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SUMMARY

pectroscopic studies of fluorescent single molecules in organic condensed matter do not

only provide information about the molecule itself, but also about its near environment.
By suppression of phonon-induced broadening of spectral lines through cooling to low tem-
peratures, small changes in the spectral lines’ position can be uncovered in response to weak
variations in local electric fields. These variations can for instance be caused by rearrange-
ments of charges or minute changes in the crystal lattice around the molecule. Therefore,
molecules are sensitive sensors for the study of physical phenomena at the nanoscale.

This sensitivity of molecules to subtle changes in their near environment only works when
the spectral lines are narrow enough. At best the linewidths reach the absolute minimum,
dictated by the excited state’s lifetime. It is, however, not a given that every fluorescent mo-
lecule in a random organic crystal will have narrow spectral linewidths at low temperature.
So far, there are in fact only very few combinations of fluorescent molecules in organic crys-
tals that displayed narrow spectral linewidths. Then, what makes a good combination? As a
rule of thumb it is important that the electronic energy levels of the crystal lattice are higher
in energy than those of the embedded fluorescent molecules, in order to assure there is no
loss of excitations due to transfer of energy. In the case of efficient energy transfer, there
will be significant loss of fluorescence from the molecule. Furthermore, the crystal lattice
must be stable at low temperature, while also a weak coupling of the fluorescent molecule
to lattice vibrations is desired for. Lastly, it is empirically important that the fluorescent
molecule and the molecules of the organic crystal are similar in shape and size, such that
the fluorescent molecule can be well embedded into the crystal. However, a clear theory
that describes what works well and what does not is absent at the moment. Moreover, even
though a combination satisfies the above conditions, the crystal can still have far reaching
implications on the properties of the fluorescent molecule that it incorporates.

To have more examples of combinations that give rise to narrow linewidths, we have stud-
ied two new organic crystals with the embedded fluorescent molecules perylene (Chapter
2) and terrylene (Chapter 4). In both cases, the fluorescent molecules show narrow spectral
lines at low temperature, whose widths closely reach the absolute limit dictated by the life-
time of the excitation. The measured properties of the molecules are however strongly influ-
enced by the crystal lattice around them. For instance, in Chapter 2 we report that perylene
molecules in a dibenzothiophene crystal show a stronger-than-normal fluorescence signal
upon strong excitation. At weak excitation perylene’s fluorescence displays normal inter-
mittency in the fluorescence signal due to transitions to a non-fluorescent state, namely the
triplet state. Through stronger excitation, the time that perylene resides in the triplet state
can be shortened by a few orders of magnitude, leading to a higher fluorescence output. Al-
though this effect of reverse intersystem crossing is known, the effect had not been observed
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before at liquid-helium temperatures of below 4 K. For terrylene in Chapter 4, we observed
that the sensitivity of spectral lines to electric fields is enhanced. This is a consequence
of the crystal lattice that surrounds the terrylene molecule and influences the charge distri-
bution within the molecule in the ground state and excited state, and effectively creates a
static dipole moment. The induced dipole moment causes terrylene to couple efficiently
to electric fields and that makes this combination interesting for mapping electric fields or
tracing single charges. To make the process of mapping electric fields as efficient as pos-
sible, we fabricated a chip that allowed us to measure for each molecule independently the
orientation of the dipole moment, such that not only an electric field magnitude, but also
field orientation can be measured.

The two described crystals in Chapter 2 and Chapter 4 possess a three-dimensional struc-
ture, but since the discovery of graphene a large number of examples of two-dimensional
crystals have been explored. One of them is hexagonal boron nitride (hBN). The electronic
and structural properties of hBN makes this material a promising substrate for single fluor-
escent molecules. We have tested this hypothesis in detail with the fluorescent molecule
terrylene, as described in Chapter 5. At low temperature, we observe narrow spectral lines
that are about 10-20 times wider than the absolute lifetime limit. In addition, the spectral
lines show a spectral diffusion due to coupling to dynamical processes in the near environ-
ment of the molecule. Furthermore, we observed that by heating the hBN before deposition
of the molecules and therefore cleaning the surface from most organic contamination, the so-
called annealing, we can make the spectral lines more stable. Apart from terrylene, we also
tested if other molecules could be deposited onto the hBN substrate. We tried this with large
graphene molecules, which are normally difficult to incorporate into a three-dimensional
crystal. Also for these molecules we observed narrow spectral lines, which gave us direct
insight into the vibrational spectrum of these newly-developed molecules.

In the remaining Chapter 3 and Chapter 6 we worked on studies beyond fluorescence,
namely on the light emitted from the triplet state, which is usually called phosphorescence.
In Chapter 3 we used the crystal described in Chapter 2 to detect the phosphorescence of
perylene. In order to be able to detect this very weak signal we created triplet excitations
within the crystal itself, so that they could migrate to the limited number of perylene mo-
lecules within this crystal. With the phosphorescence spectrum as a result, we could estim-
ate the energy of the triplet state. In Chapter 6 we continued building up an experiment that
would allow us to perform a direct excitation from the ground state to the triplet state, where
the energy of the laser would be scanned around a bandwidth that is given by the phosphor-
escence spectrum and its uncertainty. Eventually, this could give us the possibility to study
excitations to the triplet state at the single-molecule level, in order to measure the quantum
mechanical properties of this state, such as coupling to nuclear spins within the near environ-
ment of the molecule. This would make it possible to not only use the molecules as sensors
for electric fields, but also magnetic fields.



SAMENVATTING

pectroscopische studies aan enkele fluorescerende moleculen in organische geconden-

seerde materie geven niet alleen informatie over het molecuul zelf, maar ook over zijn
directe omgeving. Met name bij lage temperaturen, waarbij door trillingen geinduceerde
verbreding van de spectraallijnen onderdrukt worden, kunnen door middel van het volgen
van de nauwe spectraallijnen variaties in lokale elektrische velden waargenomen worden.
Deze variaties kunnen bijvoorbeeld plaatsvinden door subtiele veranderingen in de lokale
ladingsverdeling of minieme veranderingen in het kristalrooster. De moleculen zijn daarom
gevoelige sensoren voor het bestuderen van natuurkundige processen op nanoschaal.

Deze gevoeligheid van spectraallijnen voor minieme veranderingen in de directe omge-
ving van het molecuul werkt alleen wanneer deze spectraallijnen nauw genoeg zijn. In het
beste geval bereiken ze een minimale lijnbreedte gedicteerd door de vervaltijd van de exci-
tatie. Het is echter verre van het geval dat ieder fluorescerend molecuul in een willekeurig
organisch materiaal deze nauwe spectraallijnen zal geven bij lage temperatuur. Tot zover
zijn er maar een zeer beperkt aantal combinaties van fluorescerende moleculen in organi-
sche kristallen bekend die daadwerkelijk nauwe spectraallijnen geven. Wat maakt dan een
goede combinatie? Een belangrijke vuistregel is dat de elektronische energieniveaus van het
kristalrooster ver van die van het fluorescerend molecuul liggen, zodat er geen energie van
de excitatie van het molecuul verloren gaat door overdracht. Dit zal leiden tot verlies van
fluorescentie. Daarnaast moet het kristalrooster stabiel zijn en is een zwakke koppeling van
het fluorescerende molecuul aan de roostertrillingen gewenst. Als laatste is het empirisch
gezien een vereiste dat het fluorescerende molecuul en de moleculen van het kristalrooster in
grootte en vorm redelijk met elkaar overeenstemmen, zodat het fluorescerende molecuul op
een stabiele manier ingekapseld kan worden in het kristal. Een duidelijke wet die beschrijft
wat wel en niet werkt is echter nog niet voorhanden. Bovendien kan, wanneer aan boven-
staande eisen is voldaan, het kristal nog vergaande invloed hebben op de eigenschappen van
het ingekapselde fluorescerende molecuul.

Om meer voorbeelden te vinden van combinaties die nauwe spectraallijnen geven van
de moleculen die er in vast zitten, heb ik in dit proefschrift twee nieuwe organische kristal-
len bestudeerd voor de incorporatie van de fluorescerende moleculen peryleen (hoofdstuk
2) en terryleen (hoofdstuk 4). In beide gevallen geven de fluorescerende moleculen nauwe
spectraallijnen, die vrijwel de lijnbreedte bereiken die wordt gesteld door de vervaltijd van
de excitatie. De gemeten eigenschappen van deze moleculen worden echter ook beinvloed
door het kristalrooster zelf. Zo vinden we in hoofdstuk 2 dat peryleen in een kristal van di-
benzothiofeen bij een sterke excitatie een stabielere fluorescentie geeft dan normaliter het
geval is. Bij zwakke excitatie vertoont peryleen zoals gebruikelijk lange onderbrekingen
in de fluorescentie door geregeld naar een niet-fluorescerende toestand over te gaan, na-
melijk de triplet-toestand. Door sterke excitatie wordt echter de duur van verblijf in deze
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triplet-toestand sterk verlaagd, waardoor netto meer fluorescentie uit het molecuul behaald
kan worden. Hoewel dit effect bekend is van andere onderzoeken, is het nog niet eerder
waargenomen bij een dergelijk lage temperatuur van onder de 4 Kelvin. Voor terryleen in
hoofdstuk 4 heb ik vastgesteld dat de gevoeligheid van de spectraallijnen voor elektrische
velden versterkt is. Dit blijkt het gevolg te zijn van een asymmetrische verdeling van mole-
culen in het kristal om terryleen heen. Het kristal beinvloed hierdoor de ladingsverdeling in
de grondtoestand en geéxciteerde toestand van terryleen, waardoor er een effectief dipool-
moment ontstaat. Het ontstane dipoolmoment zorgt ervoor dat terryleen’s spectraallijnen
duidelijk verschuiven door elektrische velden en maakt dit kristal daardoor met name inte-
ressant voor het in kaart brengen van elektrische velden of het traceren van enkele ladingen.
Om echter het in kaart brengen van elektrische velden zo betrouwbaar mogelijk te kunnen
doen, heb ik een chip gefabriceerd waarmee voor ieder terryleen molecuul de oriéntatie
van zijn dipoolmoment gemeten kan worden, zodat niet alleen de veldsterkte, maar ook de
richting van het elektrische veld dat er aan koppelt bepaald kan worden.

De twee bestudeerde kristallen in hoofdstuk 2 en hoofdstuk 4 hebben een driedimensio-
nale structuur, maar sinds de ontdekking van grafeen zijn er legio voorbeelden van tweedi-
mensionale kristallen. Eén daarvan is hexagonaal boornitride (hBN). De elektronische en
structurele eigenschappen van hBN maken het materiaal een veelbelovend substraat voor
fluorescerende moleculen. Dit hebben we uitvoerig getest voor het fluorescerende molecuul
terryleen, zoals beschreven in hoofdstuk 5. Bij lage temperatuur observeren we nauwe spec-
traallijnen met een breedte die ongeveer 10 a 20 keer wijder zijn dan de door de levensduur
van de excitatie bepaalde limiet. Ook vertonen de spectraallijnen een diffusie door koppe-
ling aan dynamische processen in de directe omgeving van het molecuul. Door het hBN
voor de depositie van de moleculen te verhitten en daardoor te ontdoen van de meeste ver-
ontreinigingen, het zogenaamde ontharden, kunnen we de spectraallijnen stabiliseren. Naast
terryleen, onderzochten we ook of het mogelijk was andere moleculen op het hBN substraat
te leggen. Dit deden we met grafeen quantum dots, die moeilijk te incorporeren zijn in drie-
dimensionale kristallen. Ook hier namen we nauwe spectraallijnen waar, die mede inzicht
gaven in het vibrationele spectrum van deze nieuw ontwikkelde moleculen.

In resterende hoofdstukken 3 en 6 rapporteer ik over onze studies die niet alleen het licht
uit de fluorescerende toestand omvatten, namelijk de geéxciteerde singlet-toestand, maar
die uit de triplet-toestand, ook wel bekend als fosforescentie. In hoofdstuk 3 gebruikte ik
het onderzochte kristal uit hoofdstuk 2 om de fosforescentie van peryleen te kunnen detecte-
ren. Om dit zwakke signaal te kunnen meten, maakten we triplet-excitaties in het kristal zelf,
zodat deze konden migreren naar de beperkte hoeveelheid peryleen moleculen in het kristal.
Met het fosforescentiespectrum als resultaat kon ik de energie van de triplet-toestand nauw-
keurig bepalen. In hoofdstuk 6 ga ik vervolgens verder met de opbouw van een experiment
waarmee vanuit de grondtoestand een directe excitatie naar de triplet-toestand gedaan zou
kunnen worden. De energie van de gebruikte laser moet hierbij afgestemd worden over een
bandbreedte die gegeven wordt door het fosforescentie spectrum en de onzekerheid daarin.
Uiteindelijk kan dit de mogelijkheid geven om op een enkel molecuul niveau overgangen
naar de triplet-toestand te kunnen meten. Zo kunnen de kwantummechanische eigenschap-
pen van deze toestand bestudeerd worden, bijvoorbeeld die van koppeling met kernspins
rondom het molecuul. Dit zou bovendien de mogelijkheid geven om de moleculen te ge-
bruiken als sensoren voor niet alleen elektrische, maar ook magnetische velden.



INTRODUCTIONTO
SINGLE-MOLECULE
SPECTROSCOPY

1.1. LOW-TEMPERATURE SPECTROSCOPY

1.1.1. LINE-NARROWING SPECTROSCOPY

he discovery of liquid helium in 1908 by Leiden’s Heike Kamerlingh Onnes fueled a
T plethora of experiments that has led to today’s status of the field of low-temperature
spectroscopy. Four decades after Heike’s discovery, the Russian scientist Eduard
Shpol’skii observed that fluorescent aromatic molecules frozen into n-alkane crystals
showed significant line narrowing in the absorption and emission spectra at liquid-helium
temperatures, which made it possible to study the vibrational and electronic structure of
molecules. His method became known as Shpol’skii spectroscopy.? Since then, the
bases of the experiments have not changed considerably. The experiments on single
molecules still require a host matrix that can be doped with fluorescent molecules
to induce immobilization of the otherwise rapidly-diffusing molecules. Although the
spectroscopy of ensembles of molecules in solids became very common, it took a couple
of decades before the signal of a single molecule was detected in a host medium, namely
in 1989 by W.E. Moerner® and 1990 by M. Orrit,* both for single pentacene molecules
in a p-terphenyl host matrix. The ensemble-average-free detection method found by
Orrit is today still the dominant method, namely through their emitted fluorescence
signal. Nowadays, single-molecule spectroscopy, not restricted to low temperature,
has developed into a broad field of research, stretching from applications in the
sub-diffraction-limited imaging of (bio)structures through super-resolution microscopy,’
applications in quantum optics® up to employing molecules for sensing at the nanoscale
(see section 1.1.4).

