow temperature ramps
while recording emission spectra. Figure 2a presents the
corresponding results for the cooling (top) and the heating
process (bottom), normalized to the maximum at each
temperature. Near the phase transition temperature, the
orthorhombic PL peak (O-peak) has a relatively small
amplitude, which steadily increases when the temperature is
reduced. At much lower temperatures, it finally dominates the
spectrum and the tetragonal PL peak (T-peak) vanishes
completely (see Figure lc, bottom). We report here that, in
addition to the occurrence of the O-peak,””***” the T-peak
shows a sudden step of +5 meV toward a slightly higher central
energy when the sample is cooled down below a certain
temperature, as shown in the top panel of Figure 2a. A rapid
change of the PL spectrum at the phase transition had been
reported before,'””" but close observation demonstrates a
discontinuity of the PL spectrum’s evolution. There is no
observable transition range, but the characteristics of the PL
spectrum change in between two individual measurements. At
a cooling speed of 1 K/min, about 10 spectra are recorded
every minute, which defines our precision to 0.1 K. Despite
this, we note that some experimental uncertainty exists about
the absolute temperature at the sample because the temper-
ature sensor is separated from the perovskite thin film by the

https://dx.doi.org/10.1021/acs.jpcc.0c06240
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Figure 2. Spectral evolution of the PL of MAPI in the temperature range around the phase transition. (a) PL shows a distinct transition from the
tetragonal phase to the mixed phase detected as a sudden jump of the emission (T-peak) from 1.581 to 1.585 eV upon cooling down (top). In the
heating process, the transition is less pronounced and at higher temperature (bottom). Experiments were conducted at a speed of about 1 K/min.
(b) Hysteresis of the PL energy of the T-peak, extracted from the spectra in panel (a).

glass substrate so that the sample could be slightly warmer than
the value given by the sensor. In the reversed process of
heating the sample, as shown in the bottom panel of Figure 2a,
the step is observed at a higher temperature. The differences
between cooling down and warming up the sample are best
seen in the trend of the T-peak energy in Figure 2b. In the
(pure) tetragonal phase, the peak energy is proportional to the
temperature due to an increase of crystal disorder at increasing
temperature.””** Interestingly, we see the opposite trend in the
mixed phase regime, which indicates that the local disorder
initially increases below the transition. Defining the phase
transition temperature as the temperature where the step in the
PL peak energy occurs, we find that this transition happens at a
temperature that is about 5 K higher in the heating process as
compared to the cooling process. Hysteresis of the crystal
phase transition in MAPI is a known phenomenon,w’23 and its
magnitude of only § K is a consequence of the large grain size
within the film as the hysteresis effect is reported to be weaker
in larger crystals than in smaller ones.”” Furthermore, in the
orthorhombic/mixed phase, we observe an offset for the two
directions such that, during the heating process, the PL peak
energy is blue-shifted by 3 meV with respect to the cooling
process, which can also be seen in the steady-state spectra in
Figure lc at 155 K. It is worth noting at this point that the
process is fully reversible and shows the exact same trend and
transition temperature of 163 K when the cycle is repeated.
The exact value of the transition temperature shows some
sample-to-sample and grain-to-grain variation, an effect that is
discussed in the next section. It is, however, not influenced by
the history of the sample, including previous temperature
cycles or moderate sample aging.

Local Transition Temperature. The spectra that were
presented until now were recorded in the center of a single
crystal grain. This allowed us to determine a phase transition
temperature with very high precision from the observed
sudden step in the PL peak energy. When the measurement is
repeated in an ensemble-type sample averaging over many
crystal grains, the results are much less pronounced and there
is no sudden step in the PL spectrum but a smooth transition

20759

(see the Supporting Information). The reason for this is that
every crystal grain features a slightly different transition
temperature as we show in the following. We performed a
series of hyperspectral microscopic PL images cooling down
the sample across the phase transition to then determine the
local phase transition temperature from the respective change
in the peak energy. Since hyperspectral images take more time
than individual spectra, a proportional—integral—derivative
(PID) controller had to be used to keep the sample
temperature at a constant level, which limited our step size
to 1 K in this experiment. Using an arctangent as a fitting
function to the peak energy evolution, we determined the
transition temperature with an accuracy of 0.5 K (see the
Supporting Information for more details). Figure 3 presents

Transition
Temperature
160.5K
160.0K
159.5K

1569.0K

Figure 3. Phase transition temperature for various crystal grains
within one thin-film sample with outlined grain boundaries. The
transition temperatures are extracted from a series of hyperspectral PL
images at different temperatures.

the local transition temperature of a 10 X 10 ”2/ m area, which
shows a spread of about 1.5 K from grain to grain. Within the
individual grains, on the other hand, we find that the transition
temperature is completely uniform, so grains switch their phase
at once. The distribution of temperatures across the different
crystal grains seems to be random such that there is no obvious
correlation between the temperature and any other property,
including size or shape. This result is surprising since a

https://dx.doi.org/10.1021/acs.jpcc.0c06240
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Figure 4. Spectrally resolved PL scan of a MAPI thin film in the mixed phase regime below the phase transition temperature. (a) Integrated PL
counts of the orthorhombic O-peak, (b) spectrum at the center of the large, marked crystal grain, and (c) integrated PL counts of the tetragonal T-
peak. The ratio of the two peaks fluctuates even within a single crystal grain.

correlation between the average grain size and the transition
temperature was reported earlier for grain sizes ranging from
few nanometers up to a micron.”” However, the total range of
1.5 K in our case is not very large, so variations can be caused
by small, local differences in strain or surface contamination.
This result underlines the necessity to use high-resolution
techniques when probing the material’s properties of perov-
skite thin films because, otherwise, important features can be
missed. It also shows that, even though the transition
temperature can locally be determined very precisely, a thin-
film sample changes its crystal phase over a range of about 1.5
K. The Supporting Information presents further data in the
form of a video where the sample temperature was tuned
across the phase transition slowly, while fast PL scans were
performed. These scans also show that the transition
temperature is grain-dependent but is homogeneous within
an individual crystal grain.

The Mixed Phase Regime. Figure 4 shows PL data in the
mixed phase at 159 K for the two PL bands that represent the
orthorhombic and the tetragonal crystal phase. Their relative
intensities show that tetragonal and orthorhombic domains do
not appear at the same positions inside the thin film. The two
spectral bands exhibit a very different intensity distribution
throughout the MAPI film, which is in accordance with the
results of other groups'******* who explained the fragmented
PL landscape in the mixed phase regime by the existence of
small domains of both phases. These differences are not
constrained to the individual crystal grains but show feature
sizes much smaller than the individual grains. While our
previous measurements, conducted on individual spots within
a single grain, showed the coexistence of the PL bands in the
mixed phase, the hyperspectral images provide insight into the
spatial distribution of the two crystal phases. In contrast to the
fact that the individual crystal grains switch from the tetragonal
to the mixed phase and back at once, the local mixture of
tetragonal and orthorhombic domains forming the mixed
phase varies on a smaller scale, which can also be seen from the
ratio of the two PL bands, as shown in the Supporting
Information, Section S6.

Charge Carrier Diffusion at the Phase Transition. The
primary mechanism of charge transport through MAPI is
diffusion of free electrons and holes.”*™*° The formation of
excitons becomes relevant for the charge transport only at
temperatures much lower than the phase transition temper-

ature where it is well known that they coexist with free charge
carriers.”*™* The ambipolar diffusion constant of free charge
carriers in the material can be determined by various methods
and has a typical value of up to D = 1 cm?/s (g, = 39 cm?/Vs)
in this thin film at room temperature.”*' In combination with
the long lifetimes of up to microseconds, the diffusion length
reaches micrometers, which exceeds the device thickness.****
In a confocal microscope, this means that a substantial part of
the photogenerated charge carriers will move out of the
excitation volume within tens of nanoseconds.

Figure Sa,b presents confocal PL scans above and below the
phase transition within a narrow window of only 2 K. Their
main features show a dramatic change: the outline of the
individual crystals, visible by the dark grain boundaries at 164
K, becomes indistinguishable in the mixed phase at 162 K.
Instead, the image is broken up into many small spots with a
highly nonuniform intensity distribution. We note that there
was no indication of the crystal grains physically breaking into
smaller pieces because, when warming up the sample, the
original PL distribution was restored, and the dark grain
boundaries became visible again (see Video S1 in the
Supporting Information). Our microscope enables us to
additionally perform detection beam scans where the point
of excitation is kept fixed, and the point of detection is scanned
across the sample (see Figure la). This method is useful to
investigate lateral charge carrier diffusion.'”*”*** We find
that, together with the confocal PL images, also, the detection
beam images transform completely, as shown in Figure 5¢,d. In
the tetragonal phase, the entire crystal grain emits light upon
local excitation at the grain center, stopped only at the grain
boundary due to inhibited charge carrier diffusion.'”** Below
the phase transition, the emission appears far more localized
around the excitation spot. This localization indicates
significant changes in the charge carrier diffusion length,
calculated from the carrier lifetime 7 and the diffusion constant
Dby L, = z-D. It can have two different origins: either the
carrier lifetime 7 is strongly reduced or the charge carrier
diffusion is strongly hindered altogether. The first option can
be ruled out from the confocal PL transients presented in
Figure Se, which show that the PL lifetime changes only by
about 20% from 630 ns at 164 K to 514 ns at 162 K. Therefore,
we can conclude that, below a temperature of 162 K, the
diffusion constant is strongly reduced. Further evidence for this
comes from remotely detected PL transients, as shown in

https://dx.doi.org/10.1021/acs.jpcc.0c06240
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Figure 5. Confocal PL maps of a large crystal MAPI thin film show a
change in image features at the phase transition. (a) At a temperature
of 164 K, the entire thin film is in the tetragonal crystal phase where
the individual crystals are separated by dark lines. (b) Cooling down
the sample to 162 K below the phase transition temperature leads to a
speckled image with unclear grain boundaries. (c, d) Detection scans
at a fixed laser position (crosshair): (c) while PL emission is detected
from the whole excited grain upon local excitation at T = 164 K,
indicating efficient diffusive transport, (d) below the phase transition
at 162 K transport is substantially suppressed; PL transients detected
at the point of excitation (e, confocal) and at a distance of 3.5 ym
between excitation and the detection point (f, remote), respectively.
The PL transients at T = 164 K show the characteristic features of an
efficient diffusive transport: a very fast initial decay due to transport of
carriers out of the excitation spot (e) and a delayed peak at the
remote position (f). Below the phase transition, these features are not
observed in the corresponding transients.

Figure Sf. If there is diffusion, then a temporally delayed
maximum in the transient appears, which originates from the
fact that the charge carriers need some time to travel from the
laser excitation spot to the detection spot.’”** At 164 K, this
maximum appears at a temporal delay of At = 64.7 ns for a
distance of d = 3.5 ym, independent of the in-plane direction
(cf. Figure Sf). The diffusion constant at this temperature can
be estimated using the solution of the two-dimensional
diffusion equationn’so D =4d¥ (4At) = 0.5 cm?/s and yields
a diffusion length of L, = 5.6 pm. Below the transition
temperature, there is no maximum visible; hence, the charge
carriers do not travel that far. It is important to notice that the
delayed maximum reappears at about 150 K, which indicates
that, at lower temperatures, the diffusion is not inhibited
anymore. This is in accordance with the literature that has
reported on the electrical transport in the orthorhombic crystal
phase, being even more efficient than in the tetragonal
phase.'"'>!7* Therefore, we interpret our measurements
such that, in the temperature region just below the transition,
diffusive transport of charge carriers is strongly hindered but
sets in again when the temperature is further reduced to reach
a homogeneous, orthorhombic phase.

B DISCUSSION

Our results shine new light onto the low-temperature phase
transition in methylammonium lead iodide thin films that, as a
prototypical material system for perovskites, holds particular
interest. The soft crystal lattice of MAPI results in several
properties that are otherwise atypical for semiconductors and
therefore need special attention. Our spectrally resolved PL
maps show that small islands of the tetragonal phase survive in
the orthorhombic phase, forming instantaneously when
crossing the transition temperature. This induces a high degree
of local disorder because both crystal phases are in a mixed
state, forming microscopic domains and an inhomogeneous
energy landscape. An earlier study had shown that the
individual grains of this type of thin-film samples have got a
homogeneous crystal structure at room temperature;28 there-
fore, the observed low-temperature features are a result of the
phase transition. As assumed previously,'® the charge carrier
mobility is stopped by this effect such that no spontaneous
diffusion of free carriers is observable directly below the
transition temperature, while the PL lifetime is nearly
unaffected by the change. Therefore, these domains behave
distinctly different than the crystal grains within the thin film at
other temperatures. Only once the temperature is further
reduced and the material reaches a more homogeneous
orthorhombic phase, the typical behavior is restored, which
means that the crystallites become visible again and a finite
charge carrier mobility is observed.'” The inhibited diffusion
occurs correlated with spectral changes in the PL emission, so
both effects can serve as a measure of the local transition
temperature.

It is known that strained”’ and small*>>” MAPI crystals have
a lower transition temperature than unstrained or larger ones,
and the reported range of temperatures reaches from about
130 to 165 K in these cases. The random shape of the grain
boundaries in our thin films can lead to local strain variations
that can explain the grain-to-grain variations of up to 1.5 K,
which we observed. The lateral size of the grains, on the other
hand, is probably not the reason for these variations because
we observed no correlation between the size and transition
temperature, visible in Figure 3. The room temperature
synthesis of the MAPI thin films results in a high degree of
alignment of the ¢ axis of the tetragonal crystal structure with
the substrate;*® therefore, we do not expect local strain
variations to originate from substrate effects here, as reported
previously.>®

We observe that the rapid transition occurs both while
cooling and heating the sample but that there is a substantial
hysteresis, leading to a higher transition temperature in the
heating process. This behavior can be explained by the
coexistence of phases below the transition, reflected in local
phase islands, as observed in the spectral PL maps. In the
heating process, the transition occurs at a temperature of about
S K higher than in the cooling process and the step in the PL
spectrum is less sudden and dramatic (see Figure 2b). This
suggests an energy barrier that must be overcome to get to the
mixed phase, which is a less-ordered state than the pure
tetragonal crystal phase. Coming from the tetragonal phase
regime, the original crystal structure can be retained for a
longer time before it becomes energetically favorable to switch
to the mixed phase region, like the nucleation barrier in droplet
formation in supersaturated vapor. When the sample is heated
up, the opposite effect occurs, and it becomes energetically

https://dx.doi.org/10.1021/acs.jpcc.0c06240
J. Phys. Chem. C 2020, 124, 20757—-20764



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

favorable to transform completely to the tetragonal phase at a
higher temperature. Furthermore, we observe a spectral offset
in the PL peak position’s hysteresis of 3 meV (see Figure 2b).
Such an offset indicates a memory effect in the material,
depending on the direction of temperature change and is
different from the previously discussed hysteresis of the
transition temperature.

B CONCLUSIONS

We studied the effects of the tetragonal-to-orthorhombic phase
transition in large crystal MAPI thin films on PL emission and
charge carrier transport. When cooling the sample below a
temperature of about 164 K, the tetragonal crystal phase
changes to a mixed phase regime with varying amounts of
orthorhombic and tetragonal crystallinity and then gradually
converts into the pure orthorhombic crystal phase. Both phases
have a characteristic PL band, which can be used to identify
them. We found a very sudden peak shift of the PL band from
the tetragonal crystal phase upon cooling down; during the
heating cycle, the shift occurs at a higher temperature and its
magnitude is smaller. Using time-resolved, remote detection
PL microscopy, we directly imaged the diffusive charge carrier
transport around the transition temperature and observed that
it completely stops in the mixed regime because of its
inhomogeneous crystal structure. This implies that the local
disorder, caused by microscopic domains, inhibits ambipolar
charge carrier diffusion and leads to carrier trapping, while the
carrier lifetime stays constant. Our microscopic study showed
variations of the transition temperature throughout the thin
film but proved that individual crystal grains switch their phase
at once. The PL spectral shift and the inhibited carrier
diffusion can both serve as a very sensitive measure for the
crystal phase transition.
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S1 Experimental Setup: Cryogenic Photoluminescence
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Figure S1: Schematic of the setup

A homebuilt confocal microscope setup based on a closed cycle helium flow cryostat is
used, see figure S1. The laser is a pulsed diode laser with a central wavelength of 635nm at a
repetition rate of 250 kHz and a pulse length of below 1 ns. The laser intensity is kept on a low
level corresponding to a carrier concentration of n < 10'7/cm? in the center of the laser spot.
This way, a significant contribution of nonlinear effects like bimolecular recombination, Auger
recombination or light soaking to the PL decay curves is suppressed. A microscope objective
with a numerical aperture of 0.75 and a 100x magnification focuses the laser beam onto
the sample and collects the emitted light. Scattered laser light is suppressed by a longpass

filter with an edge at 650 nm. A 4f configuration with a piezo-driven double axis scanning
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mirror is used to spatially offset the detection area from the laser spot exciting the sample.
As detector, either a grating spectrometer with a sensitive CCD camera, or an avalanche
photon diode (APD), coupled to fast electronics (time-correlated single photon counting,
TCSPC), is used. That way, localized PL spectra and PL transients can be recorded at the
point of excitation (confocal case) or at a defined distance from it (remote detection case).

The sample is placed inside a vacuum chamber that can be cooled down to about 5K
through a closed-cycle liquid helium flow cryostat. A heater below the sample allows to

access the full temperature regime from 5K to 300 K.

S2 Sample Preparation and Characterization

The sample preparation follows the route of Giesbrecht et al.! with modifications for methy-
lammonium lead iodide? and was carried out in a glove box under nitrogen atmosphere.
We used 160 um thick borosilicate microscope cover slips as substrates which we covered
for better wetting® with a 0.2wt% solution of AlyO3 nanoparticles (Sigma Aldrich <50 nm
particle size, 20 wt%) in isopropanol by spin-coating at 2000 rpm for 30s. This resulted in
about 10 % coverage of the substrate. A 62wt% perovskite precursor solution with lead ac-
etate (PbAcy,x3H,0, Sigma Aldrich 99.999 %) and methylammonium iodide (MAI, Dyesol)
in a 1:3 ratio was prepared in a solvent mixture of tetrahydrothiophene 1-oxide (THTO,
Alpha Aesar, 97%) / dimethylformamide (DMF, Sigma Aldrich anhydrous) with 13vol%
THTO and was spin-coated for 3min at 5000 rpm. After spin-coating, the film appears
yellow and transparent and after 5 min turns orange-brown when it pre-crystallizes at room
temperature to the perovskite. After pre-crystallization, the substrate was transferred to a
hotplate and annealed at 130 °C for 5 min. The sample was then covered with a layer of ap-
proximately 500 nm polymethyl methacrylate (PMMA) by spin coating to prevent moisture
driven degradation.

These high quality MAPI thin films can achieve a power conversion efficiency of up to
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18 % when used in devices with state-of-the-art materials in a planar device configuration
consisting of fluorine doped tin oxide (FTO), TiOy, MAPI, spiro-OMeTAD, and Au-contacts
as shown in Figure S2. Figure S3 presents a cross section of such a solar cell, demonstrating

the homogeneous material quality. Further studies on the local crystallinity of these thin

films were reported elsewhere.?
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Figure S2: Solar cell device performance. (a) Schematic of the used solar cell architecture.
(b) Power conversion efficiency statistics.

For the given sample material, no measurable light soaking effect was present, indicating

that the PL had already reached its steady-state regime by illumination inside the glove box.
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Figure S3: SEM cross section of a MAPI based solar cell as described in Figure S2. The
MAPIT thin film is homogeneous in the vertical direction.
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S3 XRD Patterns of the Sample

Powder XRD was measured of MAPI thin-films which were scraped off the glass substrates
and collected in a capillary. XRD diffraction was measured at different temperatures starting
with a cooling cycle from 300 K to 10 K and a following heating cycle to 300 K. Afterwards,
XRD data was acquired from the same sample in an additional cooling and heating cycle
to confirm the reproducibility of the data, see figure S4. The change of the tetragonal
phase to the orthorhombic phase mainly appears with peak splitting in the XRD pattern
due to a decrease of crystal symmetry. During the cooling process, the formation of the
orthorhombic phase is retarded to lower temperatures compared to the phase transition
back to the tetragonal phase during the heating cycle (see the red arrows indicating most

pronounced reflection splitting). These results are reproducible in the 2nd measurement

cycle.
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Figure S4: Powder XRD of large crystal MAPI samples. The phase transition from tetragonal
to orthorhombic and back is visible through the peak splitting (arrows).
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S4 Extracting the Local Transition Temperature

Evaluation of the temperature-dependent hyperspectral images was done independently for
every image pixel as illustrated in figure S5. Seven hyperspectral image scans are recorded
for temperatures between 157 K and 163 K. First, the peak wavelength is determined by a
Gaussian fit to each spectrum taken at one pixel (figure S5(a)), then the transition temper-
ature is determined by a fit of the peak wavelength data to a stretched step function, here
an arctangent (figure S5(b)), where the transition temperature is taken as the middle point

of the step. The fit has an error bar of 0.5 K.
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Figure S5: Illustration of the procedure used to determine the local phase transition tem-
perature: (a) Temperature dependent PL spectra taken at a given image pixel. (b) Peak
wavelength vs. temperature and fit to the data to determine the local phase transition
temperature for the image pixel which is taken as the middle point of the fit function.

S6



S5 The Phase Transition in Ensemble PL

810

m
~ [0}
© o
o o

Wavelength (nm)
~
oo
o

~
~
o

158 160 162
Temperature (K)

Figure S6: Evolution of the PL spectra detected from a large sample area (diameter 10 um)
during the cooling process near the phase transition. The change in the peak energy is
much less pronounced than for the localized measurements shown in figure 2 of the main
manuscript.

S6 Temperature dependent ratio of PL intensites

Figure 4 of the main manuscript presents a spectrally resolved PL scan of a large-crystal
MAPI thin film at 159K in the mixed phase. For comparison, figure S7(a,b,c) shows the
ratio of the spectrally integrated orthorhombic vs. the tetragonal PL intensity for differ-
ent temperatures. The orthorhombic peak is integrated from 720nm to 750nm and the
tetragonal peak is integrated from 770 nm to 790 nm as indicated in figure 4(b) of the main
manuscript. At 164 K (figure S7(a)), the sample is in the tetragonal phase and the ratio is
homogeneously at zero. At 159K (figure S7(b)), the sample is in the mixed phase, showing
strong, localized fluctuations of the PL ratio. At 141K (figure S7(c)), the sample is mostly
in the orthorhombic phase. Figures S7(d,e,f) show the spectrally integrated PL signal for
both peaks as a comparison. The outlines of the grain structure are not visible in the ratio

plots, showing the local nature of the phase mixing on a sub-grain level.
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Figure S7: (a,b,c) Integrated signal of the orthorhombic PL peak, divided by the integrated
signal of the tetragonal PL peak in the tetragonal (a), mixed (b) and orthorhomic (c) crystal
phase. (d,e,f) Integrated signal of both PL peaks for comparison (arbitrary units). The
sample area and spectral region is identical to that of figure 4 in the main manuscript.
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S7 Temperature dependent transport dynamics

Figure S8 presents PL snapshots of a detection beam scan after pulsed laser excitation that show how charge carriers spread
out through the crystal grain in time. Ambipolar charge carrier diffusion leads to a continuous spread of PL light within the
excited crystal grain in the tetragonal phase (figure S8(a)), whereas the detected emission in the mixed phase (figure S8(b))
remains mostly in the center of excitation due to inhibited carrier diffusion. Smaller visible deviations from this behaviour at

later times (¢ > 30ns) are artifacts due to light scattering effects within the sample.
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Figure S8: PL snapshots in a detection beam scan after pulsed laser excitation within a single crystal grain above and below
the phase transition temperature.
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Introduction

The diffusion of excitons is one of the most fundamental properties of semiconducting materials,
characterizing their ability to transport energy.’ Large diffusion coefficients D and long diffusion
lengths Lo of excited states are crucial for applications in optoelectronic and photocatalytic devices.* In
the quest for novel, more efficient photoactive materials, a long-standing goal has been to link the energy
transport ability of a material to its molecular structure, thereby understanding the relationship between

electronic properties and structural features.”®

Two-dimensional covalent organic frameworks (2D COFs) are an emerging class of highly ordered,
crystalline porous materials build solely from organic molecules.® Due to their structural versatility, they
allow for precise control over their optical and electronic features.*® Through covalent linking of organic
building blocks, an extended n-conjugation is forged, leading to a delocalized electron system throughout
the crystalline and periodic framework, often imparting semiconducting properties to the 2D COF.™ As
a result, COFs have been successfully implemented into optoelectronic devices such as light-emitting
diodes®*3, sensors'* or photovoltaic cells!>¢, and used as photocatalysts 1"-°, e.g. for hydrogen evolution
and CO; reduction. Due to the atomically precise structural control, COFs are highly interesting materials
for studying the structure-property relationship in photogenerated energy transport.2>-?® So far, excitonic
processes in 2D COFs have been studied mostly in colloidal suspensions using transient absorption
spectroscopy. Diffusion coefficients in the range of 10°-10? cm? s and diffusion lengths of tens of nm
have been reported for bulk 2D COF powders.?%

Commonly used techniques to study charge transport in semiconductors include photo®2°- and
cathodoluminescence®, terahertz spectroscopy®?, microwave conductivity**** or Hall effect
measurements®%, generally coupled with band structure calculations. However, these methods only shed

light on particular, often spatially limited aspects of the transport process and fail to provide a full picture



of the macroscopic transport properties of emerging semiconducting materials, as these can be strongly
affected by structural defects and disorder, interfaces between components and grain boundaries.
Acknowledging the impact of structural inhomogeneities on energy transport phenomena is key to
understanding and developing novel electronic and optoelectronic materials. In recent years, new optical
methods imaging the spatiotemporal evolution of photogenerated energy carriers have been developed,
providing a more complete picture®. The three main spatiotemporal characterization techniques are time-
resolved photoluminescence (TRPL)®, transient scattering (TS)* and transient absorption (TA)%4!, all
of which are based on an incipient laser pulse triggering the formation of photogenerated energy carriers

and the subsequent imaging of their spatial propagation as a function of time.

In this study, we employ a non-destructive remote-detected time-resolved photoluminescence (RDTR
PL) technique to study the temperature-dependent charge carrier diffusion in two-dimensional covalent
organic framework (COF) thin films. RDTR PL has already been successfully employed to study large-
crystal thin films of methylammonium lead iodide (MAPI), a semiconducting material commonly
implemented as active layer in perovskite-based solar cells.®® The extracted diffusion coefficient
decreases with increasing temperature, providing crucial information on the dominant charge transport
regime in this material. In semiconductors, a description of charge transport is commonly based on two
paradigms: coherent band-like vs. incoherent hopping transport.*? As seen in MAPI thin films, prevalent
band-like transport results in a decrease of diffusion coefficient with an increase of temperature, whereas
hopping transport shows the opposite trend. A comprehensive study of the charge carrier diffusion in
COF thin films is still lacking and the powerful RDTR PL technique has not yet been applied to this
materials class. Given that COFs are fully organic are fully organic, yet crystalline and periodic polymers,
both types of transport are crucial for accurately describing the prevailing diffusion regime. The
coexistence of band-like and hopping transport of charge carriers is observed in some organic
semiconductors and organic crystals. “- Furthermore, structural and electronic disorder in the system
can have significant and non-intuitive influences on the diffusion of charges in a semiconductor and must

therefore be considered when interpreting experimental data and drafting a charge transport model.

The herein studied imine-linked 2D COF thin films comprise the organic building blocks
benzodithiophene-dialdenyde BDT and N,N,N’,N -tetra(4-aminophenyl)benzene-1,4-diamine W. This
WBDT COF, first published by our group in 2020, was chosen for this study because of its significant
intrinsic conductivity (1.64 x 10 S cm) and its tendency to form highly crystalline thin films.*” We use
confocal microscopy to detect remote photoluminescence (RDTR PL), helping us to understand intrinsic
properties of the radiative excited state energy transport in this material. We extracted an exceptionally
high diffusion coefficient of 4 cm s (at 200K) and diffusion lengths of several hundreds of nm for the

lateral transport.



Through thorough analysis of the RDTR PL data in combination with theoretical simulations and optical-
pump terahertz probe (OPTP) spectroscopy, we elucidate the diffusion mechanism in WBDT thin films
involving excitons as the majority energy carriers. For the first time, the use of RDTR PL enables direct
access to large-scale diffusion in 2D COFs, allowing for a correlation of the excited state dynamics to the
highly crystalline 2D network. Efficient long-range exciton transport can be observed in this WBDT COF
thin film, with D and Lp values exceeding those of other COFs and organic semiconducting materials by

several orders of magnitude.*#%

Results

In this study, we combined advanced spectroscopic techniques with in-depth theoretical investigations to
understand the diffusion dynamics in 2D COF thin films comprised of BDT and W. Thin films of this
fully conjugated COF are highly crystalline and porous, with a Kagomé-like pore structure introduced by
the tetra-functionalized W node. Both W and BDT are electron-rich molecules with the former being the

more dominant -donor.
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Figure 1. (@) Chemical structure of the two molecular building blocks W and BDT together with the top
view onto a 2x2 supercell, illustrating the Kagomé-like pore structure of the WBDT COF. (b) GIWAXS
pattern of the WBDT thin film on glass with the corresponding hkl indices for in-plane (100, 110, 200,
210, 300, 220) and out of plane reflexes (001). (c) SEM top view of the thin film surface. (d) TEM image
of the thin film, confirming the preferential crystal orientation within the grains. (e) Steady-state PL and
UV-Vis absorption spectrum of the WBDT thin film.



The COF was synthesized according to the literature*” under solvothermal conditions via the acid-
catalysed imine condensation of W and BDT (Figure 1a). Thin films were grown on glass or quartz
substrates under similar solvothermal conditions as for the bulk material (see section S3 in the Supporting
Information for characterization of the bulk material). The 100, 110, 200, 210, 300, 220 and 001
reflections of the COF crystal lattice are clearly visible in the GIWAXS pattern in Figure 1b and appear
at identical scattering vectors in the PXRD pattern of the bulk material (Figure S1). The intensity of the
hkl reflections is concentrated in the gy direction, indicating a predominant orientation of the a-b plane of
the 2D COF sheets parallel to the substrate with the pores extending vertically from the substrate.
Scanning electron micrographs in Figure 1c show a dense and uniformly covered thin film with quasi-
spherical grains of 100 - 200 nm in size and a thickness of ~120 nm, which is further confirmed by atomic
force microscopy (AFM) (Figure S7). TEM images (Figure 1d) confirm the preferential parallel
orientation of the COF within the grains. The absence of a defined crystal structure at the grain boundaries
implies an amorphous character in this region. It is likely that the 2D COF sheets at the grain boundaries

are still oriented parallel to the surface but with a defective stacking order.

Steady-state UV Vis absorption and photoluminescence (PL) spectra are shown in Figure 1le. The bright
red COF thin film exhibits a maximum absorption at 2.51 eV (494 nm) and an emission peak at 1.78 eV
(697 nm) with a full width at half maximum (FWHM) of 0.35 eV. Fitting of the absorption onset using a
Tauc plot gives a direct band gap of 2.1 eV (Figure S6a). Confocal scanning and hyperspectral imaging
of a 10 x 10 pm? section show negligible changes in the normalised intensity, central energy, and spectral
width of the PL signal, confirming the homogeneity of the spectral response from the thin film (Figure
S9).

The calculated band structure of WBDT is shown in Figure 2a. Both the valence and conduction bands
exhibit triplet arrangements, typical of structures based on the Kagomé lattice. WBDT displays moderate
in-plane and strong out-of-plane band dispersions, which is highest for the valence bands. A Dirac Cone
is only 0.1 eV away from the top of the valence band. The projection of the states on the atoms of W and
BDT indicates that the frontier electronic levels in the valence band are primarily formed by the atomic
orbitals of W. The lowest unoccupied bands show a balanced contribution from the atomic orbitals of

both fragments.

Time-resolved measurements. In this work, we employ a spatiotemporal characterization technique
termed remote detected time-resolved photoluminescence (RDTR PL). This method allows for fully
contactless access to intrinsic diffusive transport characteristics of crystalline thin-film samples. Herein,
a confocal microscope is used for the time-resolved PL measurements, enabling access to the micrometre
length scale. The detection segment of the microscope comprises a spectrometer and time correlated
single photon counting (TCSPC) electronics for the temporal resolution. For the spatial resolution, a

tiltable mirror is implemented in the back focal plane of the detection part, allowing for scanning around



the fixed confocal spot. The aperture of the microscope is defined by the chip of an avalanche photo diode
(APD), which, used as a single photon detector, is overfilled by the light emitted from the confocal spot.
The studied material is excited with a pulsed laser (510 nm), triggering the formation and subsequent
diffusion of photoexcited states from the confocal excitation spot to a remote position, where they
recombine whilst emitting a photon. A timestamp is assigned to each of the detected photons, creating a

transient. A schematic representation of the methodology is depicted in Figure 2b.
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Figure 2. (a) Projected band structure of WBDT. Projection on the W-based atomic orbitals in red and
BDT atomic orbitals in blue, calculated using the PBE functional and empirical scissors shift*® of
+0.49 eV to estimate the band gap at Hybrid-DFT (HSEOQ6) level (see section S8 for more details). Darker
colors indicate higher weight of states in certain bands on the fragment’s atomic orbitals. The distance
between I" and A points has been scaled by 0.2 for illustration purpose. (b) Scheme of the remote detected
time-resolved photoluminescence measurement technique. The pulsed laser (yellow) excites the sample
at the confocal spot. Photoluminescence emitted from the confocal spot as well as at remote distances

from the confocal spot can be detected (red). The temporal resolution is realised via TCSPC.