The fluorescent molecules that are studied in low-temperature spectroscopy generally
belong to the class of polycyclic aromatic hydrocarbons, which includes molecules such
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Perylene Terrylene Dibenzoterrylene Pentacene Dibenzanthanthrene

Figure 1.1.: Chemical structures of the most-used fluorescent molecules in low-
temperature single-molecule spectroscopy.

as perylene, terrylene, pentacene, dibenzoterrylene and dibenzanthanthrene (see chemical
structures in Figure 1.1. These molecules are typically studied inside aromatic host
matrices such as anthracene, naphthalene or p-terphenyl. Apart from these three host
matrices there are many more, but the number of guests molecules is rather limited, as
they require favorable spectroscopic properties, such as a strong and stable fluorescence
output. A schematic energy level structure of a guest molecule, embedded into a solid
host, is depicted in Figure 1.2. First of all, there are the electronic states of the molecule,
which are the singlet ground (Sy) and singlet excited state (S7), usually separated by
1.5-3 eV, corresponding to the region of visible light. Another excited state exists
in between the two singlets, which is the triplet state (77) and consists, as its name
implies, of three sublevels with the three allowed spin quantum numbers, as total spin
amounts to 1. Coupled to these electronic states are the molecular vibrations, which
have energies in the order of 30-300 meV. In addition, since the molecule is in a solid
medium, the electronic states also couple to low-frequency modes or phonons, which are
typically low energy bands (up to 10-20 meV in bandwidth). A transition between the
singlet ground and singlet excited state is highly allowed and does not violate spin or
parity selection rules. Since it is highly allowed, the decay rate is also fast and typically
in the order of nanoseconds. This decay can involve two processes, namely through
excitation of multiple vibrational quanta, called internal conversion, or the emission of a
photon, leading to fluorescence. For highly-fluorescent molecules, the radiative decay
rate largely exceeds the internal conversion or non-radiative decay rate, yielding a high
quantum yield of fluorescence. The molecules depicted in Figure 1.1 all have a high
fluorescence quantum yield.

A transition from the singlet to the triplet is spin-forbidden, as one of the electrons
has to flip a spin. However, the transition can occur with a very low probability
through intersystem crossing (ISC) and is a combination of a spin-flip and internal
conversion (blue and red dashed arrow in Figure 1.2). Once the molecule is in the
triplet state it cannot emit fluorescence anymore and this leads to quantum jumps in the
fluorescence.” The blinking can for some molecules extend to a relatively long time
scale of milliseconds up to seconds (see for example the triplet state of dibenzothiophene
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Figure 1.2.: Jablonski diagram of the three-level system of an aromatic molecule. The
black bars indicate the electronic states, the purple bars the vibrational
states and grey bars indicate the phonon bands. Excitation to one of the
vibrational levels in the electronic excited state leads to quick dissipation
of the vibrational energy. From there, the molecule can decay into one
of the vibrational and/or phonon states, leading to red-shifted emission, or
non-radiatively decay into the triplet state (intersystem crossing). Both
pathways lead eventually back to the ground state singlet. Non-radiative
processes are indicated by a dashed red arrow, intersystem crossing by a
blue dashed arrow and processes involving the absorption or emission of a
photon are given by a solid arrow.

in Chapter 3). The decay back to the ground state is often dominated by non-radiative
decay instead of the emission of a photon, for which the latter process is called
phosphorescence (see phosphorescence studies in Chapter 3). For most of the molecules
in Figure 1.1, the triplet yield through intersystem crossing is very low: its probability is
in the order of 107¢ — 10~7 per excitation. Hence, these molecules can be effectively
described as two-level systems. In case the molecule remains only shortly in the
triplet state, such as applies to dibenzoterrylene (around 40 ps®), the overall loss of
fluorescence, due to infrequent visits to the triplet state, is also limited, leading to a very
stable fluorescence signal. In Chapter 2, I will show a process that can partly overcome
fluorescence loss by ISC, namely through the inverse of ISC, called reverse intersystem
crossing.

The fluorescence occurs by cycles through the two singlet states, shown in Figure
1.2, when continuously excited with a light source whose photon energy matches the
transition’s energy gap, i.e. is resonant with the transition. Resonant photons can excite
the molecule to either the purely electronic state or some vibrational state. An excited
vibrational state is usually short-lived, with typical lifetimes of (tens of) picoseconds’
and therefore we end up in the vibrational ground state of the excited singlet. It
is also possible to excite to a higher singlet state, but the internal conversion would
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again quickly relax the molecule back to the first excited singlet, a process known as
Kasha’s rule!® (with some notable exceptions, such as Azulene''). After relaxation, the
molecule falls back to the ground state and emits a photon. The decay can excite one
(or more) vibration(s), either a molecular vibration and/or phonon, which translates into
an energy loss of the photon and leads to red-shifted emission. In case the electronic
states of the molecule couple weakly to the phonon states of the medium, we obtain
a fluorescence emission spectrum that consists of zero-phonon lines (ZPL) with weak
phonon side bands (Figure 1.3). The zero-phonon lines correspond to emission from the
purely electronic transition (called the 0-0 zero-phonon line) and emission into any of
the vibrational states (0-N zero-phonon line for the N-th vibrational state).

0-0 ZPL

0-1 ZPL
Phonon 0-2 ZPL

side band L

Figure 1.3.: Schematic fluorescence emission spectrum with the purely -electronic
transition (0-0 ZPL) and two red-shifted peaks that are due to an additional
excitation of a vibrational state. Next to the ZPL peaks there are weak
phonon side bands.

The intensity of the phonon side band compared to emission into the 0-0 ZPL depends
on the strength of the electron-phonon coupling of the host-guest system. A careful
choice of the host can give rise to weak phonon side bands in the spectrum. A typical
number used for describing the intensity of the phonon side bands is the Debye-Waller
factor apw = Izpr/(Izpr + Ipsp). In the best host/guest systems this value can be
up to 0.9. The intensity of the vibrational peaks, the 0-N ZPLs, is for the most part a
property of the molecule itself and does not vary significantly by host. It relies on the
coupling of the ground state vibrational wavefunction, in the excited electronic state, to
the vibrational wavefunctions coupled to the ground electronic state. This is governed by
overlap integrals, which are called the Franck-Condon factors. These overlap integrals
determine the weights of the 0-N ZPLs in the fluorescence emission spectrum. The sum
of these Franck-Condon factors compared to the intensity of the 0-0 ZPL, will be called
apc. The total emission into the 0-0 ZPL as compared to the whole spectrum is the
product of apy and apc, sometimes denoted as the branching ratio. In best cases,
branching ratios of up to 0.55 have been found for dibenzoterrylene in p-terphenyl.'> The
high branching ratios for dibenzoterrylene have made this a model molecule for studies
in quantum optics, which aim to employ single molecules as single photon sources,
with high photon indistinguishably (scales with branching ratio).!* In Chapter 5, an
unconventional host matrix for terrylene is studied, namely two-dimensional hexagonal
boron nitride, in which it is possible to find molecules with branching ratios that exceed
record values that have been found for (dibenzo)terrylene in other host matrices.
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1.1.2. THE 0-0 ZERO-PHONON LINE (ZPL)

In low-temperature single-molecule spectroscopy, the focus is usually on the narrow
purely-electronic transition or the 0-0 ZPL. The width of this line is determined by
quantum mechanics and is derived from Heisenberg’s uncertainty relation:

1 1 1

Iy= — = .
0 s 27Ty + 7wy

(1.1)

The quantity 77 is the excited state lifetime and 7% is the decoherence time, which is
essentially the time scale over which the molecule can be considered as not interacting
with the environment and is left unperturbed. At best, the decoherence time is twice 77,
the timescale at which the excited state (spontaneously) decays. Any other interactions
with the environment, that are occurring on a faster time scale than the excited state
lifetime, will lead to additional decoherence. This is captured by 7%, which compared to
twice 71, decreases the coherence time and broadens the linewidth. This is for example
the source of linewidth broadening that occurs at higher than liquid-helium temperatures,
when phonons are populated and with their motion are perturbing the environment
around the molecule. However, if all decoherence mechanisms are eliminated, for
example phonons are depopulated, the linewidth can reach its minimum set by equation
1.1, called the lifetime (or Fourier) limit. In the case of molecules, with lifetimes in the
order of a few ns, the lifetime-limited linewidth is on the order of few tens of MHz
and is presented as the full-width-at-half-maximum of a Lorentzian line shape of the
resonance. For comparison, at room temperature the linewidths are typically few tens of
THz.!? Hence, the million times narrower linewidth at low temperature becomes very
sensitive to quantum effects that can change the resonance’s energy, caused for example
through coupling to weak (static) fields. The narrow width of the 0-0 ZPL is therefore a
useful tool to perform sensing at the nanoscale. In fact, 0-0 ZPLs of many molecules
can be used as nano sensors at the same time, due to existence of inhomogeneous
broadening.

1.1.3. INHOMOGENEOUS BROADENING

s a molecule is very sensitive to its environment in the host matrix, the
A inhomogeneity of the environment among many molecules can shift the electronic
transition noticeably when compared to the (homogeneous) linewidth of the molecule
itself. In real-world non-ideal host crystals there are always impurities, disorder
and boundaries in the crystallinity, different isotopes and other mechanisms that lead
to a different environment from molecule to molecule. The many molecules with
lifetime-limited linewidths, but slightly shifted in energy, that can be present inside a
diffraction-limited laser spot of typically 1 pm in width, lead to the formation of a much
broader band of fluorescence, called the inhomogeneous band. In typical crystals this
band extends from 10-100 GHz in width (see Figure 1.4b), but can be less than 1 GHz
broad for extremely pure single crystals.'* By reducing the concentration of molecules,
single molecules can have resonances that are isolated within the inhomogeneous
distribution. With a narrow-linewidth tunable laser these molecules can be selectively
excited, through their Lorentzian resonances as shown in Figure 1.4a and 1.4c.




6 1. Introduction to single-molecule spectroscopy

a) 30000
25000
20000

15000

o /ol Wl

0

Fluorescence (Cps)

756.0 756.2 756.4 756.6 756.8 757.0 757.2 757.4
Excitation Wgvelength (nm)

b) c)

30000

25000

20000

15000

# of Molecules
Fluorescence (Cps)

10000

5000

756.6 756.8 757.0 757.2 757.4

[}
0.040 0.045 0.050 0.055 0.060 0.065 0.070 0.075
Wavelength (nm)

Excitation Wavelength (nm) +7.568e2

Figure 1.4.: Panel (a) shows a 1.4 nm wide scan of an excitation laser that
reveals resonances of single molecules at different wavelengths, detected
by the red-shifted fluorescence of dibenzoterrylene molecules in a 2,3-
dibromonaphthalene crystal. In panel (b) the positions of the molecules
are plotted by incidence into a histogram and reveals the inhomogeneous
distribution around a center wavelength of 757.1 nm, with a width of about
0.2 nm (approximately 100 GHz). Panel (c) shows a small segment of
the scan corresponding to the area between the two red lines and shows
more clearly the Lorentzian line shapes of the resonances from the single
molecules. The horizontal axis displays the difference in wavelength with
respect to 756.8 nm.

1.1.4. NANOSENSING

ach single molecule within the inhomogeneous broadening is a potential sensor for
Eeffects on the nanoscale. One such frequently-studied effect is the Stark effect,
which arises due to coupling of the electronic states with an electric field. The shift of
the optical resonance itself becomes apparent when the electronic states do not shift
equally, increasing or decreasing the singlet energy gap (Figure 1.5a). This difference in
frequency can be expressed in the first two orders of perturbation theory as:

—

I
hAv = —AjLE — SE.A o .E, (1.2)

where Afi (a vector) is the difference in permanent dipole moment between ground
and excited state and likewise A o (a tensor) is the difference in polarizability between
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ground and excited state. The first term is called the linear Stark effect and the second is
called the quadratic Stark effect. If the molecule is centrosymmetric and the environment
of the molecule leaves this centrosymmetry unchanged, then the quadratic term will be
dominant. However, with the quadratic Stark effect the molecule can in most cases
only shift downward in frequency, due to a higher polarizability in the excited state, and
the shift typically becomes noticeable at strong electric fields of more than 10 kV/cm.
That the overall shift can be very large was for instance observed for dibenzoterrylene
in anthracene, where the molecules could be shifted by more than 400 GHz."> In case
the centrosymmetry is broken (see Chapter 4), the linear Stark effect can dominate in
equation 1.2. Even at relatively weak electric fields, a large shift of the resonance line
can be obtained. A linear Stark shift coefficient of 1.5 GHz/kVem~! was for example
observed for dibenzoterrylene in a 2,3-dibromonaphthalene matrix.!® Although this shift
is strong enough to detect the field of a single charge,'” the coupling of a single charge
to a single molecule remains to be demonstrated.
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Figure 1.5.: Panel (a) shows the principle of the Stark effect. A nonzero electric field
on the right side of the panel leads to shifts of both the ground and
excited state singlet. When they shift by a different amount, the energy
gap between the levels reduces (or may increase if a difference in dipole
is present), leading to a noticeable shift of the optical resonance. Panel
(b) shows schematically the line broadening observed in many organic
matrices. The broadening is purely induced by decoherence through the
population of (low-frequency) phonons and follows an Arrhenius law, shown
in the displayed equation. The onset of the broadening is determined by
phonon energies of the guest/host system, typically captured by the effective
temperature of activation of low-frequency phonon modes (LFMs). This
effective temperature is for organic matrices usually in the order of 40 K.!8

In the past years, the Stark effect has been used for example to study the dipole-dipole
coupling between two molecules whose resonances were shifted on top of each other
and were spatially separated by less than 20 nm.!” In other cases, the Stark effect was
used to create a single-molecule tunable light source in order to perform spectroscopy
on the fine structure of a sodium vapor.2® In another work it was found that in some
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cases a persistent Stark shift could be obtained by using an off-resonant light source
with a high intensity, likely causing separation of charges within the host crystal.!