In these transients, lateral broadening of the confocal PL spot can be observed (Figure 3a). This
broadening is caused by two-dimensional diffusion of the excited states in the film. While diffusion in
the third dimension (z-direction) is likely to be present, it cannot be accessed through RDTR PL. Since
the Rayleigh length of the excitation laser is longer than the thickness of the film, at the laser spot, the
thin film is excited across its entire thickness. Therefore, the diffusion extracted from this RDTR PL
measurement can be treated as a two-dimensional process. To analyse the spatial broadening of the RDTR
PL signal and to determine the temperature dependent diffusion coefficient D(T) two different methods
were used: In method I, a Gaussian peak function is fitted to the RDTR PL data for each time step resulting
in the time dependent spatial broadening o (t). As a result of the analysed spatial broadening a(t) of the

confocal PL spot, the diffusion coefficient D can be extracted via the following relation:



o(t) = V2Dt

Alternatively, in method Il the complete time-dependent data set (Figure 3a) is fitted using the analytical
solution to the 2D diffusion problem to determine D (see section S5 in Sl for details on the analysis and
fitting). Due to the finite width of the excitation focus, a Gaussian distribution is assumed as initial
condition for both methods. Also, a Gaussian peak function is added with time-independent width
attributed to an immobile species in both cases (Figures S11 and S12). All measurements were analysed
using both methods for cross-verification and resulted in the same values for the diffusion coefficients
within the experimental error (section S5). RDTR PL data were collected stepwise across a temperature
range from 5 to 300 K.

From the RDTR PL measurements of the WBDT film, two diffusion processes at different timescales
can be distinguished, visible as two different slopes in the spatial broadening. In the first picoseconds,
still within the rise of the PL signal, fast transport process is observed with diffusion coefficient D ~
10 cm?/s in Figure 3b (termed fast species). On the longer nanosecond timescale, a slower temperature-
dependent diffusion is detected (Figure 3c) with significantly lower diffusion coefficient (termed slow
species). Together with the immobile contribution used in the analysis of the RDTR PL data, the slow
and fast species, at least three different species need to be considered in a comprehensive model
description of the excited state dynamics in the studied WBDT film.

Immobile species: In general, immobile species can result from defect or disorder-related trap states.
Remarkably, the steady-state PL spectrum of the WBDT film shows no significant narrowing of the PL
band for lower temperatures (Figure S6b). This indicates the presence of such lower lying states*®, which
would dominate the red side of the PL spectrum. Indeed, limiting the detection range to the red side of
the PL spectrum, no significant spatial broadening of the PL spot in the RDTR PL measurements is
observed. Instead, spatial broadening indicative of excited state diffusion of a mobile species can be
clearly seen while detecting the blue side of the RDTR PL spectrum (2.03 - 2.10 eV, data set 1 in Figure
3b, ¢). Detecting the whole spectrum (1.25 — 2.20 eV, data set 2 in Figure 3b, c) results in the same

diffusion coefficient but with a larger fraction of the immobile contribution (0.3 vs. 0.2, respectively).
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Figure 3. (a) RDTR-PL data at 5K. PL intensity as a function of time (y-axis) and distance (x-axis) from
the excitation spot. (b) Temperature independent diffusion coefficient of the free charge carriers (fast
species) during the first picoseconds after excitation. (c) Exciton (slow species) diffusion coefficient as a
function of the temperature. For data set 1 and 2, the diffusion coefficient is determined for the blue side
of the PL spectrum and for the whole spectrum, respectively.

Free charge carriers in WBDT COF: To identify the highly diffusive (fast) species observed above
(Figure 3b) optical pump terahertz probe (OPTP) measurements on the picosecond timescale were
conducted. Figure 4 shows a fluence-independent transient THz signal rising within the first 250 fs upon
above band gap excitation (3.1 eV) at three different fluences (100, 80, 60 pJ cm?). We note that an
analogous response has been reported for different types of COFs,%°5! and can be safely attributed to the
presence of free charge carriers in the COF film. Here, OPTP measurements cannot exclude the
simultaneous formation of bound exciton states which would give rise to resonances outside of our THz
probing range (0.5-2.5 THz) because of the high exciton binding energies of COFs.5? From the initial
value of the photoconductivity right after excitation, the effective mobility u of the free ambipolar charge
carriers is extracted as gu ~ 0.12 + 0.05 cm?V~1s~1, containing the photon-to-free-charge branching
ratio ¢. The measured photoconductivity signal decays by ~ 90% of its initial value with a rate of ki~ 0.7
ps?, thus indicating a minimal remaining fraction of free charge carriers, which subsequently decay more
slowly (k2~ 0.05 pst). We interpret the initial decay as a rapid formation of bound exciton states, whose
resonance either lies outside the probing window and / or show significantly lower mobility. The slower
decay of the residual photoconductivity component indicates the presence of alternative decay channels
for the surviving free charge-carrier population, such as trapping or bi-molecular recombination. The
formation of bound electron-hole pairs as the main species dominating WBDT COFs photophysics is



further supported by the RDTR PL data, which show significantly longer-lived excited states with
lifetimes ranging from ~0.9 to 1.2 ns (Figure S13).
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Figure 4. Optical pump terahertz probe measurements. THz photoconductivity transients of WBDT COF
thin film, measured following a 3.1 eV excitation pulse, for three different excitation fluences (100, 80,
60 pl/cm?). For clarity, transients measured at different fluences are vertically shifted and the
measurement zero is indicated by the dashed line. Solid lines correspond to a bi-exponential fit to the

experimental data.

Consequently, the initial local broadening of the excitation spot within the first picosecond in the RDTR
PL measurements is very likely caused by the diffusion of free charge carriers. Both OPTP and RDTR
PL data show that on a fast picosecond timescale, a highly mobile species occurs that rapidly relaxes into

bound excitons with lower mobility.

Exciton diffusion in WBDT COF: Exciton (slow species) diffusion within the COF thin film is detected
by RDTR PL measurements over the nanosecond timescale (Figure 3Error! Reference source not
found.c). To understand and describe the diffusive transport of the excitons, theoretical DFT-based
calculations are carried out. Since complete excited state calculations of periodic COF structures are
computationally extremely demanding, we have opted for a hybrid approach that considers the essential
ingredients while being computationally feasible. As illustrated in Figure 5 the COF unit cell was
disassembled into molecular fragments, six BDT and three W fragments, respectively. The W fragments
were H-terminated, while the BDT fragments included the imine bonds at the peripheral positions. Time
dependent DFT (TDDFT) calculations of the BDT and W fragments were carried out, including the
lowest excitons (at least five per molecule), and provided both localized and delocalized transition
densities with variable dipole characteristics of the excited states. The calculated transition dipole
moments of BDT and W fragments have a dominating in-plane dipole orientation with moderately large
oscillator strengths and asymmetric transition densities (see section S8 in Sl for details on the theoretical
calculations). Subsequent re-substitution of the calculated excited states back into the COF structure at

the respective fragment position allows for the simulation of exciton interaction between all fragments.



This interaction based on the transition charges is dominated by mutually neighbouring pairs, leading to
an energy dispersion in the COF lattice. The in-plane distance between excitons is much larger than the
out-of-plane distance (51 A vs. 4 A), therefore the exciton coupling, although present in the x-y plane, is
larger in the z-direction. For the diffusion coefficient, this anisotropy is partially compensated by the
geometry prefactor, i.e. the lattice constant, which is larger in-plane, enabling the diffusive transport in
different directions. The different contributions from both BDT and W molecules in some of the excited
states may well result in a superposition of molecularly localized and partially delocalized states. RDTR
PL data confirm the mixing of localized and delocalized states as for every time step, the diffusion signal
consists of a static component with a constant width and a diffusive component with an increasing spatial
width o(t) (Figure 3a, S11 and S13).

The overall largest calculated exciton coupling adds up to a moderate value of € = 50 meV, leading to the
hypothesis that the excitons indeed couple to vibrational modes of the crystal lattice, making them
polaronic excitons. We hypothesize that the COF lattice can be deformed in the surrounding area of the
exciton. The diffusion of the excitons along the 2D COF layers (in-plane) is observed in the RDTR PL
measurements. The diffusion in z-direction across the COF layers will likely be present but cannot be
accessed through RDTR PL and is limited by the thickness of the film (~ 120 nm, Figure S7).

fragmentation transition densities mapping on COF
..... e n’! !‘b . .
1 ol .\N > 4 ﬁomaﬁ ¢ ¢ * ¢
= 4 ? % \. v ® /.4. ey, © ¢

Figure 5. Schematic representation of the hybrid exciton approach: the COF unit cell is divided into
molecular fragments of the building blocks W and BDT (3 and 6 fragments per unit cell, respectively).
The transition charges and exciton couplings of these molecular fragments are calculated and the exciton
states are placed at the respective positions within the unit cell (red dots indicate centers of mass of W,
blue diamonds indicate the centers of mass of BDT) to carry out exciton interaction and dispersion

simulations in-plane and out-of-plane.



Discussion of the temperature-dependent diffusive transport

The temperature dependence of the diffusion coefficient of excitons contains information on the
underlying transport processes in semiconducting materials.® Exciton transport in highly ordered,
crystalline inorganic semiconductors is typically described as coherent band-like transport, where
excitons are scattered by phonons and defects.>*** For organic polymers, incoherent hopping transport is
commonly assumed, where excited states hop from one electronically favorable state to another, which is
described by a hopping rate.25%* Band-like transport is accelerated with decreasing temperature due to
reduced phonon scattering while for thermally activated hopping transport, the opposite trend is observed.
Due to their highly ordered crystalline structure made from building blocks and a delocalized electron
system, COFs can often be described as organic semiconductors, where a combination of both transport

phenomena is possible, 4344

The free charge carriers, dominating the dynamics in the first few picoseconds, diffuse almost temperature
independently with D ~ 10 cm? s, Due to above-band-gap excitation and a laser pulse duration of < 1 ps,
the free charge carriers contain excess energy and are thus not in thermal equilibrium with the surrounding
environment. With the extracted lifetime T = 1.4 ps from the OPTP measurements, free carriers appear to
be converted into bound states before temperature dependent phonon scattering can effectively limit
transport. The diffusion length Lp of the free carriers can be estimated using values from the two

independent measurements: the lifetime extracted from OPTP and the diffusion coefficient from RDTR

PL (see section S7 in SI for details).>® A value of Lp = v2D7 = 50 nm corresponds roughly to the grain
size of the WBDT film (Figure 1c). Hence, we suspect that the free charge carriers stay within one grain

without being lost by scattering events.

The combination of the observed and analysed data supports the hypothesis that these mobile free charge
carriers relax into a diffusive exciton state within the first picoseconds (Figure 4). While the initial
transient relaxation phase (free charge carriers) is not in the focus of the simulations, diffusion is
considered here for the subsequent phase (diffusive excitons). For calculated values of the exciton
coupling of £ = 50 meV and an estimated reduced reorganization energy of A = 0.1 eV*®¢, a combination
of band-like and hopping transport in the WBDT COF thin film can be expected.*® This suggests a rather
flat or a non-monotonous temperature-dependence of the diffusivity. Also, in this crossover regime band-
like and hopping diffusivities are likely to be comparable in magnitude. Therefore, we apply the simpler
hopping ansatz for calculations at room temperature (290 K)*’. A diffusion coefficient of D = 0.2 cm? st
is estimated for the exciton diffusion, which is in good agreement with the experimentally derived value

of 0.2 to 0.4 cm? s’ at room temperature (Figure 3c).

Considering the theoretical model, we tentatively assert that the experimentally observed exciton

diffusion coefficient results from a combination of both incoherent (phonon-assisted) hopping and
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coherent band-like contributions. Disorder can lead to a complex interplay of these mechanisms, resulting
in a non-intuitive temperature dependence, as observed in organic crystals.*® Figure 3¢ shows that, when
the temperature decreases below 300 K, the diffusion coefficient D increases until it reaches a maximum
value of 4 cm?s™t at approximately 200 K. This suggests that carrier-phonon scattering dominates the
temperature dependence of D in this regime, where scattering is enhanced with temperature. This results
in a gradual suppression of coherent transport at high temperatures (around room temperature) and an
increasing dominance of phonon-assisted incoherent over coherent transport, justifying the use of the
hopping model for room temperature calculations. As the temperature lowers, we propose that the coupled
phonons start freezing out at 200 K. Consequently, for temperatures below 200 K, an increase in the
diffusion coefficient with cooling would be expected for a band regime. However, the opposite is
observed, with a gradual decay to 2 cm?s™* at the lowest measured temperatures. We propose that the
disorder in the COF crystal lattice significantly influences exciton transport at low temperatures, thereby
impeding further acceleration of diffusion. Given that incoherent transport is strongly thermally driven,
it is suppressed at low temperatures, and we expect the observed diffusion at low temperatures to be
mainly coherent and limited by disorder. The remarkably large values observed here indicate the
relevance of the third transport direction in the diffusion process, suppressing possible weak/strong

localization effects of lower dimensions.

A schematic model illustrating the excited state diffusion in the WBDT COF thin film summarizing the
discussion above is shown in Figure 6. Free charge carriers are created within the first picoseconds after
excitation and quickly relax into excitons at a rate of ky ~ 0.7 ps* (lifetime of 1.4 ps). A diffusion length
of ~ 50 nm suggests that the free charge carriers stay within one grain. The excitons with longer lifetimes
of up to 1.2 ns, diffusive over several grains (Lo = 200 — 800 nm, Figure S14), implying that the COF
crystallite size is not the limiting factor for diffusion. In addition to the mobile diffusive species, a non-

mobile contribution arising from localized states is visible in the RDTR PL data.
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Figure 6. Schematic illustration of the excited state diffusion in 2D WBDT COF thin films.
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Since RDTR PL measures over several grains, impurities like defect states, or grain boundaries as well
as lattice disorder will all affect the experimental observed transport dynamics. We state that the
preferential orientation of the COF layers parallel to the substrate throughout the whole thin film is crucial
for efficient lateral diffusion of excitons. In other words, the z-axis of each grain is perpendicular to the
substrate’s plane. To support this statement, we grew WBDT thin films with random crystallite
orientation (see section S6 in Sl for details), where the angle between z-axis and substrate plane varies
for every grain. RDTR PL measurements in those films show substantially reduced exciton diffusion
coefficients, that decrease with decreasing temperature (Figure S20). This change in the diffusion
characteristics is due to the anisotropy of the COF crystallites with no extension of the two-dimensional
COF structure with the same preferential orientation outside the crystallites, hence promoting mainly the
hopping-type transport.

Finally, we compare the derived diffusion coefficients and lengths for the WBDT COF thin films to those
reported for other 2D COFs in the literature. To date, excited state diffusion in 2D COFs has been mostly
studied using transient absorption spectroscopy of colloidal solutions. 22° A direct comparison of the
reported diffusion coefficients with those obtained here, however, will thus be of limited use due to
differences between sample materials and the methodologies of TA and RDTR PL. We note however,
that exciton diffusion in the WBDT COF films reaches unprecedented values for D and Lp, exceeding
those of other COFs and organic semiconducting materials by several orders of magnitude.>?3?°> We
assume that the extended crystallinity of the framework and the uniform orientation of the crystallites in
the thin film play a major role for efficient excited state transport within this WBDT COF.

Conclusion

We visualized the spatiotemporal evolution of photogenerated excited states in 2D COF thin films using
remote detected time-resolved PL measurements. We directly accessed the lateral exciton diffusion within
oriented and crystalline thin films of WBDT COF thin films. Remarkably high diffusion coefficients of
4 cm? s (200K) and diffusion lengths of several hundreds of nanometers and across grain boundaries
were extracted. Furthermore, we analyzed the temperature-dependent exciton transport regime. Phonon-
assisted exciton transport prevails above 200 K, while disorder in the system significantly limits the
diffusion at temperature below 200 K. Theoretical simulations suggest that the observed diffusion
coefficient arise from contributions of incoherent hopping and coherent band-like transport. This
coexistence of the two regimes was also observed before in organic semiconductors and organic
crystals.**-% We suggest a dominating coherent transport at low temperatures and a prevailing incoherent
transport at room temperature. High crystallinity and preferential orientation of COF thin films allows for
a precise definition of the nanoscale structure of the material. Hence, it is evident that energy transport

processes are influenced not only by the choice of building units but also significantly by the (dis)order
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in the system. In the future, broad complementary efforts are required to gain a deeper understanding of

the extent to which order and disorder influence energy transport processes in this material’s class.
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S1. Materials and Synthesis

All solvents were purchased from Sigma Aldrich, Acros or TCI Europe in the common purities purum,
puriss or reagent grade. The materials were used as received without additional purification and
handled in air unless otherwise noted. N,N,N’,N’-tetra(4-aminophenyl)benzene-1,4-diamine W was
purchased from Carbosynth/BLDpharm. Benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde BDT
was synthesized according to the literature.

COF bulk material was synthesized according to the literature in an Argon filled glove box.2 In a
culture tube, a solid mixture of W (0.013mmol, 6 mg) and BDT (0.025 mmol, 6.26 mg) was suspended
in 1 mL mesitylene and benzyl alcohol (500 pL each). Subsequently, 50 pL of acetic acid (aqueous,
6M) was added. The culture tube was tightly sealed and heated at 100°C for 72h. The resulting dark red
suspension was filtrated hot and the isolated powder thoroughly washed with THF (~10 mL). The
obtained red powder was dried under vacuum, followed by activation in supercritical CO; at 110 bar
and 40°C for 1 hour.

COF thin films were synthesized according to the literature in autoclaves equipped with a teflon liner
holding the substrate in a horizontal position.? Glass and quartz substrates were cleaned in detergent
solution (Hellmanex 111, 1% v/v, water, acetone and isopropanol). The substrate was immersed into a
suspension of W (2.5 umol, 1.2 mg) and BDT (5 pumol, 1.25 mg) in 2 mL mesitylene and benzyl alcohol
(v:v 1:1) and 100 uL of acetic acid (aqueous, 6M). The autoclave was sealed under Argon and heated
at 100°C for 1 day. After cooling to room temperature, the COF film was rinsed with dry THF and dried
under reduced pressure. Unoriented COF thin films were grown on a SiO; inverse opal structure. The
inverse opal structure was grown on a glass substrate following a published procedure.® In order to grow
an unoriented film with comparable thickness on top of the substrate and account for the COF material
growing within the inverse opal structure, the amount of precursor for the film synthesis was increased
to 6 mg (12.5 umol) and 6.25 mg (25 umol) for W and BDT, respectively. The synthetic procedure

remained unchanged.



S2. Methods

2D grazing-incidence wide angle X-ray scattering (GIWAXS) data were recorded with an Anton
Paar SAXSpoint 2.0 system equipped with a Primux 100 micro Cu K, source and a Dectris EIGER R
1M detector. The oriented (unoriented) COF films were positioned at a sample-detector distance of 140

mm (156 mm) and were measured with an incidence angle of 0.2° (0.3°).

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 Discover with

Ni-filtered Cu K, radiation and a LynxEye position-sensitive detector.

Scanning electron microscopy (SEM) micrographs were obtained with a FEI Helios NanoLab G3 UC

microscope equipped with a Schottky field-emission electron source operated at 1 — 30 kV.

Transmission electron microscopy (TEM) was performed on a FEI Titan Themis instrument equipped

with a field emission gun operated at 300 kV.

Nitrogen Sorption isotherms were recorded with a Quantachrome Autosorb 1 and Autosorb iQ
instrument at 77K. The sample was outgassed for 24h at 120°C under high vacuum prior to the
measurements. Pore size distributions were calculated using the QSDFT model with a carbon kernel for

cylindrical pores.

UV-Vis-NIR spectra were recorded on a Perkin-Elmer Lambda 1050 spectrometer equipped with a
150 mm integrating sphere, photomultiplier tube (PMT) and InGaAs detectors. Diffuse reflectance
spectra were collected with a Praying Mantis (Harrick) accessory and were referenced to barium sulfate
powder as 100%R standard. The specular reflextion of the sample surface was removed from the signal

using apertures that allow only light scatter at angles > 20° to pass.

Atomic force microscopy was measured using a NANOINK AFM setup. A standard tapping mode
silicon AFM tip from NANO WORLD was used. The aperture is 20 to 40 nm and the force constant of
the cantilever is ~42N/m (length= 125um, resonance frequency~330kHz). All measurements are

performed in tapping mode.

Confocal Photoluminescence Measurements. For Photoluminescence (PL) measurements,
hyperspectral images and time resolved PL images, a home-built confocal laser scanning microscope
was used. It is based on a microscope body (NIKON) which is combined with a xyz-piezo-scanning
stage (PHYSIK INSTRUMENTE) for the room temperature (RT) measurements. Herein, the samples
are measured upside down in epi-direction using an oil objective with 1.4 NA (NIKON). All low
temperature (LT) measurements are performed on a self-built microscope with a commercial cryostat
system from ATTOCUBE including scanner, positioner, vacuum chamber and pumps and the cooling
apparatus. The microscope around this system is self-built and uses a long-working-distance with
0.75NA (ZEISS). Both microscopes are connected to the same detection path. A beamsplitter (MELLES



GRIOT 03BTLO0O5 for RT-setup, THORLABS BSW29R for the LT-setup) and a spectral 490 or 550nm
long pass filter is used to separate the laser from the PL-light. A sub picosecond laser (ichrome
TOPTICA) tunable from 476 nm to 645 nm is used for excitation. Here, the excitation wavelengths of
476nm and 510nm laser light is additionally filtered by a 473/10 nm (CHROMA) or 510/10 nm
(THORLABS) band pass respectively, which is positioned in the excitation arm. The detection side
consists of two parts, which are separated by a rotatable mirror. Additionally, a tiltable mirror in the
back focal plane is installed for the diffusion measurements scanning around the confocal spot. One
arm in the detection has an avalanche photo diode (APD, type: MPD PDM, detector size 50 x 50 pm),
which can be combined with a Time Correlated Single Photon Counting (TCSPC) electronics
(BECKER UND HICKEL) measuring time resolved PL- transients. The second part consists of a
spectrometer (ANDOR SHAMROCK SRi303) combined with an open electrode CCD camera
(ANDOR NEWTON DU920) recording spectra. The data is recorded using a customized LABVIEW
(NATIONAL INSTRUMENTS) program that combines the manufacturers’ software with our desired
measurements. Further processing and analysis are carried out using MATLAB (MATHWORKS) to
obtain the PL spectra, TCSPC transients and the images.



S3. WBDT bulk powder characterization

Characterization of the bulk COF powder of WBDT was conducted including PXRD, FTIR, Nitrogen
Sorption, steady-state PL and UV-Vis as well as SEM measurements. PXRD of the WBDT COF shows
distinct reflexes at 26 = 2.00°, 3.50°, 4.04°, 5.38°, 6.11°, 7.36°, 8.14°, 8.96°. Pawley refinement of the
powder x-ray diffractogram yielded the unit cell parameters, with Rup = 4.20% and R, = 3.40% (Figure
S1)
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Figure S1. Experimental PXRD of the WBDT COF powder together with the Pawley refinement and

the resulting difference plot. Unit cell lengths and angles are indicated.

FTIR measurements confirm the successful formation of the COF network by the disappearance of the
-NH (3342 cm™) and -CO (1664 cm) vibrational modes and the appearance of the vibrational mode of
the imine bond (1609 cm™) in the IR spectrum of the WBDT COF (Figure S2).
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Figure S2. FTIR spectra of the two linker molecules W and BDT and of the WBDT COF.



Surface area and pore sizes of the WBDT COF were determined by nitrogen sorption measurements.
The sorption isotherm is a mixture of type | and type Vb with two nitrogen uptake steps. The first step
at low partial pressures is characteristics for microporous materials, whilst the second step reveals
additional capillary condensation, typical for the presence of mesopores. The calculated Brunauer-
Emmet-Teller surface area is 635 m? g and the two pore sizes of the Kagomé-like structure, are 1.9 nm
and 3.4 nm (Figure S3).
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Figure S3. (a) Sorption isotherm of the WBDT COF with a BET surface area of 645 cm? g. (b) Pore
size distribution (PSD) with two pore sizes, 1.9 nm and 3.4 nm, consistent with the dual-pore shape of
the Kagomé-like structure.

Steady-state PL and UV-Vis measurements were conducted to optically characterize the WBDT COF
powder. The dark red COF powders emits 1.83 eV (677 nm) and has a maximum absorption at 2.41 eV

(514 nm). Fitting of the absorption onset using Tauc plot gives a direct band gap of 1.98 eV (Figure
S4).
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Figure S4. (a) Steady-state PL and UV-Vis (Kubelka-Munk, diffuse reflection) of the WBDT COF

powder. (b) Fitting of the absorption onset using Tauc plot.

Scanning electron micrographs reveal a uniform, spherical morphology of the WBDT COF particles.
Transmission electron microscopy confirms the crystallinity of the COF. Detection of crystal domains
with the z-axis oriented parallel to the incident electron beam visualize the pseudo-hexagonal pattern

generated by the dual-pore Kagomé-like structure (Figure S5).

Figure S5. (a) SEM micrograph visualizing the spherical morphology of the WBDT COF powder. (b)
TEM image confirming the crystalline nature of the COF.



S4. WBDT thin film characterization

Fitting of the absorption onset of the WBDT COF thin film using a Tauc plot gives an indirect band
gap of 2.16 eV as indicated in Figure S6a.

No significant broadening of the PL spectrum is visible upon decrease of the temperature. This is
illustrated in Figure Séb, depicting the PL spectrum of the thin film at 5 K and at 300 K.

a b

Tauc Plot Thin Film ——PLat5K
: —— PL at 300K

64 Linear Fit

Intensity [a.u.]

M,MH.

1.0 1.5 2.0 25 3.0 1.25 1.50 1.75 2.00 2.25
Energy [eV] Energy [eV]

Figure S6. (a) Fitting of the absorption onset of the WBDT COF thin film using Tauc plot. (b) PL
spectra of the thin film at 5 K and 300 K.

The thickness of the film is determined via SEM cross-section analysis (~120 nm) and as well as by

scanning over a thin scratch on the film’s surface using AFM (~130 nm) (Figure S7).

93.5 nm
80.0

60.0

40.0

0.0

Figure S7. (a) SEM cross-section of the WBDT COF thin film. (b) AFM image of the measured scratch

with the difference in height as inset. (c) AFM image of a 2.5 x 2.5 pm? section the film surface.
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Linear Power Dependency. For the steady-state PL and RDTR PL measurements, it is crucial that the

response to the incident laser power is linear in the range of the used laser power, assuring that the

number of excited states n is proportional to the measured intensity. Figure S8 confirms the linear power

dependency of the PL signal up to ~50 pJ/cm?. In order to guarantee the stability of the COF throughout

the optical measurements, the laser power was chosen accordingly. All RDTR PL measurements were

performed under vacuum, steady-state PL was performed under argon atmosphere.
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Figure S8. The excitation fluence dependency of the PL signal. The gray range shows the excitation

fluence used in the experiments.

Confocal Scan and Hyperspectral Images. To confirm the homogeneity of the spectral response from

the thin film, confocal scanning and hyperspectral imaging of a 10 x 10 um? section of the WBDT thin

film were conducted, showing neglectable changes in normalized intensity, central energy and spectral

width of the PL signal (Figure S9a, b and c, respectively).
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Figure S9. Confocal scan and hyperspectral images of the WBDT thin film, mapping differences in (a)

normalized intensity, (b) central energy and (c) spectral width of the PL signal.
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S5. RDTR PL measurements — Analysis and Fitting

The data is collected in the form of a TCSPC transient for every remote position of the tiltable mirror.
For each temperature step, transients from two different directions through the confocal spot were
recorded. Furthermore, two temperature series were measured to guarantee the reproducibility of the
observed diffusive transport. Data set 1 is integrated over the blue part of the PL spectrum (590-610nm,
2.03-2.10eV) and Data Set 2 is integrated over the whole PL signal. In both sets the same trend of the
diffusive transport is observed. Since the spectrum contains not only a mobile species but also a
localized radiative state, the diffusive transport is more visible in the blue data set (Data Set 1). An

exemplary data set at 40K is shown in Figure S10:

Measured RDTR Data

ot
2]

Time [ns]

-1 0.5 '] 0.5 1
Remote Distance [pm]

Figure S10. RDTR PL Data at 40K.

As the COF film is thin (~ 100 nm), and the Rayleigh length is around a micrometer, the focus penetrates
the whole film in the direction perpendicular to the substrate (z-direction). This measuring setup only

allows for the observation of the in-plane 2D diffusive transport in the thin film.

The observed diffusive species has a limited lifetime, leading us to the following differential equation
(S1):

dn(x,y,t)

It = DAn(x,y,t) — kyn(x,y,t) (S1)

12



In equation S1, n is the number of excited states that are proportional to the measured PL intensity. This
is confirmed by linear power dependency (Figure S8). D is the diffusion coefficient and k; is the lifetime
of the diffusive species. Assuming a Gaussian starting distribution of excited states, this differential

equation can be analytical solved by

No20? -x2-y?
n(x,y,t) = 203+4Dt exp (202+4Dt) ~exp(—kqt), (S2)
a2 a2
where the spatial integration over N, exp ( — ) is the total number of excited states at t = 0 and o is

the width of the starting Gaussian distribution. To analyse the RDTR PL data, two different methods
are used and subsequently compared for cross-verification. For the first method (method I in the main
text), we fit two Gaussians, one with a fixed width corresponding to the initial signal width determined
by the excitation focus and the optical resolution of the setup and the other with a variable width (Figure
S11a). The results show that the variable width follows a linear change in time, as expected from the

following relation (equation S3), derived from the 2D diffusion equation S2:

g%~ 2Dt (S3)
This linear relation is shown in Figure S11b. The contribution with fixed (time-independent) width is

attributed to a localized, immobile excited species, presumably related to defect trap states.
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Figure S11. (a) Double Gaussian Fit (fixed and flexible width) of the raw RDTR PL data for one time

step. (b) Linear Fit of the variance of the width as a function of time.

The second method (method 11 in the main text) involves analysing the full data set using the analytical
solution (equation S2) and fitting the whole two-dimensional data with a single diffusion coefficient.
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This analysis is split into two parts according to the two different timescales observed. Figure S12

visualizes and compares the diffusion coefficients obtained by the two methods.
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Figure S12. Comparison of the two methods | and Il for the determination of the diffusion coefficient
for data set 2 (full spectral range). Data are collected in two different scanning directions through the

confocal spot, perpendicular to each other (direction 1 and 2).

For the free charge carrier diffusion coefficient, the time interval from -0.025 to 0.005 ns is used.
Additionally, the calculated data are convoluted with the instrument response function (IRF, FWHM of
28 ps). The time-zero is defined by the maximum and the overlap of the initial rise of the IRF at the
centre of the confocal spot (remote distance = 0 um). An additional Gauss distribution with a mono-

exponential decay is added, representing the localized excited states.

For the free charge carrier diffusion, only method I is used, and the data is averaged over both directions
(Figure S13a). The time interval between 0.1 and 1 ns is used for the exciton diffusion coefficient.

Here, both methods | and 11 are applied, and the data is averaged over both directions (Figure S13b).
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Figure S13. Measured and fitted data for the diffusion coefficient of the (a) free charge carriers and (b)

excitons.

According to the fits, the lifetimes 7 of the excitons are in the order of 0.9 - 1.2 ns. Using z, the diffusion

length Lp can be approximated:

1100

Lp = V2Dt

The diffusion length of the polarons as a function of temperature is depicted in Figure S14.
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Figure S14. Diffusion length of the excitons as a function of temperature.
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S6. WBDT unoriented thin film characterization and diffusion dynamics

Characterization

The WBDT COF has a strong tendency to grow highly oriented thin films on most substrates, even
when incorrect ratios of building blocks are used or different solvents are chosen for the COF synthesis.
Therefore, we changed the substrate’s morphology drastically from a smooth surface to a meso-
structured SiO, inverse opal with a thickness of ~ 4 um and pores with 300 nm diameter. WBDT COF
grows interconnected spherical grains of around 150-200 nm size similar to the bulk powder, both into
and on top of the structure. Figure S15a and b show SEM top views of the inverse opal structure, ¢ and
d show the WBDT COF@SiO- grown on top the macro-structured substrate.

b

Figure S15. (a) and (b) Top view of the SiO; inverse opal structure at different magnifications. (c) and
(d) WBDT COF@SiO- inverse opal structure.

Figure S16a and ¢ show cross sections of the WBDT COF@SiO,, illustrating the COF growth both
into the mesopores and on top of the structure. Figure b and d show the same section of the film, looking
only at the backscattered electrons. This method has a higher contrast for the inorganic SiO., revealing
the SiO; structure below the COF grains.