Apart from the Stark effect, other sensing applications are for example strain. An
experiment with an anthracene crystal mounted on top of a tuning fork displayed line
broadening when the tuning fork was excited at resonance.’> A recent work showed
that single molecules can also be used as sensitive thermometers at low temperature
by measuring the linewidth as a function of temperature for calibration purposes.?? The
linewidths of single molecules typically broadens with an Arrhenius law due to pure
phonon-induced decoherence and is shown schematically in Figure 1.5b. However, there
might be additional broadening mechanisms available, namely due to tunneling two-level
systems, which will be introduced in the next section and are also studied in Chapter 5.

1.1.5. TUNNELING TWO-LEVEL SYSTEMS

n some cases, molecules are sensing perturbations in their environment that are
Inot intentionally activated. These can occur from dynamics inside the host crystal
or around it (adsorbents). The model is typically described as a group of atoms
tunneling between two spatial positions, the so-called tunneling two-level systems
(TLSs), represented by a double well potential, schematically shown in Figure 1.6. They
occur frequently in poorly-crystallized systems, such as glasses, and can explain the
additional heat capacity that exists in these materials.>* Even at the low temperatures that
we work at, the TLSs can be active and couple to the molecule’s resonance. This leads
to spectral jumps and/or fast spectral diffusion,” in the case there are many of these
TLSs. In well-crystallized systems, these TLSs are generally not present or minimally
present. The presence of TLSs has also consequences on the typical broadening curve
shown in Figure 1.5b. In general, the activation of TLSs by increasing temperature
leads to additional broadening of the linewidth, in the form of a linear term added to
the equation in Figure 1.5b. Apart from molecular crystals, TLSs are still subject to
intensive study for quantum devices that contain superconducting qubits, as they are a
primary source of decoherence for these type of qubits.?

1.1.6. TRIPLET STATES

Ithough most of the spectroscopic measurements are performed on singlet states,

the triplet states can be used as sensors as well. Triplet states are not only
highly sensitive to their environment, but also to the inner structure of the molecule
itself, namely its isotopic composition. As the triplet states often do not provide any
measurable signal — phosphorescence is extremely weak — they have to be measured
indirectly in the fluorescence signal. A common way to do that is by a scheme called
optically-detected magnetic resonance (ODMR, see Figure 1.7). In order to understand
this scheme we have to first consider the triplet sublevels. The three triplet sublevels are
denoted as T, T, and T .27 In general, the two states T}, and T, have similar lifetimes
and are therefore difficult to separate from each other in measurements of quantum
jumps in fluorescence. However, the state 7T, typically has a longer lifetime. As the
molecule cycles through the singlet states through continuous excitation, it naturally
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Figure 1.6.: Schematic of the standard model for tunneling two-level systems. The TLS
is represented by a double-well potential of possibly two conformational
states of a ‘group of atoms’. The TLS couples to the optical transition of the
molecule and this may induce a jump from one to the other conformation,
leading to a frequency shift of the optical transition. The TLSs are typically
observed as single discrete jumps. In the case of many two-level systems
discrete jumps are not observed anymore and the optical resonance will
rather display spectral diffusion. Moreover, TLSs can couple to each other
and a jump in one of them can induce a jump in the other.

populates these triplet sublevels levels through intersystem crossing, leading to loss of
fluorescence signal. On average, the signal is therefore weaker than what it could have
been without intersystem crossing. This loss is especially influenced by the longer
lived T, state and therefore shifting the triplet population from T, or T, to T, will
lead to more fluorescence loss. Shifting this population can be done with microwaves
that are resonant with the corresponding transitions.?® This resonance exists due to
the zero-field splitting present between the sublevels. Moreover, the splitting can be
modified by an external magnetic field due to the Zeeman effect and that makes the
triplet sublevels sensitive probes for (local) magnetic fields. In addition, the triplet states
couple to any other spins in their environment and most strongly to the spins present
within the molecule itself. That can be for instance a nuclear spin of a carbon-13
isotope?” or single hydrogen nuclei present in the molecule.’® Experiments in the past
showed that it was possible to even reveal at what site a particular isotope was most
likely located.>! Moreover, the triplets are very sensitive to proton spins, for example
the hydrogens that terminate the molecule. Replacing these hydrogens by deuterium
reduces the hyperfine coupling thanks to the deuterium’s six times weaker gyromagnetic
ratio as compared to hydrogen. As a consequence the observed resonances of the
triplet in ODMR can be as narrow as 100 kHz. However, reaching lifetime-limited
linewidths at standard liquid-helium temperatures is impossible, as other spins, such as
the hydrogens or deuteriums and natural abundance of carbon-13 (1.1%), are always
present in the molecule’s inner and outer environment. The coupling of these nuclear
spins are responsible for the assymetric lineshape observed in the ODMR spectra as
their random flipping narrows the energy gap between T}, — T, while broadening the
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Figure 1.7.: Schematic of the optically-detected magnetic resonance experiment on a
single molecule. A laser is in resonance with the singlet transition (Rabi
frequency €212) inducing fluorescence (with decay rate 7o1). With low
probability the molecule decays into the triplet state through intersystem
crossing (rate 723) and populates one of the three sublevels that are slightly
apart from each other in frequency due to zero-field splitting. With a
microwave that is resonant with transitions between the sublevels (with
Rabi frequencies (2xz and (lyz), the population can be transferred from
the short-lived T, and T, sublevels to the longer-lived T, sublevel. The
transition is observed as a decrease in the fluorescence signal, as the
molecule is shelved for a longer period in the triplet state. The resonance
line shapes of the electronic spin levels are asymmetric due to hyperfine
interactions with nuclear spins (hydrogen, deuterium and carbon-13 atoms
or other impurities).

gap between T, — T, (see schematic in Figure 1.7b). Even though ODMR experiments
allowed in-depth study of triplet states on single molecules, an all-optical approach,
where the molecule is excited into the triplet from the ground state, remains to be
demonstrated. In Chapter 6, I will discuss the theoretical and experimental framework
of such an experiment.

1.2. OUTLINE OF THE THESIS

Ithough many host/guest systems have been studied in the past, the continuous

exploration of new host matrices for guest molecules, such as the molecules shown
in Figure 1.1, may lead to a better understanding of the modified properties of a guest
molecule inside a host matrix. In these new systems, surprising effects can occasionally
emerge. In the case of Chapter 2, a new host matrix is studied for (perdeuterated)
perylene, namely dibenzothiophene. In this host matrix, a novel effect for single
molecules was found in the form of reverse intersystem crossing, which was never
observed before for (near) lifetime-limited linewidths. This effect allows for the tuning
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of the photoblinking of the single molecule and the enhancement of the fluorescence
signal.

The studies on this new host matrix for perylene are continued in Chapter 3. In that
Chapter, we recorded the phosphorescence spectrum of perylene in order to find the
energy of the triplet state. As the approximate location of the triplet state is known
from the phosphorescence spectrum, an all-optical scheme, comparable to the discussed
ODMR experiments, can be used to manipulate spin states in (and outside) a single
molecule. The first attempts that we have performed to this end will be covered in
Chapter 6.

In Chapter 4, we study another organic host matrix for single terrylene molecules. In
this host matrix we observe a moderate linear Stark effect. As the mapping of electric
fields, by use of the Stark effect, can be complicated by inhomogeneities in the coupling
strength from molecule to molecule, we employ a method to deduce the dipole vector
for each molecule individually. In addition, we use our measurements to propose a
possible insertion of terrylene in the host matrix by use of quantum chemistry models.

Finally, in Chapter 5, we study an unconventional host matrix for single molecules,
namely the two-dimensional material hexagonal boron nitride (hBN). With molecules on
the surface of this host, we have shown for the first time that it is possible to record
narrow zero-phonon lines of single molecules on a surface, rather than in the bulk of a
host crystal. Our studies on hBN, which possesses much higher phonon energies than
typical organic matrices, may make it in future possible to suppress linewidth broadening
by temperature. Moreover, this host material may, unlike organic matrices, be applicable
to a large variety of guest molecules.
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REVERSEINTERSYSTEM
CROSSINGIN A SINGLE
PERYLENE MOLECULE

A novel host matrix for perylene, namely dibenzothiophene, is treated in this chapter.
Our low-temperature studies on single perylene molecules in this matrix reveal near
lifetime-limited emission with a reasonable long-term stability of their spectral lines.
Moreover, the resonance fluorescence of perylene molecules reveals an effect that was
not observed before at liquid-helium temperatures and with such narrow resonances.
Instead of constant depopulation rates for the triplet states, the rates scale linearly with
the light intensity of the probe laser, an effect known as reverse intersystem crossing. In
this chapter, the observed anomalous behavior of fluorescence blinking will be explained
using a model that incorporates all the relevant intramolecular rates. Finally, we
show that reverse intersystem crossing helps to improve the stability of the fluorescence
signal, which makes perylene competitive in terms of brightness with molecules that are
fluorescing more stably in general and thus better approximate a two-level system, such
as terrylene and dibenzoterrylene.

Parts of this chapter have been published in: R. Smit, Z. Ristanovic, B. Kozankiewicz and M. Orrit,
‘Reverse Intersystem Crossing of Single Deuterated Perylene Molecules in a Dibenzothiophene Matrix’,
ChemPhysChem 2022, 23, 202100679
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16 2. Reverse intersystem crossing in a single perylene molecule

2.1. INTRODUCTION
2.1.1. MOTIVATION FOR EXPLORING A NEW HOST FOR PERYLENE

tudies of perylene in single-molecule spectroscopy have been largely overshadowed

by much brighter emitters, such as terrylene and dibenzoterrylene, that behave more
closely to two-level systems. Although perylene has an equally short fluorescence
lifetime and an even higher radiative quantum yield than for instance dibenzoterrylene
(DBT),! the fluorescence signal from a single molecule is less stable due to long-lived
triplet states, having extended lifetimes by up to two or three orders of magnitude longer
than those of DBT.? It is, however, the triplet state and specifically its energy that served
as the motivation for this study. If the energy of the triplet state is known, a resonant
excitation of the triplet would make it possible to prepare the molecule, on demand, in a
state that carries spin, unlike the spin-less singlet states. These studies could be done on
a single molecule level, avoiding ensemble-averaging.

There are several methods to acquire the position of the triplet state, for example
by recording an absorption spectrum of the Sy — 77 transition or by recording the
phosphorescence resulting from intersystem crossing, both performed in ensembles.
Several of these attempts have been pursued in our group, for perylene in host matrices,
but were unsuccessful. The difficulty of these methods lies respectively in the weak
absorption of the Sy — T3 transition and in the low triplet yield of the perylene molecule
by intersystem crossing, which is about 10763 In other words, 1 million of photons
absorbed by a perylene molecule will likely produce a single triplet. Only a tiny fraction
of these triplets will actually emit a photon due to a strong internal conversion. This
internal conversion rate scales down exponentially with the triplet energy gap, according
to the energy gap law.* As perylene is the bluest of emitters among the list of terrylene,
dibenzoterrylene and others, the internal conversion rate is expected to be the lowest.
Considering that we work with fully-deuterated perylene, denoted as perylene-d12, the
internal conversion rate is expected to decrease even slightly more,> thanks to a weaker
vibrationally-assisted relaxation via C-D vibrations, which are about a factor /2 lower in
energy than C-H vibrations. The afore-mentioned reasons, together with the narrow and
relatively stable emission found for perylene at low temperature in some matrices,>%’
rationalizes the choice of perylene for a search for the triplet state’s location. However,
despite the lower internal conversion, estimates, based on a radiative lifetime in the
order of 30 s*? and a triplet lifetime of a few ms,? still put the radiative quantum yield
of the triplet state of perylene at a low 10~%. Hence, 10 billion photons absorbed by the
singlet of perylene will likely produce a single phosphorescence photon. Only a small
fraction of these photons will actually be detected in our setup. In this chapter, we
will show that the detection efficiency of our setup is in the order of 102, Finally, a
whopping 10 trillion cycles through the singlet manifold would likely give us only one
detected phosphorescence photon! This extremely low signal of the phosphorescence
makes it exceedingly difficult to detect. Hence, we need some alternative method that
particularly bypasses the low triplet yield through intersystem crossing of perylene itself.

We searched for a host matrix that features an increased intersystem crossing rate and
hence a higher triplet yield. Yet, these properties must not interfere with measurements
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on the guest molecule itself. A first requirement is that the host’s singlet excited
state must be higher in energy than the singlet excited state of perylene, in order to
avoid energy transfer to the host. Studies have also confirmed that a triplet state with
a lower energy than the excited singlet state of the guest can lead to intermolecular
intersystem crossing, and as a consequence can make fluorescence of a single molecule
too weak to detect.!” Actually, this mechanism, which leads to an enhanced triplet yield
of the guest molecules, is at the basis of the only known matrix (anthracene) where
phosphorescence of perylene impurities was detected.® However, the fluorescence signal
of a single molecule was consequently too weak to detect. The second requirement
is therefore that the host’s triplet state should be higher in energy than perylene’s
singlet excited state. These two conditions for a host gave us a possible candidate:
dibenzothiophene. This chapter will focus on the photophysical studies of perylene in
this novel dibenzothiophene matrix, while the follow-up studies on the phosphorescence
of perylene in this new matrix will be discussed in the next chapter.