16



Figure S16. (a) and (c) Cross section of WBDT COF@SiO; with different magnifications, showing the
growth of the COF both into the structure as well as on top of it. (b) and (d) Backscattered electron

image of the same film sections as (a) and (c), revealing the SiO; structure below the COF.

Additionally, AFM was conducted on a 2.5 x 2.5 um? section of the unoriented thin film to better

illustrate the difference in morphology compared to the oriented WBDT film (Figure S17)

289 nm
250

200
150

100

Figure S17. AFM image of a 2.5 x 2.5 um? section of the unoriented WBDT thin film.

In Figure S18, the reflections in the GIWAXS pattern of the unoriented film appear at identical
scattering vectors in the GIWAXS pattern of the oriented film and in the PXRD pattern of the bulk
material, confirming the formation of a crystalline COF. The intensity of the hkl reflections is uniformly
distributed in g; and g, direction, forming a semi-circle. The scattering pattern indicates a random
orientation of the COF crystallites.

17



0 0.1

03

04

q, (A1)

0.5

0.6

Figure S18. GIWAXS pattern of the unoriented WBDT COF grown on an SiO; inverse opal structure.

The colour map was chosen differently to the main text to improve the visibility of the reflexes at low

gr values.

Steady-state PL and UV-Vis measurements were conducted to optically characterize the WBDT
COF@SIO; film. The dark red film emits at 1.88 eV (660 nm) and has a maximum absorption at 2.48

eV (500 nm). Fitting of the absorption onset using Tauc plot gives an indirect band gap of 2.08 eV

(Figure S19)
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Figure S19. (a) Steady-state PL and UV-Vis of the unoriented WBDT COF thin film. (b) Tauc plot of

the absorption onset.
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Diffusion Dynamics

The analysed RDTR PL data for the unoriented WBDT COF thin film is shown in Figure S20. With
Dunoriented = 11 ¢cm? s, the diffusion coefficient for the free charge carrier in the shorter timescale is
comparable to the oriented thin film (Dorientes = 10 cm? s1). This is in line with our interpretation of the
carriers diffusing within one grain and the grain size not significantly changing from oriented to
unoriented film. The exciton diffusion coefficient is decreasing with decreasing temperature, indicating
a hopping type transport. It is also overall lower, suggesting that the high degree of orientation of the

crystallites on the film plays a major role in the diffusive transport.
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Figure S20. Diffusion coefficient as a function of temperature of the (a) free charge carriers and (b)
excitons in the unoriented WBDT COF thin film.
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S7. Optical Pump Terahertz Probe Spectroscopy (OPTP)

The setup used for optical pump terahertz probe (OPTP) transients is described in full detail elsewhere.*
Briefly, an amplified Ti:sapphire laser system (Spitfire ACE, Spectra-Physics) provides 800-nm light
pulses (35 fs) with 5-kHz repetition rate. The fundamental output of the amplified Ti:sapphire laser is
used to generate single-cycle THz radiation pulses in a W/CosoFesB20/Pt multilayer film on quartz
(spintronic emitter) through the inverse spin Hall effect.®> Furthermore, the optical excitation pulses (400
nm) used to photoexcite the samples are generated by second-harmonic generation in a beta-barium-
borate (BBO) crystal. During OPTP measurements, the fractional changes in the THz transmission (0.5-
2.5 THz) following the 400-nm photoexcitation are monitored by using free-space electro-optic
sampling (EOS) in a 1-mm-thick (110)-ZnTe crystal. BDTW COF thin films were deposited onto 2 mm
thick z-cut quartz. During OPTP measurements, the THz emission and detection optics and samples are

kept under vacuum at pressures below 0.1 mbar.

Extraction of charge-carrier mobility from OPTP measurements

We extracted effective charge-carrier mobility following the method developed by Wehrenfennig et
al..5 Briefly, for semiconductor thin films materials with thicknesses smaller than the wavelength of
the incident THz radiation, the sheet photoconductivity can be estimated from the fractional change in

the transmitted THz electric field AT /T, and expressed as

AT

AS = —€oc(ng +ny) <T) (S6)

where ng=2.13 and n, = 1 are the refractive indexes of quartz and vacuum, respectively.’

To extract the effective charge-carrier mobility from the sheet photoconductivity, the number of initially

photogenerated carriers is estimated as

N = ¢i—j(1—Rp—Tp) (S7)

Where ¢ is the photon-to-charge branching ratio (i.e., the fraction of generated charges per
absorbed photon absorbed), E is the pump pulse energy, A is the excitation wavelength, and R, and T,
are the reflectance and transmittance of the sample at the excitation wavelength (3.1 eV, 400 nm). The

charge-carrier mobility p can be calculated as

AS Agfr

Ve (S8)

U

Where A is the effective overlap area between THz and pump beam and e is the elementary charge.
By substituting Equation S6 and Equation S7 into Equation S8, the effective charge-carrier mobility is
obtained as:
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Agprhe AT

Pp = —€oc(ng + M) ™ R — Towmp) (T) (59)
Here, it is worth noting that the sheet photoconductivity signal measured by OPTP arises from the
contributions of both photogenerated free electrons and holes. Therefore, the extracted charge-carrier

mobility is the effective electron-hole sum mobility.
Calculation of the diffusion length using charge carrier lifetime from OPTP

In this study, we calculated the diffusion length Lp of the free charge carriers (fast species) using the
lifetime extracted from OPTP measurements T = 1.4 ps and the diffusion coefficient given by RDTR
PL D ~ 10 cm? s, assuming that the fast-moving species is equal to the free charge carriers. Both
methods are independent and generate two different values. OPTP measures only the free charge
carriers, formed shortly after excitation. From the absorbed probe signal, an effective mobility is
calculated and a lifetime of the free charge carriers can be extracted. The effective mobility
ou~0.12 +0.05 cm?V~1s~contains the photon-to-charge branching ratio ¢, since the exact
number of contributing free charge carriers is unknown. In RDTR PL measurements however, the PL
is generated by a combination of free charge carriers and possible unbound excitons. Here, the diffusive
transport is only driven by the chemical potential of the generated excited states, while in OPTP

measurements, the excited charge carriers react to the applied THz probing field.

In principle the absolute mobility p and diffusion coefficient D can be connected via the Einstein-

Smoluchowski®?® relation:

kgT
D:HB
e

(S10)

with the Boltzmann constant kg, the temperature T and the elemental charge e. However, this formula
is only valid in the case of a charged particle with a charge e, moving through a neutral medium. In our
case, the excited charges are bound to each other (exciton) or move as ambipolar charge carriers
(combined movement of electrons and holes) in a dielectric and periodic crystal lattice. This lattice
shields the charges. Therefore, the Einstein-Smoluchowski relation cannot be readily applied here. A
more accurate model would be needed to contextualize both numbers. Additionally, it is not clear if the

disorder in the system has an influence on the fast-moving species.

Hence, the calculated diffusion length of the free charge carriers (fast species) in this study, combining
values from both OPTP and RDTR PL measurements, should be considered as a qualitative estimation.
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S8. Theoretical Calculations

The structure of WBDT is optimized at density functional theory (DFT) level. We use the projector-
augmented wave (PAW) method%! in conjugation with Perdew-Burke-Ernzerhof (PBE) exchange and
correlation functional*? as implemented in the Vienna ab-initio simulation package (VASP).2*1> The
atomic positions are relaxed using the conjugate gradient method with an energy convergence value of
10 eV. The dispersion interactions are described with the nonlocal vdW-DF functionals by Dion et
al.*® The band structure of WBDT shown in Figure 2a has been corrected by a scissors shift'” of +0.49
eV for all conduction bands to estimate the band gap at Hybrid-DFT (HSEO6) level (L. Fuchs et al.
unpublished).

The Brillouin zone (BZ) for the relaxation simulations is sampled with a 1x1x6 I'-centered mesh. The
electronic band structure (Figure 2a) is calculated along a path connecting high-symmetry points in the
primitive hexagonal cell (I'-M-K-T"-A) with 20 equally spaced points between two special points.

Additionally, atomic projections of the Kohn-Sham states onto W and BDT fragments were calculated.

For the calculation of the transition densities of the excited states, WBDT is divided into two precursor
fragments (BDT and W), which are NH- and H-terminal saturated. After a gas phase relaxation of the
fragments with VASP, the transition densities describing the excited states are calculated with the
software gaussian16® and Multiwfn,*® using M062X as the exchange-correlation functional and a cc-
pVTZ basis set. Excitonic transition densities are used to calculate the Coulomb interaction between
the exciton states that are placed at the fragment position in the COF as described earlier?® with an
effective screening described by a low relative dielectric permittivity of e = 2. The large electron and
hole transfer integrals extracted from the calculated band structure are further taken into account for
second-order transfer processes to estimate the resulting effective exciton transfer integrals of € = 50

meV.

A Marcus-type hopping ansatz with exciton coupling of ¢ = 50 meV and an estimated reduced

reorganization energy of A = 0.1 eV was used to estimate the diffusion coefficient at 300K.
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Abstract

Lanthanide coordination polymers (Ln-CPs) have attracted great attention as an emerging type of near-
infrared (NIR) emitting materials. In this work, we report the synthesis and characterization of three
semiquinone-based Ln-CPs, namely Ln-DHBQ (Ln= Yb (1), Nd (3), CsH.04* = 2,5-dihydroxy-1,4-
benzoquinone) with a chemical formula [Ln(CeH204)3(H20)6]-18H,0 and a novel member of this
framework family with a chemical formula [Lnz(CsH204)3(H20)4]-6H,0 with (Ln= Yb (2), CsH204%=2,5-
dihydroxy-1,4-benzoquinone) as single crystals. Single-crystal x-ray diffraction analysis shows that the
isostructural series of Yb, Nd-DHBQ_ type | (1, 3) crystallize in the trigonal R3 space group, whereas for
Yb-DHBQ type I (2), a second phase was obtained, that crystallizes in the monoclinic C2/m space group.
Both phases of Yb-DHBQ present a (6,3)-2D topology but differ at the coordination number of Yb%*
metal centers in both phases. By adjusting the synthesis conditions, we achieve control over the
morphology of the single crystals of Yb-DHBQ and Nd-DHBQ, resulting in either disc-like shapes or
faceted giant single crystals of sizes up to 500 um. Moreover, this series of Ln-DHBQ (1-3) single-
crystals features strong photoluminescence in the near-infrared region with a lifetime in the range of
tens of nanoseconds. Furthermore, the observation of photon bunching on the timescale of the
excited-state lifetime in the second order time correlation function demonstrates a down-conversion

process for both Yb-DHBQ CPs.



Introduction

Near-infrared (NIR) emitters, such as rare-earth metal (RE) ions, are attractive functional materials for
application in optical thermometry!!], sensing!?, bioimaging and drug delivery® up to operation as
barcode material™®. Ordered coordination polymers (CPs) and sub-class metal-organic frameworks
(MOFs), consisting of inorganic building units (IBUs), periodically connected by organic linker
molecules, can serve as intriguing material platforms for enabling tunable NIR emission!" For
example, by applying the principles of reticular chemistry, the chemical properties of framework
materials can be predesigned and systematically controlled %, In addition, utilizing building blocks
with a specific symmetry grants access to a large variety of crystal structures ranging from 2D layered
configurations to complex 3D rigid networks." An intriguing approach to induce NIR emission in CPs
includes the implementation of rare-earth metal ions (REI) into a rigid framework. The most common
oxidation state of lanthanide elements is the trivalent state Ln®** with a few exceptions in other
oxidation states!®. Owing to distinct 4f orbital configurations, different lanthanide ions exhibit different
energetic levels. Photoluminescence (PL) displayed at the near-infrared (NIR) is characteristic for the
respective trivalent lanthanide with Nd**, Er** and Yb3*.[®! The number of observed bands depends on
the particular lanthanide ion and its distinct electronic states. However, for free lanthanide ions, which
are not implemented in matrices, low molecular absorption coefficients and a rather weak
luminescence are intrinsic.!” This is related to the forbidden f-f electronic/orbital transitions of
lanthanide ions.”” To overcome this limitation, Ln" ions can be incorporated into well-defined
structures held by organic linker molecules, making them controllably and spatially resolved. In this
structural paradigm, the organic linkers operate as chromophores absorbing the excitation energy
followed by a ligand-to-metal energy transfer process, and subsequent excitation of the Ln3 ion
generating a strong luminescence.”! In the growing field of sensing, luminescent Ln-MOFs have been
employed for various analytes, the porous network allows for a reversible uptake and release of guest
molecules and lanthanide luminescence can be turned-on and turned-off.®®! For instance,
environmental pollutants such as pesticides!, antibiotics!*”), explosives*Y, heavy metal ions!*? and
toxic gases!*® can be detected with high sensitivity and selectivity. An interesting example is related to
temperature sensing using mixed Yb3*/Er3* MOFs serving as contactless sensors. Here, an optical
thermometer was established in [EtNH3]Ybg 79Ero21(HCOO)4s] MOF by monitoring broadening its NIR
emission, where a temperature decrease is associated with the broadening of the Er¥*characteristic

NIR emission.

In recent years, photo- and electro-induced properties have been added to the property collection of

MOFs and CPS, demonstrating their potential as active materials in applications such as energy storage



and conversion, sensing or transistors.(ref) To induced electrical conductivity in framework materials,
redox active molecules are often included into the matrix. A well-known redox active organic linker
molecule with catecholoid functionality is 2,5-dihydroxy-1,4-benzoquinone (DHBQ) in combination
with transition metal-oxo cluster nodes such as iron, copper and nickel, are widely used. For example,
quinoid-based Fe,(DHBQ); framework exhibits a remarkable high electrical conductivity of 1072 S cm~
1. By exploiting the properties of the high conductivity of DHBQ frameworks and the exceptional
luminescent properties of rare earth ions, a growing interest arises in the synthesis of Ln-DHBQ
frameworks for electronic devices particularly in the context of sensing.[®! For implementation in
application as a sensing material, there is a need for air-, water- and photo- material stability.
Additionally, intense emissions with relatively short lifetimes are highly desired targets to enable an

efficient photon detection, due to the rapid on and off switching.

Inspired by the rich chemistry provided by rare earth ions (REls), we set our focus on the synthesis of
two rare-earth CPs, using lanthanide metals Nd** or Yb%* as a metal node and DHBQ as the organic
linker. The synthesis of these two Ln-DHBQ CPs has been extensively described in literature, [ref]
however the crystallization process in order to obtain single crystals of Nd-DHBQ CP is yet to be
reported. Importantly, despite their well-described structures, their photophysical properties

remained elusive.

Here, we present the synthesis of single-crystals of Nd-DHBQ with unprecedented size of up to 500 um
with a truncated pseudo-cubic morphology, featuring a trigonal space group R3 space group,
confirmed by single-crystal X-ray diffraction (SXRD) analysis. Moreover, by employing alterations of
the synthesis protocol, Yo-DHBQ was isolated as a novel single crystal phase. Taking advantage of the
remarkable size of the Ln-DHBQ crystals obtained, a complete structural analysis is enabled.
Furthermore, the crystal morphology is rational modified by the crystallisation process ranging from
disc-like few micron-sized crystals to faceted large several hundred micron sized single crystals for both
Ln-DHBQ (Ln=Yb, Nd) CPs. Upon excitation with a 405 nm laser, emission in the NIR at 1.55 eV (800
nm), 1.38 eV (900 nm) and 1.17 eV (1060 nm) (Nd-DHBQ) and 1.27 eV (980 nm) (Yb-DHBQ) is detected
for all RE-ion containing CPs. A strong Stokes shift and a relatively short PL lifetime of 32 ns and 156 ns
were measured for Nd-DHBQ and Yb-DHBQ, respectively. Importantly, both Yb-DHBQs show a non-
parametric down-conversion process, measured by the photon statistics via a Hanbury Brown Twiss
configuration of two photodetectors. This analysis gives access to the second order photon statistics

proving non-parametric two photon emission, independently of their quantum yield.?”



Results and Discussion

Synthesis and characterization of Ln-DHBQ (Ln=Yb, Nd) single crystals

Single crystals play a crucial role in understanding the way in which the building fragments interact and
form ordered coordination polymers (CPs). Furthermore, the isolation of single crystal of CPs enables
to study their physical properties at the furthest, minimizing effects of grain boundaries and surface
defects. A well-known rare-earth metal CP series is the Ln-DHBQ series having the chemical structure
formula of [Ln(DHBQ)3(H,0)s]-18H,0.14 The series comprise the lanthanide metals centres of La, Ce,
Gd, Yb, Lu, Ho, Er which are connected by the redox-active 2,5-dihydroxy-1,4-benzoquinone (DHBQ)
organic ligand. **7! The synthesis of Ln-DHBQ as powders and single crystals has been extensively
described in the literature. Although being extensively studied, the control over the crystal morphology
and the production of single crystals for some of the representatives i.e., Nd-DHBQ are yet to be
reported. Typically, Ln-DHBQ CPs are synthesized by employing metal precursors and the redox active
organic building block DHBQ under hydrothermal and ambient conditions which results in crystalline
powders with the space group R3 of the trigonal crystal system (Fig. 1).*47 Intrigued by their rich
chemistry, we aimed at filling the gaps in their crystallization processes, we thereby choose two
members of the series namely Yb- and Nd-DHBQ CP and explore their synthesis and crystallization,
utilizing different approaches that provide a modulated crystallization process and the emergence of
single crystals. Primarily, we employed the strategy of decreased temperature synthesis, which is
associated with monitored chemical reactions and crystallization processes (e.g., super saturation,
nucleation). We initiated our endeavours with the synthesis of CP Yb-DHBQ following a reported
hydrothermal protocol where we altered the temperature profile.** Briefly, ytterbium nitrate and the
DHBQ ligand were dissolved in water and kept in a reaction vessel at 0 °C for 24 hours to slow down
the chemical reaction and thereby nucleation rate. Then, the reaction vessel was allowed to warm up
to room temperature and was kept at this temperature for additional five days. After the given reaction
time, a dark red precipitate was isolated by filtration and washed several times with water and dried
in air. More information on the synthesis of the Ln-DHBQ CP is given in the Supporting Information.
Optical microscopy revealed that the red precipitate obtained consists of uniformly roundish shaped
single crystals with up to 100 um in size (Fig. 2). Scanning electron microscopy (SEM) images of the
crystallites revealed a roundish morphology and less pronounced facets, in line with the morphology
observed by optical microscope (Fig. 2, Fig. S8). To categorize and compare the single crystal
precipitates with the literature known structure, the crystallites were ground and subsequently
analysed by powder X-ray diffraction (PXRD). The PXRD pattern obtained features multiple sharp and

narrow reflections where the most intense reflections are centered at around 12.3° and 12.6° 29
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Fig. 1 Schematic overview on the synthesis pathways yielding three Ln-DHBQ CPs (Ln= Yb, Nd). Direct
utilizing of DHBQ leads to the literature-known phase type | of Yo-DHBQ. Use of a preliminary in-situ
oxidation step of THB to DHBQ, employed in our developed synthesis route, yielded a new structural
variant of Yb-DHBQ type Il. Using the developed protocol for Nd-DHBQ resulted in the formation of
single crystals being isostructural to the Ln-DHBQ type | series. In A, D and G, the asymmetric unit of
each crystal structure is displayed, with a view on the 2D sheet providing a visualization of the pore
system in the orange inset (B, E and H) and a view along the 2D ribbon-like structure displayed for the
three crystal structures (C, F, 1). The water molecules are omitted in all images for clarity.

indicating the presence of a highly crystalline material. The experimental PXRD pattern was indexed
according to the calculated theoretical XRD pattern of the Yb-DHBQ CP and is in good agreement with
the reported structure of Abrahams et al. (Fig. S3).*¥In line with the observation of the PXRD analysis,
single crystal X-ray diffraction (SXRD) (Fig. 1) of the crystals obtained confirmed the formation of a
highly crystalline Yb-DHBQ CP isostructural to the known Ln-DHBQ series with space group R3 of the
trigonal system, denoted as YB-DHBQ type | (1). A detailed description of the crystal data is given in
the section crystallographic analysis, followed. Based on the successful synthesis of single crystals of
YB-DHBQ type | (1), we targeted the synthesis of larger single crystals with a more defined morphology
of Ln-DHBQ, particularly of CPs that have not been reported yet. In this regard, we studied different
synthetic parameters such as different precursor concentrations, temperature ranges, and reaction
times to attain control over the crystallization process of this series such that large single crystals of
the desired isostructural phase of Ln-DHBQ CPs will emerge as end product.[*®! Previously, the
oxidation state of DHBQ has been demonstrated to be key for modulating the synthesis of Ln-DHBQ
CPs through slower complexation of metal and ligand, enabling the precipitation of single crystals.™*!

To control the crystallization process further, we employed in a hydrothermal synthesis the fully



reduced, 1,2,4,5-tetrahydroxybenzene (THB) analogue as the organic building block instead of direct
utilization the DHBQ at different temperatures (Fig. 1). Notably, combining the low temperature
synthesis approach of Yb-DHBQ type | (1) with the presence of THB ligand in the reaction mixture
resulted in dark-coloured small crystallites with a size of 75 um, crystallizing in a crystal phase, which
could not be attributed to the Ln-dhbq series by means of powder X-ray diffraction. We therefore
aimed for larger single crystals to solve the structure of the new phase with SXRD. Utilizing
crystallization modulation through the redox-active organic linker, we developed an adapted reaction
protocol, in which ytterbium nitrate as metal salt was added to an aqueous solution of THB and
charged into a reaction vessel that was kept at elevated temperatures for 6 days. After the designated
reaction time, the reaction product was collected by filtration under reduced pressure. Subsequently,
the crystals were resuspended in water and dried in air, revealing dark-red shiny crystals. Strikingly,
visualization of the reaction product with an optical microscope revealed the elongated-shaped
diopside-like crystals of Yb-DHBQ reaching sizes of 200 um with distinct morphology and crystal facets
(Fig. 2, Fig. S8). SEM images reveal large crystals with distinct facets in line with the optical microscopy
results, however seemingly affected by the high vacuum exposed upon handling, recognizable as
fissures. In variance with the low temperature crystallization, our developed reaction protocol resulted
in a different morphology compared to the crystals when utilizing DHBQ ligand directly. This first
indication of a structural variety of the Yb-DHBQ CP was studied examining with PXRD in more detail.
The PXRD pattern obtained revealed multiple sharp and narrow distinct reflections with different

position compared to YB-DHBQ type | (1) with the most intense reflections centered at around 11.1°
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Fig. 2 Optical microscope images of CPs Yb-DHBQ type | (A) and type Il (B) displaying the different

morphology and sizes of the single crystals obtained for the different synthesis protocols. SEM images

of a respective crystallite of both phases, type | (B) and type Il (E). Comparison of PXRD patterns

experimentally obtained for the two Yb-DHBQ type | (C) and type Il (F) demonstrating the presence of

a structural variety for Yb-DHBQ obtained with our adapted protocol.




219 suggesting a highly crystalline structure of a different phase (Fig. S4). Contrary to our expectations,
SCXRD revealed single crystals of the monoclinic system, a reduced symmetry compared to the known

trigonal system in the series of Ln-DHBQ, referred to as Yb-DHBQ type Il (2).

Next, we delve into the synthesis of another representative of the Ln-DHBQ [Ln2(DHBQ)3(H20)e]-18H,0
CPs series, namely Nd-DHBQ (Fig. 1). In a previous report, Nd-DHBQ framework powder has been
assigned to the structural family of Ln-DHBQ CPs by indexing the PXRD pattern obtained with the ones
reported for other representatives of this series,*® however, structure solution by single crystals of
this materials have not yet been reported. First, we synthesized Nd-DHBQ applying the same synthesis
conditions as for Yb-DHBQ type | (1). Briefly, metal salt neodymium nitrate and organic ligand DHBQ
were dissolved in water and kept for 1 day at 0°C and for further 5 days at room temperature. A dark
red precipitate was isolated by filtration and washed several times with water and dried in air. Optical
microscopy (Fig. 3, S8) and SEM revealed disc-like crystallites uniformly formed with sizes of about
10 um (Fig. 3A, B), unfortunately too small to solve the crystal structure with SXRD. The PXRD pattern
of these small crystallites reveals the same isostructural phase to the series of Ln-DHBQ CPs (Fig. 3C).
To shed ultimate light on its crystal structure, we applied our developed synthesis protocol for Yb-
DHBQ type Il (2) to the synthesis and crystallization of Nd-DHBQ CP replicating the protocol with
neodymium nitrate as metal salt and a longer reaction time of 16 days. After isolation, the powders
collected appeared to the naked eye as dark-red shiny crystals. Optical microscopy of the precipitate

revealed dark-red single crystals reaching a giant size of 500 um, one of the largest sizes realized in this
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Fig. 3 Optical microscope images of CP Nd-DHBQ displaying the different sizes and morphologies
obtained by employing different synthesis approaches, directly utilizing DHBQ (A) or use of THB (D)
as redox-active ligand for the framework formation. SEM images of the resulting crystals (B) and (C),
respectively for the synthesis condition with DHBQ or THB. PXRD pattern of the ground crystals
confirm an isostructural compound regardless the diverse morphology and crystal size.



series of Ln-DHBQ CPs. The collected crystals feature truncated pseudo-cubic shapes in line with its
crystal symmetry as described in more detail in the crystallographic section. Interestingly, these
truncated corners create equilateral triangles having 3-fold rotational symmetry, in line with the
trigonal crystal system. To illuminate the crystalline nature of the reaction product obtained, a ground
powder of Nd-DHBQ was analysed by means of PXRD and compared to the PXRD of the crystals
obtained employing the direct synthesis route with DHBQ (Fig. 3). Analogous to Yb-DHBQ type | (1),
the PXRD pattern obtained could be indexed according to previous Ln-DHBQ CPs (Fig. S5) with the most
intense sharp reflections centered at 12.1° and 12.4° 28, strongly indicating that the single crystals
formed are an isostructural phase to Yb-DHBQ type | (1).1*¥! Despite applying the similar synthesis
protocol as for Yb-DHBQ (2), where we found the structural variety, for the CP Nd-DHBQ we solely
obtain the isostructural phase. On account of the record size of the Nd-DHBQ single crystals obtained
with our crystallisation approach, we could determine the precise structure of Nd-DHBQ supported by
single crystal data for the first time. Notably, the PXRD reflections of Nd-DHBQ type | (3) compared to
Yb-DHBQ type | (1) are slightly shifted to smaller 29 values, in consequence of the lanthanide

contraction effect of larger ion Yb3* compared to Nd**.

Crystal Structure

By virtue of the single crystals obtained for all three compounds Ln-DHBQ (Ln= Yb, Nd) 1-3, single
crystal XRD (SCXRD) was employed providing a conclusive picture of the underlying crystal structure.
A summary of the structural data collection and refinement parameters for 1-3 is given in Table 1 and
in Table S1. First, the novel crystal data for Nd-DHBQ type | (3) is discussed, enabling access to precise
structural information of the framework. The obtained crystal data is compared to a previously
reported structure, which was solved by indexing the experimental PXRD pattern according to the
reported representatives of Ln-DHBQ.™*® The new single crystal data for 3, we report in this manuscript
(Fig. 1), confirms the framework structure proposed*® and follows the Ln-DHBQ series as adequately
described by Abrahams et al. for Ln= La, Ce, Gd, Y, Yb, and Lu.[*>** The obtained Nd-DHBQ (3) CP,
consisting of the larger lanthanide ion radii Nd*, exclusively crystallizing in the trigonal space group
R3. As such, the lattice paramaters were determined to be a=b=14.2962 A and c=17.9561 A
(Table 1, Table S1). Similar to the other representatives of Ln-DHBQ, containing tetraoxolone DHBQ
ligands, a bis-chelating cluster based on DHBQ ligands with a trigonal prismatic mode can be obtained.
The DHBQ ligands are further bridged by adjacent ligands into a honeycomb network structure with a
2D (6,3) topology, meaning that 3-connecting neodymium centers link to form six-membered rings in
a two-dimensional network extending in the ab plane. Hereby, the neodymium ions adopt a tri-capped
trigonal prismatic coordination sphere (Fig. 4). The nine-fold coordination geometry comprises a

central Nd** ion, which is coordinated by three bis-chelating DHBQ ligands and three coordinated aqua



ligands. These coordination units form ribbon-like 2D sheets composed of undulating six-membered
rings giving hexagonal pore apertures of 1.4 nm (Fig. 1). In the crystal network, coordinated aqua
ligands and crystal water molecules as well as the oxygen from the DHBQ ligands form out hydrogen
bonds, establishing various water clusters located between the layers. The hydrogen bonding within

the structure stabilizes the sheets and results in an overall three-dimensional network.™

In contrast, Yb-DHBQ containing the smaller lanthanide ion Yb3* crystallizes in two different structures
with differing space groups (1, 2) (Fig. 1, more information given in the section synthesis Sl).
Interestingly, we found that the crystal phase can thereby be controlled by the synthesis conditions
employed. With direct utilization of DHBQ in the synthesis, Yo-DHBQ type | (1) is phase-purely obtained
in the trigonal space group R3 isostructural to Nd-DHBQ type | (3). However, at elevated temperatures
utilizing a preliminary in-situ oxidation step of THB to DHBQ, the Yb-DHBQ forms a structural variety
to 1 and 3, adopting a monoclinic space group C2/m. In contrast to the type | structures, the crystal
structure of the second phase, type Il, is a more compressed network structure (Fig. 2). The
coordination sphere of the central Yb% ions is decreased from nine-folded (1) to eight-folded (2) by
the loss of one coordinated aqua ligand (Fig. 4). A 2D sheet is formed of the undulating six-membered
rings of Yb3* ions and bis-chelating DHBQ ligands giving rise to hexagonal pore apertures of 1.2 nm in
diameter. However, the loss of one aqua ligand results in a more dense packing in the network and a
change in the lattice paramaters determined to be a = 14.0778 A, b =15.8986 A and c = 6.1208 A. The
crystal planes are stacked with four coordinated water molecules and six crystal water molecules
connecting the 2D layers by hydrogen bonds. The water cluster located between the layers, connecting
the 2D layers through hydrogen-bonds are changed in the structure of 2. The amount of crystal water

molecules is reduced from 18 to 6 leading to a denser packing and a reduced cell volume from 3050 to

Yb-DHBAQ type | Yb-DHBQ type Il Nd-DHBQ type |

Fig. 4 View of the coordination sphere of Ln-DHBQ CPs. A distorted tricapped trigonal-prismatic
geometry with a 3-fold symmetry is obtained for the Yb" (A) and Nd" (C) central atom in the
isostructural Ln-DHBQ CPs. For the structural variety Yb-DHBQ type Il, the loss of one coordinated
water ligand leads to a 2-fold symmetry and a decrease in coordination number from nine to eight
(B).



1300 A3 (Table 1). We attribute the change of the crystal structure to the different reaction conditions
employed, with a prior oxidation step from THB to DHBQ leading to a slower complexation of metals
and ligands, enabling a structural variation for the smaller lanthanide Yb3". Whereas, the existence of
at least two different structural types is well-known in the series of chloranilate (CA)?%, a derivative of
DHBQ and Ln?* ions, it is so far not reported for DHBQ with Ln3* ions, especially within the same
lanthanide CP. Further details on single-crystal growth and structural data are given in the Supporting

Information (Table S1).

Table 1 Crystal data for Yb-DHBQ type | (1), Yb-DHBQ type Il (2) and Nd-DHBQ type | (3).