2.1.2. THE MATRIX: DIBENZOTHIOPHENE

a) b) ) ¢

Figure 2.1.: Panel (a) shows the structure of perylene and panel (b) the structure of
dibenzothiophene, along with the unit cell of dibenzothiophene in panel (c).
The unit cell belongs to the Py, space group. The insertion of perylene
into the dibenzothiophene host matrix is unknown, but the relative sizes
of the molecules would likely not permit the removal of more than two
dibenzothiophene molecules per perylene guest molecule.

ibenzothiophene is an organosulfur aromatic compound that consists of two

fused benzene rings around a central thiophene unit (Figure 2.1b). Compared
to the structurally similar compounds of fluorene, carbazole and dibenzofuran, the
dibenzothiophene molecule was found to have a significantly higher ISC rate, which
is likely caused by an enhanced spin-orbit coupling due to a heavy-atom effect of the
central sulfur atom.!' The electronic properties of dibenzothiophene have been studied
before and it was found that the singlet transition lies around 29,923 cm~! (334.3 nm)
and the transition to the triplet at 24,292 cm~! (411.8 nm).'> This means that both
excited states of dibenzothiophene lie well above the singlet excited state of perylene,
which was found to be around 446 + 2 nm in 0-DCB.? In addition, the sizes of perylene
and dibenzothiophene do not differ by much, which might make a stable site for
insertion into the crystal lattice possible. Moreover, both perylene and dibenzothiophene
crystallize according to the same space group: Pyi/.. Despite their similarities, no
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previous studies of dibenzothiophene as a host matrix for single molecules have been
performed before.

2.2. EXPERIMENTAL

2.2.1. PREPARATION OF THE MATRIX

ibenzothiophene was obtained commercially from Alfa Aesar, with a documented
D purity of about 98%. This starting material was further purified using zone-refining,
performed by prof. Boleslaw Kozankiewicz from the Institute of Physics in Warsaw.
After a few weeks, colored impurities gathered at the end of the zone-refining tube.
Despite that some (colored) impurities were removed, it is known that impurities with a
very similar structure to dibenzothiophene, such as phenanthrene, are difficult to remove
with zone-refining.'> A more detailed study of some of the impurities that we found in
the zone-refined dibenzothiophene are shown in Chapter 3, which were detected with
high sensitivity through their phosphorescence signal.

Figure 2.2.: Layer of freeze-quenched polycrystalline dibenzothiophene on a glass cover
slip. The preferred crystallization is in the form of needles.

Perylene (Sigma-Aldrich, 98%), in fully-deuterated form, denoted as perylene-d12,
was diluted in toluene (Acros Organics, 99.85%). For bulk spectroscopy, a concentration
of 10-100 ppm was prepared and for single-molecule experiments the concentration was
further decreased to 0.1-10 ppb. Toluene would not be part of the final matrix, but
would merely act as a transfer solvent and for a proper control of the concentration
and solubility of the guest molecules. The perylene-d12/toluene mixture was pipetted
into molten dibenzothiophene (melting point of around 100 °C), while the toluene
was allowed to evaporate from the hot liquid (boiling point 110.6 °C). For bulk
spectroscopy, the liquid was subsequently sucked into a heated square borosilicate
capillary (VitroTubes, 1 mm ID and 0.2 mm walls) and quickly immersed into liquid
nitrogen to avoid expulsion of perylene-d12 from the matrix. For single-molecule
measurements, the liquid is pressed between two glass slides to form a thin layer and
is again freeze-quenched in liquid nitrogen. The result of this preparation is shown in
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Figure 2.2, where a dense configuration of dibenzothiophene needle-shaped crystals can
be observed.

2.2.2. SETUP

Sample Holder
with 3D
piezo translation
* 0.85
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Cryostat
Windows
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Figure 2.3.: Schematic of the confocal microscope setup used in the experiments. A
dichroic separates excitation light from fluorescence and a flip mirror can
switch from single-photon detection to the acquisition of spectra.

T he samples were measured in a liquid helium flow cryostat (Janis, SVT-200-5) that
can reach a working temperature of approximately 1.4 K. With an objective (0.85
NA, Edmund Optics) immersed in liquid helium, the cryostat forms part of a home-built
confocal microscope (see schematic in Figure 2.3). A Ti:sapphire laser (M-squared
SolsTiS) in combination with a frequency-doubling module (M-squared ECD-X) was
used as a narrow bandwidth (< 1 MHz) tunable excitation source, operating in the
440-460 nm range. The output wavelength is monitored continuously with a wavemeter
(High Finesse WS6-200), with a resolution of a few MHz. A dichroic mirror (Semrock,
FF458-Di02-25x36) is used to separate fluorescence from the excitation light and further
spectral filtering is done with a long-pass filter (Chroma, ET460lp). For the full
recording of the emission spectrum of perylene-d12 we used a beam splitter instead of
a dichroic mirror and made use of a 450 nm long-pass filter (Thor Labs, FEL0450)
to remove the excitation light. The laser beam was scanned over the sample by a
scanning mirror (Newport, FSM-300-01) and fluorescence was detected by an avalanche
photodiode (Excelitas, SPCM-AQRH-16). Fluorescence spectra were recorded with a
Horiba iHR320 spectrometer coupled to a liquid-nitrogen-cooled Symphony II CCD
detector. The excitation intensity was measured with a power meter (Newport 1830-C),
before the laser beam entered the cryostat.
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Figure 2.4.: Normalized fluorescence spectrum of an ensemble of perylene-d12 molecules
in a dibenzothiophene crystal, measured at a temperature of 1.4 K. The
origin of the emission is from the 0-0 zero-phonon line at 454.0 + 0.1 nm.
Some of the most prominent vibrational peaks are annotated. The excitation
wavelength was 447.2 nm.

2.3. RESULTS AND DISCUSSION
2.3.1. ENSEMBLE SPECTROSCOPY

n the first experiment, we illuminated a -capillary with perylene-d12-doped

dibenzothiophene crystals to observe if there was fluorescence line-narrowing in the
emission spectrum at low temperature. The recorded ensemble emission spectrum of
perylene-d12 in the matrix, excited with a wavelength of 447.2 nm, is shown in Figure
2.4 and displays a narrow distribution of 0-0 zero-phonon lines (the peak at the origin
of the spectrum), together with the vibrational fingerprint that can be attributed to
perylene-d12, whose spectrum has been well-studied.'*"!7 The origin of the main site is
located at 22033 = 5 cm™! (or 454.0 = 0.1 nm) with an inhomogeneous broadening of
approximately 10 + 1 cm~!. Only a single spectroscopic site is found in the emission
spectrum at the chosen excitation wavelength. Other sites may exist, although none are
visible in the spectrum of Figure 2.4, probably because these sites have no vibronic
transition that coincides with the chosen excitation wavelength. The tunable range of the
second harmonic, generated by the laser crystal, is merely 1 nm and for extended scans
the angle of the crystal has to be readjusted manually. We also excited the host/guest
matrix with a 405 nm laser, but the spectrum is complicated by an overlap with the
phosphorescence spectrum of dibenzothiophene and possibly other impurities. Hence,
we could not formally identify any other sites. However, with a tunable diode laser,
used in the experiments of Chapter 3, we could identify close-by spectroscopic sites and
they will be presented in the corresponding chapter.

As the main spectroscopic site is known from the ensemble spectrum in Figure
2.4, single molecules in the inhomogeneous band can be excited selectively with a
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narrowband tunable laser and studied one-by-one.

2.3.2. SINGLE-MOLECULE STUDIES

The laser, used for ensemble spectroscopy, is also used for a resonant excitation of
single molecules. However, we use a different crystal for the generation of the second
harmonic, adjusted for the region around 454 nm. The confocal fluorescence images of
thin crystals, shown in Figure 2.5a and 2.5b, show why it is necessary to freeze-quench
the molten host molecules when doped with guest molecules. In samples that were
freeze-quenched, the crystals showed a homogeneous distribution of isolated fluorescent
spots (Figure 2.5b), whose activation strongly depends on the excitation frequency.
In non-freeze-quenched samples, the fluorescence concentrates at the boundary of the
crystals (Figure 2.5a), while the fluorescence signal itself was activated by a wider
range of laser frequencies. The slow freezing of molten dibenzothiophene leads to
the expulsion of perylene from the matrix, which is of course at the very core of the
zone-refining technique, used to extract impurities.

a b
)10 : . ) 60
: ¥ 100 40 50
%) o %]
805 20 40 €
—_ — o
— —
& 0% So 30
o (o}
> >
40 v
0L 50 20 £
-5k S =
208 ¥ 108
—40 e
-10 ;
~10 10 ©° 0
X (um) X (um)

Figure 2.5.: Confocal fluorescence images that show the difference between non
freeze-quenched crystals in panel (a) and freeze-quenched crystals in panel
(b). In rapidly-frozen crystals, the expulsion of perylene to the boundaries
of the crystals is prevented. The quenching results in a homogeneous
distribution of molecules, visible as isolated spots. The concentration in
both samples is relatively high and the measurement temperature is around
1.4 K.

The sample in Figure 2.5b is still very crowded with single molecules, which leads
to a relatively strong background signal, while many molecules are observed in a scan
range of 10 GHz. A further reduction of the concentration led to well-isolated single
molecules in frequency space. This isolation made it possible to excite a single molecule
using a (broad) vibronic transition around 447.1 nm (at the combined energy of the
0-0 ZPL and of the 344 cm™! stretching mode) and record a full emission spectrum,
as shown in Figure 2.6. From the ratio of the intensity of the 0-0 ZPL as compared
to the combined intensity of the 0-0 ZPL and the phonon-side band (PSB), excluding
vibrational peaks, we estimate the Debye-Waller factor to be around 0.40 % 0.05.
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Figure 2.6.: Emission spectrum of a single molecule excited at 447.1 nm by a vibronic
transition, given by the energy of the 0-0 ZPL and the 344 cm~! vibration.
The spectrum is recorded with a 1200 lines/mm grating and 0.1 mm slit size.

With a resonant excitation of the 0-0 ZPL, we followed single molecules for longer
time to observe their frequency stability. Three examples of these time-resolved
excitation spectra are shown in Figure 2.7. Here, the background is close to the dark
count level of the detector, as the concentration of molecules was very low (1 per 10
GHz range around the center of the inhomogeneous band). At higher concentrations
(>1 molecule per 10 GHz around the center of the inhomogeneous band) of molecules,
the background was substantially stronger, which is likely fueled by the excitation of
ill-inserted and/or spectrally-diffusing molecules. Nonetheless, apart from some small
amount of spectral diffusion in Figure 2.7c, most molecules are in general stable.
The inhomogeneous coloring of each trace does reveal a strong photoblinking of the
fluorescence, related to intersystem crossing to the relatively long-lived triplet state.

For the remainder of this paragraph, the single-molecule measurements will focus on
a model molecule for the studied system, denoted as molecule M1. At a low energy
excitation, avoiding power-broadening of the spectral line, the linewidth of molecule
M1 is found to be around 58 MHz, which is obtained from the Lorentzian fit to the
data in Figure 2.8a. Note that the data points in Figure 2.8a are an average of ten
single excitation spectra and thus laser jitter and/or spectral diffusion might contribute
to the broadening of the measured linewidth. The averaging was necessary to obtain a
clear Lorentzian distribution, as single excitation spectra displayed random shapes due to
stochastic intersystem crossing, where dwell times in the triplet state could easily exceed
the integration time of about 10 ms. The same averaging procedure was followed for
the molecule excited at a wide range of laser intensities. The extracted linewidths show
the expected broadening with excitation intensity and from the equation in Figure 2.8b,
the saturation intensity could be extracted, and was estimated to 22 £ 3 W/cm? at the
focal point.

The homogeneous linewidth of 58 MHz, about the narrowest linewidth found in this



2.3. Results and discussion 23

a)

100

Minutes
Counts per 10 ms

~200 0 200 400 600
Detuning (MHz)

07700 100 300
Detuning (MHz)

00 0 400
Detuning (MHz)

Figure 2.7.: Time-resolved excitation spectra of the 0-0 ZPL of single perylene-d12
molecules. The laser wavelength was monitored continuously using the
wavemeter and laser drifts have been corrected, but some jitter in the laser’s
wavelength might still be present. The molecules show different degrees of
stability. The blinking of fluorescence is also clear due to the chosen color
scale.

matrix, is slightly broader than what was found for perylene in the Shpol’skii matrix
n-nonane, where the distribution of linewidths revealed linewidths down to 28 MHz.
However, the linewidths are very similar to observations for perylene in 0-DCB.?> To
determine whether these linewidths were limited by the lifetime of the excited state,
we recorded fluorescence decays under a pulsed excitation at 392 nm. These decays
were measured for both hydrogenated perylene (Figure 2.9a) and perdeuterated perylene
(Figure 2.9b). The difference in the resulting lifetimes is striking, showcasing an increase
of the lifetime by about one quarter when all hydrogens are replaced by deuterons. The
difference might be explained by a weaker internal conversion, assisted by reduced
Franck-Condon factors due to the lower energy of the CD-vibrations as compared to the
CH-vibrations.” The fluorescence lifetime for perylene-d12 points to a lifetime-limited
linewidth of 34.3 + 0.5 MHz, which is indeed smaller than the measured 58 MHz.
Hence, there might be some broadening due to dephasing and/or spectral diffusion,
while, as mentioned before, also laser jitter might contribute to the broadening.

Measurements at high excitation intensities reveal anomalous behavior. Close to the
saturation intensity of the molecule, the photoblinking of the fluorescence is clearly
resolved. Without the afore-mentioned averaging, a single excitation spectrum would
show many events where the molecule turned dark, as can be observed in Figure 2.10a,
where many points lie between background level and the border of a Lorentzian profile.
At high laser intensities, beyond the saturation intensity, the fluorescence signal in Figure
2.10b stabilizes without a single point dropping to background level. As the molecule is
saturated, the rate of intersystem crossing should likewise saturate and a lot of blinking
should be observed. A possible explanation for the reduced blinking times is reverse
intersystem crossing (abbreviated as rISC). In the next paragraph we will use a model
that includes rISC to explain the light-induced reduction of the triplet lifetimes. With
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Figure 2.8.: Measurements of molecule M1. Panel (a) shows the averaged line shape of
10 single excitation spectra of a single molecule at 2% of the saturation
intensity. The data points have been fitted to a Lorentzian distribution and
this yields a full-width-at-half-maximum or homogeneous linewidth of 58
MHz. Panel (b) shows the measured linewidths at a broad range of laser
intensities to observe the power broadening of the linewidth. The saturation
power that was acquired from the fit is 0.35 £ 0.04 puW, which leads,
when taking into account additional power losses before the light enters the
objective, to a saturation intensity of 22 + 3 W/cm?. Strong blinking of the
molecules’ fluorescence at middle-range powers attributed to an increased
uncertainty of the Lorentzian fits, that together with additional broadening
due to laser jitter and/or spectral diffusion, probably caused these points to
deviate from the fitted line. Panel (c) shows red data points that represent
the maximum fluorescence intensity recorded from the molecule at the
specified laser intensity, in the cases the fluorescence signal was not or
negligibly affected by triplet blinking. The blue data points do take the
stochastic intersystem crossing into account and thus represents the average
fluorescence signal at a given excitation intensity. The fits will be discussed
in paragraph 2.3.3.

this model we will also explain the not yet discussed fit to Figure 2.8c, where it can
be noticed that the average fluorescence signal approaches the maximum fluorescence
signal that can be obtained from the molecule in case there would be no blinking within
the measured time interval.

2.3.3. A MODEL FOR THE ENHANCED BRIGHTNESS OF SINGLE
MOLECULES

lear evidence of a reduced triplet lifetime is shown in fluorescence time traces, such
C as in Figure 2.11. The same time period, but acquired with a large difference in
laser intensity yields totally different patterns in the fluorescence blinking. While at
low laser intensities compared to the saturation intensity, the pattern shows long periods
where the molecule remains dark, a higher laser intensity leads to strongly reduced dark
times. In many cases the molecule returns to the bright state within the integration time
of 1 ms.
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Figure 2.9.: Fluorescence decays of ensembles of perylene-hl2 in panel (a) and
perylene-d12 in panel (b), both recorded in a dibenzothiophene matrix. The
data points fit well to a single exponential decay in both measurements. The
excitation wavelength is 392 nm. The data was recorded by prof. Boleslaw
Kozankiewicz from the Institute of Physics in Warsaw.
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Figure 2.10.: Single excitation spectra of the 0-0 ZPL of molecule M1 at 40% of the
saturation intensity in panel (a) and 170 times the saturation intensity in
panel (b). Note that in (a) the shape of the Lorentzian is visible at the
outer borders, but many points drop below this outer border and some all
the way to the background, a signature of blinking. The highest point
represents a red data point in Figure 2.8c.

The dynamics of fluorescence blinking can be studied in two ways. If the fluorescence
signal is strong enough compared to the background, a threshold level between the
on and off state can be determined. The on and off times can then be distributed
and fitted to exponential decay(s).'"® The characteristic off time(s) will equal the triplet
lifetime(s), while the on times will change with the level of saturation of the molecule.
However, at low excitation intensities the signal-to-background ratio is typically very
low and at high excitation intensities the background can be strong. In addition, the
reduced triplet lifetimes make it harder to distinguish between on and off periods. A
powerful tool that overcomes these problems is the autocorrelation of the fluorescence
signal, taken at resonance with the 0-0 zero-phonon line. The autocorrelation of the
resonance-fluorescence signal can be equated to the second-order intensity correlation
function as follows:
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Figure 2.11.: Fluorescence time traces of molecule M1 over a time span of 500 ms,
with a 1 ms integration time per point. A significant change in blinking
dynamics can be observed between panel (a) representing a low excitation
intensity and panel (b) a high excitation intensity. The reduction in dark
times can be explained by a change in the triplet lifetime due to reverse
intersystem crossing.
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Time series, such as in Figure 2.11, were recorded with an integration time of 10 us
for a period of 60 s up to 120 s. The length of the series was enough to have a relatively
good signal to noise ratio in the autocorrelations, while restricting file sizes to 100-200
MB. The recorded time series were autocorrelated for time delays up to 1 second. This
resulted in an exponentially decaying time dependence (Figure 2.12).

From the rate equations and their solutions (see reference®) we fitted the autocorrelation
g?) (1) in equation 2.1 to:

9(2) (7.) =Cy+ Cle—)\n + 026—A27- 2.2)

The fitting of both exponentials worked well for autocorrelations obtained at low
excitation intensities, although the contrast of the long-lived decay is very low compared
to the short-lived decay (Figure 2.12a). With laser intensities above saturation it becomes
increasingly difficult to fit to a combination of two exponential decays and at the highest
intensities, the autocorrelation fits very well to a single exponential decay, as in Figure
2.12c. The parameter Cj is in most cases very close to 1, which indicates that the
autocorrelation is not significantly affected by stray correlations. However, mechanical
vibrations of the vacuum pump coupling to the sample holder left a fingerprint in the
autocorrelation, with a characteristic frequency of 100 Hz. To correct for this, we
measured an autocorrelation of a background signal and divided out these contributions
to the autocorrelation functions in equation 2.2. This correction has been done already
for the autocorrelation curves in Figure 2.12. Apart from corrections arising from these
mechanical vibrations in our setup, the contributions from the background need to be
corrected as well, which affects the contrasts of the exponential decays.!® Corrections for
the background-to-signal ratio can be taken into account by multiplying the individual
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Figure 2.12.: Fits of the autocorrelation curves (left) and parts of the corresponding
fluorescence time traces (right) of molecule M1 at a low excitation intensity
of 20% of the saturation intensity in panel (a) and panel (b) and 100 times
the saturation intensity in panel (c¢) and (d). Note that the time scales in (a)
and (c) differ, while also the integration time for (b) is 1 ms and 200 us
for (d). In addition, the fit in (a) is a sum of two exponentials, while (c)
was fitted to a single exponential decay.

fits to equation 2.2 through a prefactor: (1 + £)2, where B is the background signal

S
compared to the molecules’ signal S. Hence, for each excitation intensity this % ratio
has to be determined. In general, the background never exceeded 40% of the total signal

for the highest excitation intensity that was used in the experiments.

The existence of two well-separated exponential decays at low excitation intensities
points to a distinguishability of two out of three triplet substates. Typically, the
short-lived decays are attributed to the 7', and T}, substates, while the longer-lived decay
is assigned to the T, state.?’ The rate equations assign two rates for each of the two sets
of substates - which we will distinguish with the labels xy and z - namely a population
rate and a depopulation rate. The population rate of the triplet states is determined by
the intersystem crossing rate and will be denoted as (k33 , k33), see diagram in Figure
2.13. Since the population rate of the triplet state is affected by the level of saturation of
the molecule, we will denote these as the effective ISC rates. These rates can then be
expressed in terms of the intrinsic ISC rates (7454, 753) and of the excitation intensity as:

(kzs (I)7k23(1)) = #@ (2.3)

A populated triplet state will also be depopulated with a characteristic rate, which will
be denoted as (k37,k3;). In general, these rates are assumed to be independent of the
excitation intensity, but surprisingly that is not the case for this host/guest matrix. Hence,
at this point, the model will start to deviate from the standard model and we will include
a rISC term. Similar to the ISC rates, the triplet depopulation rates will be denoted as
the effective depopulation rates. However, there must be a power-independent intrinsic
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Figure 2.13.: Jablonski diagram of the energy level structure of perylene-d12. The
intramolecular rates between the relevant energy levels are displayed next
to the corresponding arrow of the transition. rISC is here depicted as
a transition between 77 and a higher excited triplet state 7T, of which
the index is not known, followed by intersystem crossing back to the
singlet excited state. The transition from 7; to 7T is shown here with its
associated absorption cross section op, while the whole process of rISC
will be captured by « (see equation 2.4).

depopulation rate, in case there is no contribution from rISC. The intrinsic depopulation
rates will be called (v37,73;). To model the triplet depopulation rates on excitation
intensity, a rISC term, «, is added as a secondary channel for the depopulation of the
triplet state. We assume « to be the same for all three triplet sublevels. The effective
depopulation rates will then become linearly-dependent on the light intensity:

(k31 (1), k5, (1) = (51, 731) + ol 24)

Finally, using the standard model for the population rates, with the added rISC term
in equation 2.4, we can describe the contrasts C; and C5 and the decay parameters \;
and Ao of equation 2.2 in terms of the effective population and depopulation rates of the
triplet states. Starting with the contrasts of the two exponentials, we have the following
expression:

Ch o A2k — Ai2) (B3 — Ai2)
1,2

- T ) 25
’ k3V k3 (A2 — A21) (@3)

where the decay parameters, A\; and Ay, are given by solutions of a characteristic
equation:
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A2 = %(2 + D), (2.6)

with X the sum of all rates and D the discriminant of the characteristic equation,
given by:

¥ = kol +kiz + k3) 4 k3, 2.7)

D = \/52 — A(kEyks, + kgkst + KaTkS,). 2.8)

The cross-dependencies of equations 2.5,2.6,2.7 and 2.8 require that we have to fit all
the parameters to the measurements at once. In addition, the dependence of equation 2.3
and 2.4 on respectively the saturation intensity and laser intensity adds more terms to fit.
Hence, the equations for the fits in Figure 2.8b and 2.8c are included in the global fit to
find the best matching parameters that satisfy the whole set of measurements. As we
now have a model for rISC, the fit in Figure 2.8c can be discussed.

In general, the saturation of the fluorescence signal (F') from a single molecule
follows a sigmoid-shaped curve, which has the following form:

1
F(I) = Foo—1 . (2.9)
1+ £

This standard equation for saturation is used to describe the red data points and fit
in Figure 2.8¢c, which traces the maximum fluorescence signal obtained from the single
molecule, without blinking due to ISC. The saturation of a three-level system can also

be described in terms of all intramolecular rates?!:??

Pprit L
o Flp Is
F(I) = o S (2.10)
+ =% Tz I
V31 V31

The parameter 7 is the detection efficiency of our setup, ®r is the fluorescence
quantum yield and 7 is the fluorescence lifetime. The fluorescence lifetime was already
determined to be around 4.6 + 0.1 ns using time-correlated single-photon counting under
a pulsed excitation (Figure 2.9). A key difference between equation 2.9 and 2.10 is the
inclusion of the ISC rates and triplet lifetimes, which are a limiting factor on the total
fluorescence output. If the triplet depopulation rates would be constant with excitation
intensity, the shape of the function, a sigmoid, would be preserved. However, the linear
dependency of the depopulation rates on laser intensity captures the deviation of the
saturation curve as observed for the blue points and fit curve in Figure 2.8c. As part of
the global fit, we find a detection efficiency of our setup of around 9 x 10~%, which
is a typical value for our setup when assuming ®x to be close to unity (about 0.89%3).
The relatively low detection efficiency is likely caused by a combination of a low NA
objective, a lower quantum efficiency of our detector for the blue part of the spectrum
and potential further losses in our cryogenic confocal setup, which is optimized for
the near-infrared. Despite the low collection efficiency, the molecule is much brighter
due to rISC, than it would have been in the absence of rISC. Based on the intrinsic
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depopulation rates, the molecule would have saturated at a low 22 kcps, while with rISC
we find a saturation intensity that is at least a four-fold higher, with about 100 kcps.
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Figure 2.14.: Model fit for molecule M1. The points in panel (a) show the contrasts
obtained from the individual fits to the autocorrelation curves, while the
line is obtained from the global fit to equation 2.5. For panel (b) the
points are given by the decay parameters obtained from the autocorrelation
curves, while the line was obtained from the global fit to equation 2.6.
Note that for the long-lived decay, the large difference between C; and
Cy from the fifth point and onwards made it difficult to distinguish two
decays from the autocorrelation curve. Hence, from the fifth point and
onwards we only fitted a single exponential decay.

Before we performed the global fit, all the recorded autocorrelation functions, such as
in Figure 2.12, are fitted to equation 2.2 to obtain the contrasts C; and C5 and decay
parameters A\; and Ao. The resulting data is subsequently processed in a global fit, using
equations 2.5-2.8. The data points for the contrasts and decay parameters and the result
of the global fit are shown in Figure 2.14. The fit is logarithmically-weighted with the
errors obtained from the individual fits of the autocorrelation curves. The optimal values
that we find for the intrinsic population rates v,5 and ~55, the intrinsic depopulation
rates 73 and ~5; and finally the rISC parameter «v are shown in Table 2.1, for molecule
M1 and two other molecules.

Yoy (U | 57 (7Y | Y5557 | 44 (™Y | a(uW=ts™Y) | Ii(Wem™2) | Foo(keps) | To(MHz) | A(nm)

M1 | 542425 | 114£9 236 13£2 52.3+0.8 22+3 106 =1 58+1 454.57
M2 | 550 £70 | 91£7 7655 | 1511 14.2£0.6 82+ 20 515 55+ 2 454.38
M3 | 500£27 | 1464+11 | 38£13 | 19£3 26.5£0.9 59+5 155+ 2 59+1 454.36

Table 2.1.: Reported results of the global fit for three individual molecules, for
parameters as described in the text and Figure 2.13. The reported errors are
standard deviations from the global fit.

From the intrinsic depopulation rate of the triplet state the triplet lifetime can be
determined. For the average of the three molecules we find a triplet lifetime (v37) ™"
of the T, states of 8.5 = 0.4 ms and for the T, state a lifetime of 64 + 12 ms.
The average intersystem crossing rates are determined to be 532 + 26 s~! for the
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T,, states and 46 + 19 s=! for the 7, state. The relatively large uncertainty of the
parameters for the long-lived decay in Table 2.1 are likely related to the low photon
counts of the measurements at low power, at which we were able to extract information
about this state. At higher excitation intensities, the rISC parameter o dominated the
statistics. Likely, the dominance of o leads to a convergence of the triplet depopulation
rates of the T, and T substates, which causes the two exponential decays to start to
overlap, becoming indistinguishable. Other variations between the results in Table 2.1
might be caused by heterogeneity of embedding sites, orientations and defects of the
polycrystalline samples. When the rISC parameter « is corrected for the variations in
saturation intensity, the average increase of the triplet depopulation rates is about 18 s~!
per saturation intensity.