Compound 1 2 3

Empirical formula [Y02(CeH204)5(H20)6l"  [Yby(CeHa04)s(H20)a]-  [Nd2(CeH204)3(H20)e]:

18H,0 6H20 18H,0
Crystal size/ mm 0.02 x 0.05 x 0.07 0.03x0.03x0.04 0.02 x 0.06 x 0.07
Crystal system Trigonal Monoclinic Trigonal
Space group R3 Cc2/m R3
] a=14.0419(5), a=14.0778(7) a=14.2962(5),
Unit cell dimensions /A b=14.0419(5), b=15.8986(7) b=14.2962(5),
c=17.8740(7) c=6.1208(3) c=17.9561(7)
Unit cell angles / ° a=90,8=90, y=120 =% 52:0107’ Y= a=90, =90, »=120
v/ A 3052.1(3) 1310.13(11) 3178.2(3)
z 6 4 6
R? 0.0166 0.0136 0.0143
Rw® 0.0367 0.0311 0.0357
Rint 0.032 0.046 0.039
Goodness-of-fit, S 1.10 1.12 1.10

Furthermore, to confirm phase purity for compounds 1-3, we ground the single crystals and compared
the resulting PXRD pattern with the theoretical PXRD pattern calculated from single crystal X-ray data
being in good agreement (Fig. S3-5). Furthermore, PXRD measurements of 1, 2 and 3 show high
stability of CPs while stored at room temperature for more than one years (Fig. S6) and long-term
treatment in water with a duration of more than 6 months without any structural changes (Fig. S7). To
gain information on the chemical composition of the CPs obtained, scanning electron microscopy
(SEM) in combination with energy dispersive X-ray spectroscopy (EDX) were employed, indicating the
sole presence of oxygen and carbon arising from the DHBQ linker and water molecules and the

respective lanthanide metal Nd or Yb (Fig. S9-11). Nitrogen physisorption measurements were



performed at 77 K for 1-3, revealing type Il isotherm shapes for examined CPs. In addition, extremely
low apparent Brunauer—Emmett—Teller (BET) surface areas (0.05 — 0.2 p/po) of 22 m?2 g (1), 15m?g"
1(2) and 12 m? g* (3) rendering this series as CPs of limited accessible surface area, in accordance with
their crystal structure (Fig. S13). The activation of the CP prior to nitrogen physisorption measurements
was performed with vacuum treatment at 80 °C, leading to a loss of crystallinity of the CPs. We
conclude that the activation of Ln-DHBQ with vacuum treatment beforehand leads to a collapse of the
water clusters connecting the 2D layers and therefore to a structural collapse. The crystal water
between the layers resembles an elemental part of the structural integrity and cannot be removed
without collapsing the network. The major stabilizing role of the hydrogen bonds was already
described in literature.** Thermogravimetric analysis (TGA) of the CPs reveals a high thermal stability
up to 330°C for all CPs (Fig. S12). All three CPs show several decomposition steps, starting with the
release of crystal water molecules around 100°C and followed by the loss of coordinated water
molecules. For 1 and 2, a plateau was reached at 68, and 61% residual sample mass, respectively. The
plateaus can be attributed to the water-free compounds [Yb,(DHBQ)s] and [Nd,(DHBQ)s]. For 3, the
plateau is reached earlier, at 81% residual sample mass and is attributed to [Yb(DHBQ)s], in line with
a lower proportion of water in the structure and a lower mass weight of 3. After decomposition of the
frameworks, the lanthanide oxides Nd,Os and Yb,Os were obtained for all three Ln-DHBQ CPs. FTIR
vibrational spectroscopy supported further the formation of the respective CPs (Fig. S14). For all
investigated samples, the three characteristic vibrational bands of the linker DHBQ in the range
between 1600 and 1250 cm™ were observed in the IR spectra containing characteristic bands at
1490 cm™ v(—C=0), 1370 cm™ v(—C~C) and 1250 cm™ v(—C—-0). The change in the position of the C=0
band for CP 1-3 compared to the uncoordinated linker DHBQ (1600 cm™) is affected by the metal-
oxygen coordination by means of framework formation. The disappearance of the band associated
with the deformation of the CO-H bond of the DHBQ at around 1200 cm™ occurs due to the newly
formed metal-oxygen coordination bond. All three CPs (1-3) have an identical appearance in the
spectrum until 850 cm™, at lower wavenumbers, the IR spectra of 1 and 3 resemble one another in the
so-called fingerprint region. In contrast, in the IR spectra of 1, the second phase of Yb-DHBQ, can be
clearly determined by a different pattern in the fingerprint region compared to 1 and 3 enabling a

simple structure distinction between both phases of Yb-DHBQ.

Despite the various descriptions of synthesis and crystal structures of Ln-DHBQ CPs in a more
crystallographic context, very less is known about the material properties of this structural family. The
photophysical properties are yet to be investigated to further elucidate on the potential of these
frameworks to serve as photoactive material for (bio-)sensing applications. The optical properties of
the Ln-DHBQ 1-3 were measured as ground powders using UV-vis absorption, summarized in Fig. S15.

The UV-vis spectra were recorded in diffuse reflectance geometry and obtained from the Kubelka—



Munk equation. For examined samples of 1 to 3, a strong absorption is located in the UV region with
maxima at approximately 3.87 eV (320 nm) and a second one in the visible region at around 2.34 eV
(530 nm) see Fig. S15. This broadband absorption can be assigned to the absorbance of the organic
component THB/DHBQ (Fig. S15) in the structure. Characteristic absorption bands for each lanthanide
metal ion can be found in the visible and near-infrared region as distinct lines, e.g. of Nd-DHBQ (3) at
1.69 eV (735 nm), 1.66 eV (745 nm), 1.56 eV (796 nm), 1.54 eV (805 nm) and 1.43 eV (870 nm) and for
Yb-DHBQ type |, 11 (1,2) at 1.28 eV (965 nm) and 1.25 eV (988 nm) (Fig. S9). The sharp absorption lines
observed are connected to the distinct 4f electron energy level transitions of Yb and Nd metal ions
embbeded in a crystal matrix (Fig. $9).?Y ! To shed light on the excited state dynamics, we measured
time and spectrally resolved photoluminescence (PL) of the synthesized large single crystals. The PL
spectra contain mainly the emission bands associated with the rare earth ion metal centers (Fig. 5).
For Nd-DHBQ, four different transitions (*F32=2>*Fs;2/ 2Hsp,  *F322lojn, *F3p2>%11s2, *F322> s
(1350 nm, Fig. S20) that exhibit additional fine-splitting are detected.’?” Both Yb-DHBQ  types show
only one transition in which fine-splitting leads to asymmetric peak shapes. All spectral lines can be
assigned to transitions between the known energy levels of the REIs.[?>?% Notably, these optical
transitions, which are dipole-forbidden for isolated ions® become allowed only because of the

coupling to the DHBQ matrix. The different observed transitions between the 4f electron energy levels
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Fig. 5 Time and spectral resolved PL- from the three Ln-DHBQ CPs. The different transitions of the REI
states are visible, appearing in the near-infrared region (a). The different transients are shown, the
Nd-DHBQ CP crystals show a faster decay than the Ytterbium ones (b).



occur due to the specific splittings of these states, which originates from Coulomb interactions, spin-
orbit coupling and a fine splitting with the crystal matrix. Additionally, a broad weak and weak peak at
1.7 eV appears in the spectrum which is attributed to radiative decay of the CP-matrix itself (Figure
S15). The lifetime of this contribution, obtained from PL transients detected in this spectral range, is
below 10 ps (Figure S15). The extremely short lifetime can be attributed to energy transfer from the
initially excited CP-matrix to the REls. This is illustrated in the energy level scheme shown in Figure 6e,
where the organic-inorganic hybrid coordination polymer framework absorbs the light and transfers

the energy to the REls where the main PL originates.!?*!

For the NIR emission of the REls centers, lifetimes are 3215 ns for Nd-DHQB, 160+10 ns for Yb-DHQB
type | and 156+10ns for Yb-DHQB type Il, respectively (Fig. 3). Surprisingly, these lifetimes are
significantly shorter than those reported for other REls-doped materials. Typical Ytterbium glasses!?°!
exhibit life time of 0.4 to 2.1 ms, whereas for other REI coordination polymers, lifetimes in the range
of 0.2 to 17 ps were found.?®! As an example for Neodymium doped systems, the typical laser ceramic
Nd:YAG possesses life times in the range of 40 to 240 ps.”?”! The strongly reduced emission lifetimes
are presumably related to the local density of REls in the solid matrix. Within this structure, REls may
exchange energy, leading to self-quenching of the excited state.?® In the Ln-DHBQ crystals, the REls
are bridged by the relatively small molecular (DHBQ) ligand giving rise to a high density of REl emitting
centers in the crystal, therefore shorter lifetimes compared with other REl systems are to be expected.
Furthermore, the presence of structural coordinating O-H groups resulting from coordinated water

molecules may lead to quenching.

A particularly interesting phenomenon observed for REIs doped systems is nonparametric photon
down-conversion, also known as photon cutting.?®3% In this process two NIR-photons are emitted
upon absorption of one photon with at least twice their energy (Fig. 4). Hereby, the CP crystal can serve
as an absorber which subsequently transfers the energy absorbed to two independent REls-ions. Since
two separated REI excited states are created by energy transfer, we classify this process as a sequential
nonparametric down-conversion process. Both simultaneously excited states of the REls can relax by
emitting a photon resulting in an increased probability of the emission of two correlated photons
within the excited state lifetime, in other words photon bunching. In the literature, such down-
conversion processes are typically investigated by measuring the quantum yield of the emission.[?82°
Having a process which generates 2 photons out of one, a quantum yield of more than 100% is
expected assuming dominating radiative decay. For the present materials quantum vyield
measurements could be misleading and difficult to interpret due to the emission contribution of the
CP crystal, the unknown energy transfer efficiency from CP to REl and missing information on the

possible non radiative transition rates. Measurements of the second order time correlation function
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Fig. 6 The second order time correlation statistics are shown of both Yb-DHBQ type | (a) and Il (b) and
Nd-DHBQ type | (c), using an excitation wavelength of 405nm. In a) and b) a bunching is observable
of 1-1.5 %, which shows a down-conversion process. For the Nd-type crystals ¢) no bunching is
observed. All photon statistics are obtained by a Hanbury Brown Twiss configuration (d). An energetic
scheme of the down-conversion process and the possible decay channels are shown in (e).

registering the time-stamps of the emitted photons overcome the challenges associated with quantum
yield measurements as demonstrated recently.? With two emitted photons per absorbed photon,
the probability of detecting two photons within the excited state life time is increased corresponding
to a value of the second order time correlation function g?(0) larger than 1. Because in the experiment
a large number of REls are excited in the excitation spot and contribute to PL, the observed g'?(0) will
be reduced by 1/N with N being the average number of emittersi*'. For measuring the intensity
correlation function we combined our confocal microscope setup with Hanbury Brown Twiss
configuration of two avalanche photodiodes (APD). These two APDs are connected to time resolving
electronics to register each measured photon with a time stamp (Figure 4 d)). As a result, the detection
probability of photons after excitation is measured corresponding to the second order time correlation
function. For both Yb-DHBQ crystals we find g(z)(O) ~1.010to 1.015 corresponding to photon bunching
of 1-1.5 % for an excitation wavelength of 405 nm (3.06 eV) and detection at 980 nm (Figure 6 a) and
b)). Since the number of REls in the focus is very high a low photon bunching ratio is expected. To
confirm the observation of photon bunding we varied the excitation wavelength from 405 nm to 635
nm (1.95eV) while keeping the same laser fluence. No bunching is not observed as expected, because
the energy the input photon is smaller than double the emission photon energy. For the Nd-DHBQ

system, however, no bunching is detected by exciting the system at 405 nm (3.06 eV). A reason for



that could be the possible *Fs;=>*Fs/2/?Hs;, transition which appears between 1.5 to 1.57 eV (790 to
827 nm), because there are emitted photons with more energy than half of 3.06 eV (405 nm).
Nevertheless, blocking the spectral contributions above 1.46 eV (850nm), also no bunching is observed
(Figure 4c)). A possible explanation for the absence of photon bunching in the PL detected from the
Nd-DHBQ system could be the large number of possible transitions in Nd extending down to 1060 nm

and below (ref).

Photon down-conversion makes Ytterbium-doped crystals particularly interesting for optical
applications where the short excited state lifetime allows for rapid cycling of the emitting system

combined with excellent photo stability.

Conclusion

In our study, we present the successful single-crystal synthesis in the system Nd3* and Yb% and linker
2,5-dihydroxy-1,4-benzoquinone (DHBQ), respectively 1,2,4,5-tetrahydroxybenzene (THB). Novel
single-crystal data was obtained for Nd-DHBQ isolated from aqueous solutions of THB and neodymium
nitrate with formula [Nd,(DHBQ)s(H,0)s]-18H,0. It crystallizes in the trigonal space group R3, alike the
isostructural series reported by Abrahams et al. for [Ln,(DHBQ)s(H,0)e]-18H,0 with Ln=Y, La, Ce, Gd,
Yb and Lu.[** Investigation of Yb**and DHBQ or THB led to the discovery of a novel phase of Yb-DHBQ
CPs with composition [Yby(DHBQ)3(H20)4]-6H,0. Following the literature approach with DHBQ as
organic linker, single crystals of the same phase reported by Abrahams et al. were obtained, whereas
the replacement of DHBQ by THB led to the discovery of the compressed phase of Yb-DHBQ. The
structures mainly vary in the coordination sphere of Yb®* that is decreased from nine-folded to eight-
folded by the loss of one coordinated aqua ligand. This leads to a tighter packing within the crystal
structure and decreases the hexagonal pore apertures slightly by 0.2 nm. Our study highlights also the
intriguing photophysical properties of Ln-DHBQ CPs strongly emitting in the near-infared, potentially
allowing for the integration in sensor systems. However, short lifetimes in the nanosecond range allow

fast switching between on and off mode.

Additionally, it could be shown that the Ytterbium MOFs have a downconversion property. This feature
allows by using an excitation energy which is bigger than 2.7 eV (495nm) a higher number of emitting
photons, which is beneficial for several applications, especially for bio-sensing. With respect to their
high water stability and material stability under ambient conditions, in combination with well-defined

REI properties, these MOF crystals can be implemented in novel photo sensing applications.
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1. Characterization methods

Nuclear magnetic resonance (NMR)

NMR spectra were recorded on Bruker AV400 and AV400 TR spectrometers. The chemical
shifts are expressed in parts per million and calibrated using residual (undeuterated) solvent
peaks as an internal reference (*H-NMR: DMSO-ds: 2.50; 13C-NMR: DMSO-ds: 39.52). The data
for 'H-NMR spectra are written as follows: s = singlet, d = doublet, t = triplet, g = quartet,

m = multiplet.

X-ray diffraction

Powder x-ray diffraction (PXRD) analyses were performed on a STOE Stadi MP diffractometer
with a Cu Kal radiation source (A = 1.54060 A) operating at 40 kV and 40 mA. The
diffractometer was equipped with a DECTRIS MYTHEN 1 K solid-state strip detector. Single-
crystal X-ray diffraction (SXRD) data of CP 1, 2 and 3 were collected on a Bruker diffractometer
D8 Venture TXS system equipped with a multilayer mirror monochromator using Mo Ka
radiation (A = 0.71073 A). The frames were integrated with the Bruker SAINT software
package. Data were corrected for absorption effects using the Multi-Scan method (SADABS).
The structure was solved and refined using the Bruker SHELXTL Software Package. All C-bound
hydrogen atoms have been calculated in ideal geometry riding on their parent atoms, the O-
bound hydrogen atoms have been refined freely. The OH-distances have been restrained to
be equal within a standard deviation of 0.01 A. Crystallographic data for the Nd-DHBQ type |
and Yb-DHBQ type Il (Nr. X and Y) can be obtained free of charge from The Cambridge
Crystallographic Data Centre (CCDC).

Scanning electron microscopy (SEM)

SEM images were recorded on a FEl Helios NanoLab G3 UC electron microscope with an
acceleration voltage of 2 kV from a field emission gun. For the cross-section analysis substrates
were partially cut and broken manually to reveal fresh cross-sections. Prior to SEM analysis
the samples were coated with a thin carbon layer by carbon fiber flash evaporation in high

vacuum.

Nitrogen sorption
Adsorption and desorption measurements were performed on an Autosorb 1 (Quantachrome

instruments, Florida, USA) with nitrogen of 99.9999% purity at 77.3 K. The samples were
S3



activated under high vacuum at 120 °C for at least 12 h. Evaluation of adsorption and
desorption isotherms was carried out with the AsiQwin v.3.01 (Quantachrome instruments,

Florida, USA) software.

For BET calculations, pressure ranges of the nitrogen isotherms were chosen with the help of
the BET assistant in the AsiQwin software. In accordance with the ISO recommendations,
multipoint BET tags equal to or below the maximum in V x (1-p/po) in the semilogarithmic plot

were chosen.

Thermogravimetric analysis (TGA)
Thermogravimetric analysis of the samples was performed using a NETZSCH STA 449C with a
heating rate of 10 K min™* and a heating range up to 900°C under a stream of synthetic air with

a gas flow rate of 25 mL min™.

Infrared spectroscopy (FTIR)
ATR-FT-IR spectra were recorded on a Bruker Vertex 70 — RAM Il instrument under nitrogen

stream. Prior to measurement, the single crystals were ground to a powder.

UV-Vis spectroscopy

UV-Vis spectra were recorded using a Perkin Elmer UV Vis/NIR Lambda 1050
spectrophotometer equipped with a 150 mm InGaAs integrating sphere. Diffuse reflectance
spectra were collected with a Praying Mantis (Harrick) accessory and were referenced to

barium sulphate powder as white standard.