The triplet lifetimes that we find are significantly longer than reported in the literature,
ie. 3.0 ms and 19 ms for non-deuterated perylene in 0o-DCB? or 1.1 + 0.5 ms in
n-nonane.” The increased lifetime is likely caused by the deuteration of the perylene
molecule.’* In general, the triplet lifetimes are reported to be longer for perdeuterated
fluorophores compared to their non-deuterated analogues.?* For perylene-d12 dissolved
in PMMA, the triplet lifetime was found to increase by a factor of 2.3 (298 K) compared
to perylene-h12.2* Other parameters, such as triplet yield, are more comparable. From
the ISC rate and the fluorescence lifetime we calculate a triplet yield by the equation
&7 = 7r(k3Y + k3;) and we find a value in the order of 3 x 1075, which is equal to
the triplet yield found for perylene-h12 in 0-DCB.3

The reason for efficient rISC taking place in this particular matrix, as opposed to
other matrices that have been used for perylene or many other guest molecules, remains
unknown. Only for terrylene in p-terphenyl, rISC was observed at temperatures above 50
K, but was absent or negligible at lower temperatures.>>*® The most commonly proposed
pathway for rISC involves an intramolecular intersystem crossing, i.e., a spin-flip process
when the perylene molecule is in a high triplet level.?”?® In higher excited states, the
density of vibrational states in both multiplicities makes it easy to achieve resonance
between triplet and singlet levels, leading to relaxation to the lower singlet states. The
large 77 — Ty energy gap and the energetic proximity of 7 and Sy could favor
rISC over an internal conversion process from T to T 28 In addition, this internal
conversion could be a bit more suppressed due to the deuteration of the molecule. There
might be also a role of the matrix, such as that the relatively heavy sulfur atom of the
matrix molecule could further help couple singlet and triplet states, particularly in the
more delocalized orbitals of the higher excited states.?’ If this triplet-to-singlet transition
is fast enough, the rISC rate would be dominated by the optical excitation of the 77,
and T, states, leading to the same rISC rate for all the three triplet sublevels. Finally,
the efficiency of rISC does not appear to vary significantly from molecule to molecule.
However, the rISC process could be of use while doing spectroscopic studies on the
excited triplet states by not using the optical fluorescence-exciting beam to induce rISC,
but by using a secondary tunable beam?’ or a time-gated double excitation method to
determine the quantum yields of the Ty to Sy rISC? (see scheme in Figure 2.15). The
rISC process might also be harnessed for a better control of triplet blinking in view of
fluorescence super-resolution STORM schemes at low temperature.3%-32
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2.4. CONCLUSION AND OUTLOOK

n this chapter, we have demonstrated that dibenzothiophene is an appropriate matrix

for perylene. The spectral lines of perylene are relatively stable and the 0-0
zero-phonon lines have a near lifetime-limited linewidth. Moreover, at higher excitation
intensities, the fluorescence signal from single perylene molecules is on par with other
bright systems commonly employed as lifetime-limited single-molecule emitters. That
is a direct consequence of reverse intersystem crossing (rISC) that allows the recovery
of the molecule from the long-lived triplet state and at least quadruples the detectable
fluorescence rate. By studying the autocorrelations of fluorescence time traces we were
able to estimate the intrinsic triplet lifetimes of deuterated perylene to be 8.5 + 0.4 ms
for the T, -states and 64 + 12 ms for the 7.-state. In addition, we were able to quantify
the effect of rISC on the depopulation rate of the triplet states.

TN Pulse at 454 nm : Sy — S

Pulse > 454nm : T1 — TN

krym Delay T I
t
‘ ‘ Fluorescence
t

Prompt Delayed

Figure 2.15.: Proposed pump-probe experiment on single perylene molecules or
ensembles to determine rISC efficiency as a function of wavelength. The
experiment starts with an initial laser pulse tuned to the resonance of the
Sp — 51 transition. Through intersystem crossing (part of) the molecule(s)
end up in the triplet state 7;. A second short pulse, off-resonant with
the Sy — S transition and delayed enough for prompt fluorescence to
have decayed significantly, is used to probe resonances in the 77 — Ty
transition. Successful transfer of the population from 77 — Si, through
TN, would give rise to delayed fluorescence, with near-unity quantum yield.
This would in principle allow the measurement of a 77 — T absorption
spectrum as a function of the delayed fluorescence signal obtained through
the rISC process. Separation of prompt and delayed fluorescence can be
handled using an optical chopper as described in Chapter 3. When the rate
of absorption in the triplet, k1, 7, and the rISC rate, k1, _,s,, are known,
the non-radiative rate kr, _,1, could be determined from experiment.

The demonstrated effect of rISC, never observed at such low temperatures and with
narrow resonances, could be used in the future to study the higher triplet states of
perylene, by using a second tunable laser beam that probes the rISC efficiency as a
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function of 7; — Ty absorption, while similar to studies of anthracenes,” a time-gated
double-excitation method as described in Figure 2.15, could be used to determine the
quantum yields of rISC. Finally, it would be interesting to find out if rISC would be also
present in hydrogenated perylene, in order to see if the change in vibrational energies
between perdeuterated and hydrogenated perylene is a reason why rISC has never been
observed before for perylene in other systems.

In the next chapter, we will proceed with our new host-guest system to find out
whether we can detect phosphorescence from the triplet states.
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THE PHOSPHORESCENCE OF
PERYLENE

In this chapter, I will show how we used the dibenzothiophene host matrix to enhance
the phosphorescence signal from embedded perylene-d12 molecules. We excited the
host molecules with UV light from a mercury light source and we observed a strong
phosphorescence signal due to strong intersystem crossing of the host at liquid helium
temperatures. At a slightly raised temperature, the triplet excitons are found to
transfer efficiently to impurities in the host matrix. With a high doping level of
perylene-d12 in very pure dibenzothiophene, most of the triplet excitons found their way
to perylene-d12, which resulted in a detectable phosphorescence signal. The triplet state
of perylene-d12 is found to be around 784.2 nm (air) or 12,756 cm™' (vacuum) for the
main spectroscopic site.

37



38 3. The phosphorescence of perylene

3.1. INTRODUCTION
3.1.1. SCHEME FOR PHOSPHORESCENCE DETECTION

n the previous chapter I introduced the new host/guest system of perylene-d12 in a

dibenzothiophene crystal. In this chapter, I will continue with this matrix and report
on the triplet state energy. As discussed in the previous chapter, interesting triplet
dynamics are observed for this system in the form of reverse intersystem crossing (rISC),
acting as a separate pathway for the depopulation of the triplet state. However, these
particular dynamics could make it difficult to detect phosphorescence from intersystem
crossing from the singlet excited state S; to the triplet state 77, as many triplets could
be lost by rISC. Fortunately, the excitation scheme that we have in mind, shown in
Figure 3.1, avoids this depletion channel by exciting the host molecules, rather than the
guest molecule itself.

30,000 cm™-_29,923 cm™

Sl A Intersystem Crossing : ’
24 2921c1m'1 ° )
S 22,017 cm™
1
20,000 cm™- g
g Dexter
S Energy
s Transfer
=
= 12,756 cm™
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< c
3 2
o » Q Gd
: : : : 5
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0cmt SO - - SO
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Figure 3.1.: Energy level scheme of perylene-d12 in dibenzothiophene. The energy
levels of dibenzothiophene are known from the literature! The Sy — Sy
energy gap of perylene-d12 was derived from the emission spectrum in
Figure 2.4 of Chapter 2 and the Sy — 71 energy gap is derived from the
phosphorescence spectrum in the present chapter. The excitation scheme
relies on a UV excitation (< 334 nm) of the singlet excited state of
dibenzothiophene, followed by an intersystem crossing to the triplet state of
dibenzothiophene. The excitonic energy may then be transferred to perylene
through Dexter energy transfer, where upon the excited triplet of perylene
may release a phosphorescence photon.

The excited singlets in the host may decay back to the ground state or form triplets
by intersystem crossing (ISC). The ISC rate in dibenzothiophene was found to be
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enhanced, likely due to a heavy-atom effect of the central sulfur atom and possibly
helped by the relatively small S; — T} energy gap (about 5,632 cm~1!). For this reason,
dibenzothiophene and related compounds have for instance been used in complexes to
achieve efficient room-temperature phosphorescence.? After the formation of triplets, the
triplets may be transferred by a Dexter energy exchange® to the perylene molecule. The
Dexter energy transfer decays exponentially with the distance between the perylene and
dibenzothiophene molecule, due to its dependence on wavefunction overlap. Due to the
very large gap between T3 of dibenzothiophene and 77 of perylene, found to be around
11,536 cm™1, it is hard to predict whether this process will actually happen efficiently.

3.2. EXPERIMENTAL

3.2.1. PHOSPHOROSCOPE SETUP

A s phosphorescence is a significantly weaker signal than fluorescence, the two
signals have to be separated to avoid that fluorescence would saturate the spectrum.
Fluorescence is typically very short lived, for perylene in the order of nanoseconds.
The phosphorescence is much longer lived, and for example for perylene the triplet has
about a 6 orders of magnitude longer lifetime than the singlet. Hence, imposing a short
delay between the excitation signal and the detection signal can allow us to filter out the
weak phosphorescence signal out of a very strong fluorescence background. The setup
(usually called a phosphoroscope, see Figure 3.4) we built to this goal makes use of an
optical chopper, which is a rotating wheel with open and closed parts. In our setup we
made use of a very simple chopper wheel, that was modified to have a ”pac-man” shape,
having an opening of 25% of the surface area, while the rest blocks light. This design is
shown in Figure 3.2.

The chopper module consists of a 418F optical chopper and control module from
Bentham. This module optically measures the chopper frequency and has an internal
circuit to balance the rotation frequency. In the configuration shown in Figure 3.2, the
excitation and detection beam are positioned at each side of the chopper. With both
beams at the same height, the excitation and detection windows are delayed by a fourth
of a rotation cycle. Also, the duration of the excitation and detection windows are a
fourth of a rotation cycle.

For the excitation we made use of a 100 W (electrical power) mercury lamp (Newport,
6281) that is fixed in a lamp housing (Oriel, 68810) and powered by a supply unit
(Newport, 69911). The old lamp was replaced by a new one to make sure the UV part
of the spectrum was not degraded. The lamp housing collects and collimates the light
from the arc lamp using a concave mirror and collimation lenses at the output. The light
intensity was measured in the 440-460 nm region using a power meter and indicated an
integrated intensity of 2.5 mW. Unfortunately, the power meter could not measure UV,
but the light could easily be seen as blue fluorescence from white paper. To separate
the UV light from the rest of the spectrum, we used a FSR-U340 filter that has the best
transmission below 340 nm. However, the filter transmission already starts to decay
below 300 nm. The spectrum of the mercury lamp, as transmitted by the filter, is shown
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Figure 3.2.: Schematic of the optical chopper scheme. The excitation and detection beam
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are located at opposite sides of the chopper, which has an open part over
a quarter of its area. The rotating chopper makes sure there is a delay of
about % of a full rotation between the excitation and detection windows to
remove unwanted short-lived photoluminescence, in particular fluorescence.
The excitation and detection cycles are shown in a square wave profile on
the right. The signal, shown schematically in blue for fluorescence and red
for phosphorescence is strongly exaggerated in terms of timescales, as the
fluorescence decays six orders of magnitude faster than the phosphorescence
of perylene.
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Figure 3.3.: Spectral lines of the mercury lamp that were transmitted by the filter

that was used at the excitation side (FSR-U340). All the spectral lines
below approximately 334 nm are used for the Sy — S; transition of
dibenzothiophene. The spectral lines above 334 nm could still excite the
much weaker Sy — T3 transition of dibenzothiophene.

in Figure 3.3. For an excitation of the host’s singlet we need light of a wavelength that
is shorter than 334 nm. Thus, the set of spectral lines around 289 nm, 297 nm, 313 nm
and 333 nm are likely the most efficient for the excitation of the singlet.

To minimize losses of UV light in the excitation path we made use of aluminum
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Figure 3.4.: Schematic of the phosphoroscope. Starting from the top right: The
collimated light from the mercury arc lamp is filtered to pass the part of the
mercury spectrum as shown in Figure 3.3. The UV light is then focused on
the chopper, while the beam is cleaned with an aperture. After a focusing
lens, the light enters the cryostat from below, passes through the three fused
silica windows, and hits the sample with a few mm beam shape. The
phosphorescence is collected from the side of the cryostat by a large lens,
where further on the emitted light is collimated and again focused onto
the chopper and cleaned up by an aperture. Finally, the phosphorescence
hits the detector of the spectrometer. Not shown here is the extensive
shielding placed between the two light paths. It is important that no light
leaks from the excitation path to the detection path, as it can blur weak
phosphorescence signals on the spectrometer.

mirrors, which instead of silver has a higher reflectivity in the UV region. Similarly, we
used fused-silica lenses to improve UV transmission. A set of two lenses of that type
are used in the excitation path. The first lens is used to focus the light on the chopper
wheel. The second lens refocuses the diverging beam towards the sample, where the UV
light enters the cryostat via fused silica windows. In the detection path we made use of
silver mirrors and lenses optimized for the NIR, which is the region where we expect
the phosphorescence to be. The light is then focused on the slit of the spectrometer. A
slit size of 0.1 mm and a 600 lines/mm grating were the standard settings used for the
detection of phosphorescence.
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3.3. RESULTS AND DISCUSSION

3.3.1. PHOSPHORESCENCE OF DIBENZOTHIOPHENE

t temperatures of liquid helium and lower, achieved by filling the sample

chamber with helium and reducing the pressure, the phosphorescence signal of
dibenzothiophene is clearly resolved. A high resolution spectrum of the delayed emission
is shown in Figure 3.5. The spectrum is characterized by sharp lines (around 8 + 2
cm~! in width) and a clearly resolved vibronic structure, only weakly inhomogeneously
broadened. The vibrational fingerprint of this spectrum has been assigned before.! The
origin of the sharp lines is likely related to emission from isolated defect sites, sometimes
called X-traps.!*° It was reported though that the phosphorescence of high-quality
crystals could be observed at temperatures up till 77 K, which was not the case for our
crystals. This might be related to the doping of the crystals with perylene-d12, the poorer
crystallization due to fast quenching and/or other impurities in the crystal. The poorer
quality of our crystals is also reflected by the larger inhomogeneous broadening of the
lines in Figure 3.5, which was reported to be around 1.5 cm~! for high-quality crystals.*
The chemical origin of dibenzothiophene might be also different for the commercial
dibenzothiophene that we used. In the literature, the dibenzothiophene was synthesized
by a reaction of elemental sulfur with highly-purified biphenyl.* This route may avoid
the formation of some impurities that we have detected in our samples.
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Figure 3.5.: Delayed emission spectrum of dibenzothiophene crystals doped with
perylene-d12. The spectrum is recorded at 2 K, where the excited triplet
remains trapped on the host molecule. The integration time of the spectrum
is 6 minutes, taken with a 0.1 mm slit size and 1200 lines/mm grating. The
spectrum is recorded in the second order of the grating to obtain a higher
resolution. The first peak in the spectrum was chosen as the origin of
the spectrum, with the relative energy of the vibrational peaks indicated in
wavenumbers (cm™!).

In addition to the high-resolution settings for the spectrum in Figure 3.5, we also
recorded the dibenzothiophene phosphorescence spectrum with the same settings at
which we would record the phosphorescence spectrum of perylene. The integrated
intensity resulted in a signal on the order of 7.7 million counts per second. This
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intensity was more than enough to record the phosphorescence decay over time with a
single-photon counter. To record the decay of the phosphorescence signal, the chopper
was removed and a mechanical shutter was placed in the excitation path. The measured
decay of the phosphorescence signal in Figure 3.6 reveals that the triplet state is very
long lived. The phosphorescence decay curve is best fitted with a sum of three
exponentials, though two of them have quite close decay times. The short components
in the decay curve have lifetimes of 0.24 + 0.03 s and 0.68 = 0.01 s, while the long
decay has a lifetime of 4.7 + 0.3 s. The two short lifetimes could be related to the 7
and T}, sublevels of the triplet, while the long lifetime likely belongs to the T, sublevel.
In the literature, the phosphorescence lifetimes of dibenzothiophene were measured to
be 0.29 £ 0.02 s for T}, 0.36 + 0.02 s for T}, and 9.1 + 0.8 s for T,.* These individual
rates, with two of them very close in time, could be established by microwave-induced
delayed phosphorescence (MIDP) experiments, which rely on the saturation of triplet
sublevels by inducing a microwave transition to that particular sublevel.® However, the
close proximity of the T, and T, sublevels makes it unlikely that we can distinguish
them from the phosphorescence decay and it might be possible that some impurity
affects the decay curve, which is measured in the region of 440-460 nm, due to a lack
of available filters in the violet region of the visible spectrum.
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Figure 3.6.: Phosphorescence decay curve of dibenzothiophene crystals at 2 K. The
integration time is 10 ms per point, measured in the spectral region
determined by a band pass filter between 440-460 nm. The red curve is a
fit by a sum of three exponential decays.

3.3.2. PHOSPHORESCENCE OF PERYLENE

bove the temperature of liquid helium, in the region of 4-8 K, the phosphorescence

of dibenzothiophene starts to decrease. At this point, the excited triplets will
behave as excitons and are able to migrate to deeper traps, which could be perylene
molecules or other impurities. In fact, impurities are found to be a limiting factor in
some of the experiments. Hence, the concentration of perylene with respect to the
concentration of these impurities has to be optimal. Therefore we used a relatively high
concentration of perylene-d12 dopant molecules, of around 100 pmol/mol. The location
of the dibenzothiophene material in the zone-refining tube was important as well, which
is related to the gradients in impurity concentrations along the length of the tube. In
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several experiments, the material came from a different position and led to very different
results, as each time a different impurity was dominating. Only in the cleanest material
were we able to detect the phosphorescence of perylene.
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Figure 3.7.: Phosphorescence spectrum of an impurity of dibenzothiophene. Note that
the structure of the spectrum is very similar to that of dibenzothiophene.
Hence, this is likely a molecule with a related chemical structure. In
fact, the vibrational fingerprint matches that of fluorene.” The structure of
fluorene is shown on the top right. Compared to dibenzothiophene, the
central sulfur atom has been replaced with a carbon atom, terminated with
two out of plane hydrogen atoms.

A phosphorescence spectrum of an impurity that we could identify is that of fluorene,
shown in Figure 3.7. This impurity is not detected in any of the other samples. The
dibenzothiophene material that was used in this experiment was extracted closer to the
dirty end of the zone-refining tube. Similarly, in other experiments we found two
unknown impurities that are phosphorescing. The spectra of these impurities are shown
in Figure 3.8. The unidentified compound in Figure 3.8b shows phosphorescence in
the most red-shifted region observed so far. The 0-0 zero-phonon line at 672.5 nm
indicates that energy was transferred from dibenzothiophene’s triplet to the triplet of this
compound, bridging a gap of more than 9,400 cm~!. Hence, it may seem possible that
the even larger energy gap between the triplet state of dibenzothiophene and the triplet
state of perylene-d12 could be crossed as well.

With material from the purest part of the zone-refining tube, we again prepared
a high-concentration sample and repeated the measurement. In the phosphorescence
spectrum of this sample only an impurity phosphorescing around 475 nm was found
(Figure 3.8a), different from the impurities obtained in previous experiments. Although
a part of the triplet excitons are lost to this impurity, a relatively good signal could be
detected in the expected region of the perylene triplet. The measured spectrum, obtained
over the course of 45 minutes, is shown in Figure 3.9. This spectrum was superimposed
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Figure 3.8.: Phosphorescence spectra of unidentified impurities in dibenzothiophene.

Panel (a) shows a phosphorescence spectrum of an impurity found in the
experiment where we detected perylene-d12 phosphorescence as well. The
spectrum is very crowded with lines and might be mixed with another
impurity. Panel (b): Apart from perylene-d12, this was the most red-shifted
impurity found. The spectrum is different in shape and crowdedness
compared to the spectrum of dibenzothiophene in Figure 3.5, the spectrum
of fluorene in Figure 3.7 or the spectrum in (a), but resembles more

closely a spectrum of a general aromatic compound, without heteroatoms.

Unfortunately, the tail of this spectrum stretched all the way into the region
of the phosphorescence of perylene-d12, which made this sample useless for
the detection of the perylene-d12 triplet energy.

on a strong tail of non-structured delayed luminescence (either phosphorescence or
delayed fluorescence from triplet-triplet annihilation). The tail was subtracted by fitting
a baseline to it. The origin of the spectrum appears at 784.2 nm or 12,756 cm™!,
which is calibrated using a Krypton spectral lamp. The full-width-at-half-maximum of
the 0-0 ZPL is around 34 + 4 cm™!, which is larger than the linewidth detected in the
ensemble fluorescence spectrum in Figure 2.4 of Chapter 2. However, the much higher
concentration is likely the cause of the broadening. Though the spectral lines correspond
with the vibrational fingerprint of perylene-d12, the line shifted by 69 cm~!, which can
be observed for all other vibrational peaks as well, is not observed in the fluorescence
spectrum. It might be a phonon mode or a different spectral site that was not observed
with selective excitation when recording the ensemble fluorescence spectrum. Unlike
the selective excitation used for molecules in the fluorescence spectrum, the migration
of triplets from the host to perylene-d12 would probably not depend strongly on the
energetic position of the perylene-d12 molecules. In section 3.3.3, the possibility of the
existence of other sites is studied further and compared to fluorescence spectra.

The location of the triplet state at 12,756 cm™! compares well to the position of the
triplet found in anthracene as a host,® which was found at 12,844 cm~!. The slight
blue-shifted triplet state in anthracene was also observed for the singlet state, which
was located at 22,263 cm™!, compared to 22,017 cm~! in dibenzothiophene. The most
red-shifted triplet energy was found in the pure crystal of perylene,’ at 12,372 cm™!.
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Figure 3.9.: Phosphorescence spectrum of perylene-d12 at a chopper rate of 18 Hz,
imposing a delay of 15.6 ms between excitation and detection cycles. The
integration time is 45 minutes in total, recorded in two sections, where single
spectra are taken at a 3 minute integration time and subsequently merged.
The individual spectra are used to remove cosmic rays by substitution. The
vibrational fingerprint closely resembles that of the fluorescence spectrum
in Figure 3 in Chapter 2, but the lines are much broader due to the high
concentration of perylene-d12 and possible mixture of multiple spectroscopic
sites (see section 3.3.3).

The integrated intensity of the spectrum gives an average phosphorescence signal
of 1000 counts per second. Given that this spectrum is recorded with the same
settings as used for estimating the phosphorescence signal of dibenzothiophene we can
make a crude estimate of the probability of energy transfer from dibenzothiophene to
perylene-d12. However, we need to estimate the quantum yield of phosphorescence as
well. Assuming a radiative lifetime (75¢9)~! in the order of 30 s, which was found to
be a good approximation for many polyaromatic hydrocarbons,'®!! we can estimate a
quantum yield ¢, through the following way:

rad.
5

Gph = 21— (3.1)
V31

Here the rate 3, is the depopulation rate of the triplet state. From the phosphorescence
decay of dibenzothiophene in Figure 3.65 we can estimate that for the T, and T, state,
the triplet depopulation rates will likely be in the order of 2-4 s~! and for the T, state
in the order of 0.2 s~!. This results in an estimated phosphorescence quantum yield of
0.8-1.6 % for the T}, and T, state and about 16 % for the T, state. These estimates do
not differ much from the reported phosphorescence quantum yield at room temperature
for dibenzothiophene, which was found to be in the order of 2-3 %.!? Similarly, for
perylene we estimate a phosphorescence quantum yield of 0.03 % for the T3, sublevels
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and 0.2 % for the T, sublevel. Given that we have phosphorescence quantum yields for
perylene and dibenzothiophene, we can estimate the probability for energy transfer by:

¢dbt N, P __ 1o
Gpr Nape L, 3-2)
where Ng; and N, are the detected phosphorescence signals for respectively
dibenzothiophene and perylene. The calculated rate is relatively high, considering that
most triplets end up in impurities that are contributing to the strong background in the
phosphorescence spectrum and to a structured spectrum at shorter wavelengths, shown in
Figure 3.8a. A possible explanation is that not merely the 7} of perylene is involved in
the transfer, but possibly also the 75 state. A theoretical study of the electronic levels of
perylene found that the T state is about 0.2 eV above the singlet excited state S;.'3 For
perylene in dibenzothiophene this would mean that the 75 state could be located around
23,600 cm—!, which is just below the 77 state of dibenzothiophene and therefore could
provide an additional channel for Dexter energy transfer between dibenzothiophene and
perylene (see diagram in Figure 3.10).
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Figure 3.10.: The literature reports'® that there might be a second triplet excited state 7%
of perylene, which is only 0.2 eV higher in energy than the singlet excited
state S7 of perylene. The energy of T5 would therefore be slightly lower
than 7T of dibenzothiophene and therefore 75 of perylene may participate
in the energy transfer between dibenzothiophene and perylene.

We also attempted to measure a phosphorescence decay of the spectral region around
780 nm, but the strong background made it difficult to separate the part that can
be attributed to perylene-d12. Therefore, we tried to estimate the phosphorescence
decay by varying the chopper rate and measuring the integrated intensity of the
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phosphorescence spectrum. Based on the chopper frequency we measure the area under
the phosphorescence decay curve, which can be derived by integration:'*

1/4

1o n
2 Airi(eef — 1
p,,f/ ZA@ wdt = fz s ), (3.3)

eelmi

where f is the chopper frequency, C' the period and the sum constitutes the individual
exponential decays with characteristic times 7; and amplitude A;.
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Figure 3.11.: Panel (a) shows a schematic representation of the measured integrated
intensity of the exponential decay of phosphorescence in terms of the time
per cycle. At an increased chopper rate the integrated area moves to the
left. In steady state, the decay curve is represented by the shown formula.
Panel (b) shows the integrated intensity of perylene-d12 phosphorescence
measured in a single spectrum at various chopper rates. The integration
time per point is 120 seconds and the line is a fit of the data to equation
3.3. The best fit is obtained by a sum of two exponential decays.

The two-component fit results in phosphorescence lifetimes of 18 £ 4 ms and 144 +
58 ms. This is significantly longer than what we find in single-molecule experiments
(see Chapter 2): 8.5 = 0.4 ms and 64 = 12 ms. However, the uncertainty of the fit in
Figure 3.11b is much more significant. In addition, each data point is extracted out of
a recorded spectrum, which is superimposed on a strong phosphorescence background
with its own time characteristics. By varying some parameters in the isolation of the
perylene phosphorescence spectrum from the large background, it was observed that the
fit is strongly affected by the value of the points at low chopper rates. These data
points are also more uncertain due to the weak signal in the spectra. However, it
might be possible that there is some characteristic time delay between the formation of
triplet excitons in dibenzothiophene and their migration to perylene-d12. Despite the
uncertainty of the phosphorescence lifetimes, the approximate ratio of the two lifetimes
does match well with the ratio found in single-molecule experiments.
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3.3.3. POSSIBLE EXISTENCE OF MULTIPLE SITES
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Figure 3.12.: Panel (a) shows a 6 MHz resolution broad range excitation spectrum of
a single diffraction-limited focal area in a dibenzothiophene crystal doped
with a low concentration of perylene-d12. The scan has a gap around 453
and 453.5 nm, while the rest was recorded. All the peaks are signatures
of fluorescence from single molecules and obvious clustering into specific
sites is present. Panel (b) shows the average number of molecules detected
in a bin of size of 0.07 nm. A total number of 527 molecules are identified.