Confocal Photoluminescence Measurements

For Photoluminescence (PL) measurements, hyperspectral images and time resolved PL
images, a home-built confocal laser scanning microscope was used. It based on a microscope
body (NIKON) which is combined with a xyz-piezo-scanning stage (PHYSIK INSTRUMENTE). The
samples were measured upside down in epi-direction with an air objective (1.4 NA, NIKON). A
beamsplitter non-polarizing beam splitter cube, 30:70 THORLABS) and three spectral, 490nm
long pass, 650nm long pass, 900 nm long pass filters are used to separate the laser from the
PL-light. Two different pulsed diode lasers for excitation are used, a 405 nm and a 635 nm.
Both have the advantage of an adjustable repetition rate. For the Ytterbium-MOF a repetition

rate of 2.5 MHz and for the Neodymium- MOF 5 MHz were used, which gives a laser to laser
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pulse distance of roughly 3 times the lifetime of the MOF crystals. As a clean-up filter a 450 nm
short pass and a 635/10 nm band pass (both THORLABS) were used. The detection side
consists of two parts, which are separated by a flip-able mirror. One has an avalanche photo
diode (APD, type: MPD PDM, detector size 50 x 50 um,), which can be combined with a Time
Correlated Single Photon Counting (TCSPC) electronics (BECKER UND HICKEL) measuring time
resolved PL- transients and simple confocal images. Furthermore an additional flip able mirror
and a 50:50 non polarizing beamsplitter cube (THORLABS) with further two APDs
(LASERCOMPONENTS, one VIS, one NIR enhanced, detector size 150 x 150 um) are installed in
a Hanbury Brown Twiss configuration, which is used to record photon correlations in
combination with the TCSPC electronics and a delay generator (STANDFORD RESEARCH
SYSTEMS DG535). The second part consists of a spectrometer (ANDOR SHAMROCK SRi303)
combined with an open electrode CCD camera (ANDOR NEWTON DU920) recording spectra.
The data were recorded using customized LABVIEW (NATIONAL INSTRUMENTS) program that
combines the manufacturers’ software to our desired measurements. Further processing and
analysis were carried out using MATLAB (MATHWORKS) program to obtain the PL spectra,

TCSPC transients, photon correlation data and the images.

Raman spectroscopy

For the Raman measurements a Helium-Neon laser is used, which has an excitation
wavelength of 632.8nm. A bandpass 633/10 filter (THORLABS) cleans up the laser spectrum.
In combination of a thin 50:50 beamsplitter at 633nm (MELLES GRIOT) and a longpass 633
(CHROMA), the actual Raman signal is filtered out from the residual laser light. The rest of the

detection remains the same.
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2. Experimental

General

All materials were purchased from Sigma Aldrich, Acros or TCI Europe in the common purities
purum, puriss or reagent grade. The materials were used as received without additional
purification and handled in air unless otherwise noted. Synthesis of the CPs 1-3 was conducted
under inert conditions. The water utilized in the synthesis was subjected to a Merck-Milipore

Mili-Q purification system prior to use.
Synthetic procedures

Synthesis of 1,2,4,5-Tetrahydroxybenzene (THB)

OH HO OH
Sn -
HCI, 100 °C,21h

HO HO OH

o

The organic linker 1,2,4,5-tetrahydroxybenzene was synthesized following a procedure
reported in literature by Weider et al.l!! 2,5-Dihydroxy-1,4-benzoquinone (16.3 g, 115 mmol)
was dissolved in 350 mL hydrochloric acid (36 %). Granular tin metal was slowly added to the
mixture (16.5 g, 140 mmol), followed by stirring at 100 °C for 1 h until the color of the solution
turned from orange to the colorless. The solution was filtered hot through a coarse glass frit
and cooled down slowly to room temperature and then even further to 0 °C using an ice bath.
The crystals were collected through filtration and recrystallized from tetrahydrofuran (50 mL).
The product was dried under vacuum vyielding 1,2,4,5-tetrahydroxybenzene (13.1g,
92.2 mmol, 80 %) as a dark white solid. IR (ATR, cm™): ¥ = 3350 (vw), 3222 (w), 1552 (vw),
1536 (vw), 1475 (m), 1370 (vw), 1347 (vw), 1298 (vw), 1218 (vw), 1165 (m), 1027 (vw),
926 (vw), 862 (w), 845 (m), 714 (w); NMR: *H NMR (400 MHz, (CD3),S0) &: 6.20 (s, 2H, 2CH,
Ar), 7.92 (s, 4H, ArOH) ppm; 3C NMR (400 MHz, (CDs3),SO) &: 104.7 (s, 2C, 2CH, Ar), 137.0 (s,
4C, ArOH) ppm.
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Fig. S1 'H NMR spectrum of 1,2,4,5-tetrahydroxybenzene in DMSO-ds at room temperature.
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One-Pot-Synthesis of Ln-DHBQ CPs

Synthesis of [Yb2(DHBQ)3(H20)6]-18H20]n (1)

Synthesis of Yb-DHBQ type | was performed modified to a literature reported synthesis.®! A glass bottle
(Schott Duran, borosilicate 3.3. 1504796, 250 mL) with a PBT cap equipped with a Teflon seal was used
for synthesis. Yb(NOs)s; - 5 H,0 (44.9 mg, 0.1 mmol) dissolved in 25 mL of water was slowly added to a
solution of 2,5-dihydroxy-1,4-benzoquinone (21.0 mg, 0.15 mmol) in 50 mL water. The reaction
mixture was kept at 0 °C for 1 day and at room temperature for further 5 days. The reaction product
was collected by filtration and washed via suspension in water (3 times, 6 mL). Dark-red single crystals

of Yo-DHBQ type | (1) were obtained.

Synthesis of [Yb2(DHBQ)3(H20)4]-6H20]. (2)

Synthesis of Yb-DHBQ type Il was performed similar to 1. Briefly, Yb(NOs)s - 5 H,0 (112.3 mg, 0.25
mmol) and 1,2,4,5-tetrahydroxybenzene (142.1 mg, 1.00 mmol) were dissolved in 5 mL water. After
15 minutes of ultrasonication, the solution mixture was placed in a preheated oven at 85°C and was
kept at this temperature for 6 days. Afterwards the reaction vessel was cooled to room temperature
and the reaction product was collected by filtration and washed via suspension in water

(3 times, 6 mL). Dark-red single crystals of Yb-DHBQ type Il (2) were obtained.

Synthesis of [Nd2(DHBQ)3(H20)6]:18H,0]. (3)

Synthesis of small cylindrical crystals:

Synthesis of Nd-DHBQ as small cylindrical crystallites was performed similar to the reported synthesis
of Yb-DHBQ type I. A glass bottle (Schott Duran, borosilicate 3.3. 1ISO4796, 250 mL) with a PBT cap
equipped with a Teflon seal was used for synthesis. Nd(NOs)s - 5 H,0 (43.8 mg, 0.1 mmol) dissolved in
25 mL of water was slowly added to a solution of 2,5-dihydroxy-1,4-benzoquinone (21.0 mg, 0.15
mmol) in 50 mL water. The reaction mixture was kept at 0 °C for 1 day and at room temperature for
further 5 days. The reaction product was collected by filtration and washed via suspension in water (3
times, 6 mL). Dark-red single crystals of Nd-DHBQ type | were obtained.

Synthesis of large pseudo-cubic crystals:

A glass bottle (Schott Duran, borosilicate 3.3. 1SO4796, 25 mL) with a PBT cap equipped with a Teflon
seal was used for synthesis. Nd(NOs)s - 6 H,0 (109.6 mg, 0.25 mmol) and 1,2,4,5-tetrahydroxybenzene
(142.1 mg, 1.00 mmol) were dissolved in 5 mL water following a modified procedure reported by
Nakabayashi et al.’) After 15 minutes of ultrasonication, the solution mixture was placed in a
preheated oven at 85°C and was kept at this temperature for 16 days. Afterwards the reaction vessel
was cooled to room temperature and the reaction product was collected by filtration and washed via

suspension in water (3 times, 6 mL). Dark-red single crystals of Nd-DHBQ type | (3) were obtained.
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3. Characterization

Table S1 Crystallographic data of CP 1, 2 and 3.

Crystal data

Yb-DHBQ type | (1)

Yb-DHBQ type Il (2)

Nd-DHBQ type | (3)

Formula

Formula weight / g mol™

1

Crystal system
Space group
Color, habit

Size / mm

Unit cell dimensions /A

Unit cell angles / °

[Yb2(CeH204)3(H20)6):
18H,0

596.34

trigonal
R3
Colorless block
0.03x 0.03x 0.04
a=14.0419(5)
b=14.0419(5),

c=17.8740(7)

a=90,8=90, =120

[Yb2(CeH204)3(H20)a)-
6H,0

470.23

monoclinic
C2/m
violet blocks
0.02 x 0.05 x 0.07
a=14.0778(7)
b=15.8986(7)
€=6.1208(3)

a=90, B=107, y=120

[Nd2(CeH204)3(H20)6]
18H,0

567.54

trigonal
R3
Colorless block
0.10x0.37 x0.50
a=14.2962(5),
b=14.2962(5),

c=17.9561(7)

a=90,8=90, =120

v/A3 3052.1(3) 1310.13(11) 3178.2(3)
V4 6 4 6
Peaic / g cm™ 1.947 2.384 1.779
F(000) 1770 900 1710
Data collection
Diffractometer Bruker D8 Venture TXS  Bruker D8 Venture TXS  Bruker D8 Venture TXS
Radiation Avioka/ A® 0.71073 0.71073 0.71073
T/K 173 102
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B range/° 3.4-28.3 3.5-30.5 3.4-33.1
Absorption correction multi-scan multi-scan multi-scan
u/mm 2.531 7.196 2.531
-18:18; -18: 18; -23: -21:21; -21:21; -27:
Dataset -20:20; -22:22;-8: 8
23 27
Measured refl. 24939 18221 22637
Independent refl. 1689 2067 2690
Observed refl.? 1570 1965 2598
Rint 0.046 0.032 0.039
Solution and
refinement
Structure solution SHELXL SHELXL SHELXL
Structure refinement SHELXS SHELXS SHELXS
Refined parameters 117 127 117
R:(obs)® 0.0166 0.0136 0.0143
WR; (all data)® 0.0367 0.0311 0.0357
GoF¢ 1.12 1.10 1.10
Res. Dens. /e A3 -0.58, 0.56 -0.70, 0.63 -0.80, 1.07
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Fig. S3 Experimental (blue) and calculated (grey) PXRD pattern of Yb-DHBQ (1) are shown. The
measured PXRD pattern was obtained from a ground sample of single crystals. The calculated PXRD
pattern was obtained from single crystal data from the crystal structure of Yb-DHBQ type | CP.
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Fig. S4 Experimental (blue) and calculated (grey) PXRD pattern of Yb-DHBQ type Il (2) are shown. The
measured PXRD pattern was obtained from a ground sample of single crystals. The calculated PXRD
pattern was obtained from single crystal data from the crystal structure of Yb-DHBQ type Il CP.
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Fig. S5 Experimental (cyan) and calculated (grey) PXRD pattern of Nd-DHBQ type | (3) are shown. The
measured PXRD pattern was obtained from a ground sample of single crystals. The calculated PXRD
pattern was obtained from single crystal data from the crystal structure of Nd-DHBQ type | CP.

— Yb-DHBQ type Il
—— Yb-DHBAQ typel
—— Nd-DHBAQ type |

5 10 15 20 25 30 35 40 45 50
20/°

Fig. S6 PXRD pattern of ground Ln-DHBQ CPs 1-3 aged under ambient air in a closed vessel for more
than 1 year showing the chemical stability of the CPs.
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Fig. S7 PXRD pattern of ground Ln-DHBQ CPs 1-3 stored in water in a closed vessel for more than 6
months.
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Fig. S8 Light microscope images of Yb-DHBQ type | (A),Yb-DHBQ type Il (B) and Nd-DHBQ type | (C) in
low magnification showing the overall homogeneity of the single crystals.

cps/eV
1

g Element Atom %
5 0 78.27
[ve] Yb 21.73

Fig. S9 EDX spectra of Yb-DHBQ type | showing the presence of Yb and O.

S13



] ©
30
19
1[¢
5 207
ERE
- Element Atom %
103 (0] 86.22
E Yb 13.78
L B L S, B EL A B B e e e o o o o o i B B R
] 5 10 15 keV

Fig. $10 EDX spectra of Yb-DHBQ type Il showing the presence of Yb and O.
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Fig. S11 EDX spectra of Nd-DHBQ type | showing the presence of Nd and O.
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Fig. S12 Thermogravimetric analysis of CPs Yb-DHBQ type | (A), Yb-DHBQ type Il (B) and Nd-DHBQ
type | (C) in the range between 25 and 900 °C. The measurements were performed with a constant
flow of synthetic air and a heating rate of 1 K min™.
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Fig. S13 Nitrogen physisorption isotherms of Yb-DHBQ type | (A), Yb-DHBQ type Il (B) and Nd-DHBQ

type | (C), showing low porosity of the three CPs.
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Fig. S14 Fourier-transform infrared spectrum (FTIR) of the DHBQ (light grey) and THB (dark grey) ligand
and the CPs 1-3 measured as powder samples. Three characteristic IR bands are observed at all three
CPs at 1490 cm™ v(—-C=0), 1370 cm™ v(-C-C) and 1250 cm™ v(—C-0).
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Fig. S15 UV-Vis-NIR spectrum of Yb-DHBQ type | (A), Yo-DHBQ type Il (B) and Nd-DHBQ type | (C) with
insets at spectral regions between 700 and 1000 nm. The characteristic narrow absorption bands arise
from the REl states in the CPs. UV-Vis spectrum of the linker molecules DHBQ (D) and THB (E) showing
absorption in the ultraviolet region and infrared region.
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Fig. S16 Raman spectrum of the Ln-DHBQ CPs. In the Raman spectra, several bands are visible. In the
spectral region below 250 cm™ lattice phonon bands become appearant. Between 300 and 650 cm™,
the metal-oxygen coordination band is visible. The phonon band at around 550 cm™ characterizes the
two different crystal structures obtained, type | and type Il. The phonon bands above 1300 cm™ belong
to C-C, C-O and C-H vibrational modes.
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Analysis of Photon statistic data

In Figure S17, the raw data of the recorded photon statistics of the measurement of Yb-DHBQ type |l
is displayed. In the Hanbury Brown Twiss configuration installed for the measurements, one APD is the
starting the clock and the other is stopping the clock of the TCSPC card, which measures the time
between two events occuring. Furthermore, the one APD is connected to a delay generator, which is
routed to the Sync channel and stops the time. This allows to reach negative times. Since the generated
signal comes from a pulsed laser source, the actual signal appears as individual peaks with the decay
time on each slope. Every peak was fitted by an autocorrelation of a monoexponential decay function.
Hereby two of three parameters, decay time and offset, were fixed and only the amplitude for every
peak was varied. The mean value of all amplitude values excluding that at time zero, are used to
normalize them to 1 and compare it to the time zero amplitude value. For a downconversion process,
an amplitude value bigger than 1 is expected, because the probability is higher to measure two
correlated photons at the same time. Since the focus of the laser is diffraction limited (about 200nm)
and the measured crystals have a micrometer size, more than one emitter pair gets excited. All
bunching measurements are measured with a fluence of ca. 1 mJ cm™ at 2.5 MHz and an absolute
detected photon count rate of 6000 Hz per APD channel. One measurement took between 24 and 36
hours. To confirm that these correlation measurements are dependent on the number of excited
states, the same measurements is performed with the double photon count rate, which leads to no
bunching. Furthermore, by changing the excitation wavelength from 405 nm to 635 nm no bunching
is measured as well (Fig. S18).
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Fig. S17 Recorded photon statistics of the PL measurement of Yb-DHBQ type Il. The measured raw data
from the autocorrelation experiment (blue dots) is displayed with the monoexponential
autocorrelation (black lines).
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Fig. $18 Second order time correlation function for the Yb-DHBQ type Il crystals measured by 635 nm
excitation with similar laser fluence and count rates on the APDs. No bunching is detectable.
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Spectra and Time Resolved PL

The complete emission spectrum of Yb DHBQ type | CP and the time resolved PL measurements are
shown in Fig. $19. In the logarithmic intensity scale of the spectrum, the weak blue emission from the
CP matrix is visible (between 1.4 to 2 eV). It has a very short lifetime, below 10 ps. This transient was
recorded with a 476 nm sub ps pulsed laser, which gives a 1/e instrument response function width of
27 ps. Below 1.4 eV, the emission of the rare earth ion Yb3** becomes appearant, which possesses a
much longer lifetime of several ns. The blue emission as seen for Yb-DHBQ type |, is visible for all three
CP crystals Ln-DHBQ (Ln = Yb, Nd) and possesses a decay time below 10 ps, close to the time resolution
of the setup. However, for all three Ln-DHBQ CPs, the emission of the rare earth ions is characteristic
for each crystal system and differs for Yo-DHBQ type | (1) and type Il (2) and Nd-DHBQ type | (3).
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Fig. $19 Photoluminescence of Yb-DHBQ type | and time resolved PL measurements.
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Nd-DHBQ PL-emission (measured with InGaAs detector)
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Fig. S20 PL spectrum for the transition *Fs;2=> *l13/2 in the emission of Nd-DHBQ type | at 1350 nm. The

measurement was performed with an InGaAs detector.
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