Ithough the ensemble fluorescence spectrum in Figure 2.4 of Chapter 2 does not

reveal the existence of other spectroscopic sites, the peaks in the phosphorescence
spectrum in Figure 3.9, unaccounted for by vibrations (such as the one at 69 cm™1!),
could be a signature of other spectroscopic sites. Therefore, we studied excitation
spectra of perylene-d12 in dibenzothiophene in more detail with another laser that was
not present during the studies reported in chapter 2. With this laser (Sacher diode laser
with tuning range of about 442-447 nm) we had easier control on scanning large spectral
ranges, while avoiding manual adjustments that were necessary with the other laser. A
large scan from 452.5 nm up to 456 nm, with a gap between 453 and 453.5 nm, reveals
that single perylene-d12 molecules are present in a large spectral range. The main site
around 454 nm is present in the scan. However, also additional sites around 452.5 nm
and 455.5 nm are revealed. Both sites are approximately 70 + 10 cm ™! shifted in energy
with respect to the main site’s origin, which is very close to the peak at 69 cm™! in the
phosphorescence spectrum. Assuming that both the singlet and triplet states would shift
by a similar amount of energy for the sites, the 69 cm~! peak could indeed represent
another spectroscopic site, possibly the one around 455.5 nm. This site would have a
triplet state around 12,687 cm™! (vacuum) or 788.4 nm (air). Alternatively, it could
be that the second bump in the phosphorescence spectrum, around 145 cm™! shifted
from the main peak, thus at 12,611 cm™! (vacuum) or 793.2 nm (air), is actually the
phosphorescence from the red-most site at 455.5 nm. In that case, the main peak could
correspond to the site around 452.5 nm, which does show a significant population in
the histogram of Figure 3.12b. This has to be considered when looking for the triplet
resonances on a single-molecule level.
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3.4. CONCLUSION AND OUTLOOK

y excitation of dibenzothiophene’s singlet excited state we have shown that there

is efficient transfer of triplet excitons, acquired through intersystem crossing in the
host, to the perylene-d12 molecules. However, the measurements have shown that the
outcome of this experiment depends heavily on the quality of the dibenzothiophene.
Only in the purest samples we were able to obtain a clear phosphorescence spectrum
of perylene-d12, with a vibrational signature that confirms it. In addition, the
phosphorescence spectrum reveals peaks that are not accounted for by vibrational peaks
in the fluorescence spectrum. This could point to the existence of multiple spectroscopic
sites, which are likely present, as observed in a broad-range excitation spectrum,
measured by fluorescence.

The experiments could be refined by obtaining dibenzothiophene from a source that
contains less impurities that are difficult to remove by zone-refining, for example
by synthesis that already involves less impurities, such as the identified fluorene.
In that case, the concentration of perylene-d12 could be significantly reduced in
order to suppress inhomogeneous broadening in the spectrum and obtain a clearer
phosphorescence spectrum. Moreover, the inhomogeneous broadening could be further
reduced by improving the quality of the crystals by using co-sublimation techniques.

The spectroscopic studies on perylene’s phosphorescence could be further extended
by using microwaves to transfer populations of all the triplet sublevels to any of
the single triplet sublevels, while measuring the phosphorescence spectrum as a
function of microwave frequency and chopper frequency, based on microwave-induced
delayed phosphorescence experiments. This way, changes in the quantum yield of
phosphorescence can be measured while the population is transferred between triplet
sublevels, as well as the ensemble-averaged zero-field splitting between the sublevels.
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SINGLE MOLECULESIN A 2-D
ELECTRIC FIELD

In this chapter a new host matrix for terrylene molecules, called [1]BenzoThieno/3,2-
b]BenzoThiophene or shortly BTBT, is the center of study. We show that the insertion of
terrylene inside a single crystal of BTBT leads to a non-centrosymmetric arrangement
of host molecules around the terrylene molecule. In experiments, this comes forward by
a moderately strong linear response to an electric field, caused by a change in dipole
moment between ground and excited state of about 0.28 + 0.09 Debye. In order to
additionally resolve the direction of permanent dipole moments between the ground and
excited state we made use of a simple geometry of electrodes that allowed us to direct
an electric field at all in-plane angles.

The contents of this chapter are published in: R. Smit, Z. Ristanovic, 1. Deperasinksa, B. Kozankiewicz
and M. Orrit, Probing the in-plane dipole moment vector between ground and excited state of single
molecules by the Stark effect, ChemPhysChem 2024, 202300881
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4.1. INTRODUCTION

4.11. THE STARK EFFECT

sing molecular probes to sense electric fields at the nanoscale is a well-studied

technique that started with cell membranes' and hole-burning experiments.> The
interaction of a fluorescent molecule with an electric field manifests itself through a
linear and/or quadratic shift of the optical resonance with field strength. The total shift
of the optical resonance in an electric field perturbation is expressed as follows:
EAW.E

hAv = —AfL.E — , (4.1

N | =

where Aji is the permanent dipole moment vector and A o is the polarizability tensor,
both measured as the difference between those quantities in the ground and excited state.

Usually, the quadratic Stark effect is dominant in the case the molecule under study
is centrosymmetric, which is the case for the commonly-studied molecules in cryogenic
single-molecule spectroscopy. Moreover, the quadratic Stark effect is always (ignoring
exotic exceptions) negative and therefore the molecule’s resonance can only shift in
one direction. This is not a constraint for the linear component of the Stark effect,
but it requires non-centrosymmetry. This can be achieved in two ways. One of
them is changing the structure of the molecule by chemical substitutions, such that
symmetry is broken.® However, chemical substitutions may lead to unfavourable changes
in photophysical properties, such as an increased intersystem crossing rate and/or
changes in triplet lifetimes. Another possible consequence of chemical substitutions
is an increased electron-phonon coupling, which can negatively influence the strength
of the zero-phonon line.> The alternative to chemical substitutions is the insertion of
the centrosymmetric molecule into an environment consisting of a non-centrosymmetric
arrangement of host molecules. This so-called host- or matrix-induced asymmetry has
proven to yield the best of both worlds and effectively maintains the photophysical
properties of the guest. For dibenzoterrylene (DBT), doped into a 2,3-dibromonapthalene
(DBN) matrix, the symmetry-breaking property of the host leads to a high linear
Stark coefficient of 1.5 GHz/(kVem™!) at a narrow lifetime-limited linewidth of about
37 MHz.* Even higher linear Stark shifts have been observed in semi-crystalline
polyethylene doped with terrylene.’ However, unlike the aforementioned DBT in a DBN
crystalline matrix, the linear Stark coefficients in the polymer matrix were broadly
distributed due to disorder, while the optical resonances of the molecules were unstable.®

The sensitivity of molecules to electric fields, for instance for DBT in DBN, is large
enough to detect a single charge at a distance of a few hundred nanometer and could
compete with the charge sensitivity of single-electron transistors,’” while avoiding
complex fabrication techniques. Moreover, with many molecules as electric field sensors
inside the crystal, a charge could in principle be triangulated by mapping its electric
field.” However, despite narrowly-distributed linear Stark coefficients, the dipole vectors
of single molecules can orient in several directions due to symmetry of the insertion
site. In the case of DBT in DBN this results for instance in four different in-plane
orientations,* which are spectroscopically equivalent and typically hard to distinguish
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with polarized excitation. In order to reliably triangulate single electrons or map electric
fields by both direction and magnitude, the specific orientation of each molecule’s dipole
vector would have to be known.

In this work, we examine a method to determine for each molecule the angle and
magnitude of the dipole vector. Using a quadrupole arrangement of electrodes we
vary the direction of a mesoscopic electric field and measure the frequency shift of
the molecule. This particular arrangement of electrodes has for instance been applied
to defects in SiC!° or on NV centers in diamond.!! To test this proof of principle
on molecular crystals, we performed these experiments on a novel host matrix for
single terrylene molecules, namely unsubstituted [1]BenzoThieno[3,2-b]BenzoThiophene,
which will be abbreviated as BTBT from now on. We will show that the insertion of
terrylene into a BTBT single crystal leads to a relatively strongly broken symmetry,
inducing a dipole moment between ground and excited state of terrylene by about 0.28
+ 0.09 Debye. We complement our study by measurements of the spectroscopic and
photophysical properties of terrylene in this new host matrix. Furthermore, we determine
the orientation of terrylene molecules with polarized excitation and link these studies to
quantum chemistry calculations on possible insertion sites for terrylene.

4.2. EXPERIMENTAL

4.2.1. CRYSTAL PREPARATION AND TRANSFER

TBT was synthesized and purified by prof. Boleslaw Kozankiewicz from the
B institute of Physics in Warsaw. All the procedures of synthesis and purification of
BTBT are described in this paper.'? Single crystals of BTBT doped with terrylene were
obtained through co-sublimation in a 0.2 bar argon gas atmosphere at a temperature
of about 200 °C, slightly below the melting point of BTBT (217-218 °C). The grown
crystals have the form of thin plates of a few tens of um thick and a surface area of
about 10 mm?2. The fragile BTBT crystals were picked up with a sharp glass tip and
deposited on the sample. With a small droplet of vacuum grease (Apiezon) it was made
certain that the crystals remained in place during the cooldown with liquid helium.

4.2.2. PREPARATION OF QUADRUOPLE ELECTRODES

The four electrodes (see Figure 4.8) were patterned by e-beam lithography on
a SiOz-coated (300 nm) p-doped Si wafer (University Wafer) covered with a
spin-coated bi-layer resist (400 nm PMMA 600 kDa and 250 nm PMMA 950 kDa).
Both layers were cured for two minutes on a hot plate at 180 °C. After development of
the exposed patterns and submersion in a 1:3 MIBK:IPA solution for 30 seconds, the
structures were established by evaporating a 5 nm Cr adhesion layer and an 80 nm Au
layer. Excess metal was removed by lift-off in heated acetone (45 °C) under continuous
stirring. The metal pads were designed to be 0.75 mm apart from the junction area
in order to avoid the optical objective from potentially shorting the Al wires (50
pum diameter) that were bonded between 200 pm? gold pads and their corresponding
connections to the sample holder. The sample holder itself was connected to two analog
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outputs of an Adwin Gold DAQ card. The remaining two electrodes were shorted with
the ground plane.

4.2.3. CONFOCAL FLUORESCENCE MICROSCOPY SETUP

he measurements were acquired in a liquid-helium flow cryostat (Janis, SVT-200-5)

that can reach a base temperature of 1.2 K. The samples were illuminated through
a microscope objective (0.85 NA, Edmund Optics) immersed in the liquid helium, that
forms a part of a home-built confocal setup. For the excitation we used a tunable
Coherent 699 dye ring laser operated with Rhodamine 6G dye and pumped by a
Coherent Verdi V2 laser (5 W at 532 nm). The effective tuning range extended from
560 to 620 nm, while the output wavelength was continuously monitored using a High
Finesse WS6-200 wavemeter. Fluorescence was separated from the excitation light by a
615 LP filter (Chroma) and detected by either one or two (for Hanbury-Brown and Twiss
experiments) avalanche photodiodes (Excelitas, SPCM-AQRH-16). Fluorescence spectra
were recorded with a Horiba iHR320 spectrometer coupled to a liquid-nitrogen-cooled
Symphony II CCD detector. Time-correlated single-photon counting was performed
using a PicoHarp 300 from PicoQuant. For the start-stop experiments, a delay was
imposed on the stop channel by a programmable delay box (Ortec DB463). The linear
polarization of the excitation beam was controlled with a half-wave plate (Thor Labs,
588 nm zero-order) after cleaning up with a linear polarizer. The polarization state of the
excitation beam was directly measured using a polarization analyzer (Schéfter+Kirchhoff
SKO10PA).

4.3. RESULTS AND DISCUSSION

4.3.1. LINE-NARROWING SPECTROSCOPY

he chemical structure of BTBT in Figure 4.1 shows that BTBT is an elongated
T aromatic molecule composed of two centro-symmetrically arranged thiophene rings
in between two benzene rings. The origin of the optical absorption of BTBT was
measured to be around 367.3 nm and the origin of the phosphorescence spectrum
was found at 483 nm.!? Therefore both the singlet and triplet excited states of BTBT
are higher in energy than the singlet excited state of terrylene (typically around 580
nm), avoiding quenching of the guest singlet by energy transfer to the host’s singlet
or intermolecular intersystem crossing to the host’s triplet.!> A fluorescence spectrum
of an ensemble of terrylene molecules in BTBT reveals the existence of at least
two spectroscopic sites (Figure 4.1). Multiple spectroscopic sites are not unusual for
terrylene in aromatic host matrices and were for example also found for terrylene in
para-dichlorobenzene,'* anthracene!® and p-terphenyl.'> The two sites we find are a blue
site with origin around 16,869 cm~! (593.0 nm) and a red site around 16,620 cm™!
(601.9 nm).

Based on the spectral intensities and the concentration of emitters in the fluorescent
images of BTBT crystals, the red site appears to have a much higher population than
the blue site (see Figure 4.2). In addition, the blue site is typically characterized by
a strong background, which is likely caused by a coincidence of the vibronic line at
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Figure 4.1.: Fluorescence spectrum of an ensemble of terrylene molecules in a BTBT
host crystal, excited through a vibronic transition at a wavelength of 582.5
nm. The 0-0 ZPL of a red site peaks at 16,620 cm~! (601.9 nm). Note
that a feature on the blue side of this line arises from molecules in a blue
site: origin at 16,869 cm~' (593.0 nm). The Debye-Waller factor of the
ensemble, as the ratio of the intensity of the 0-0 ZPL to the sum of the
intensity of the 0-0 ZPL and the phonon side band, is 0.27 + 0.03.
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Figure 4.2.: Fluorescence maps of BTBT crystals, measured at different excitation
wavelengths. In panel (a) the excitation wavelength was 591.95 nm. Panel
(b) is taken at 604.2 nm and panel (c) is taken around 601.3 nm. The
image in (a) corresponds to molecules in the blue site, while (b) and (c) are
corresponding to the red site. Note that the concentration of fluorescent
spots is much higher for (b) and (c), while the background is high in (a).

258 cm™! of the red site with the 0-0 zero-phonon line (ZPL) of the blue site. This
coincidence is noticeable from the fluorescence emission spectrum in Figure 4.1. The
sharp peak is the 0-0 ZPL of the red site, while a weak signal from the blue site is
visible around -249 cm~!. The difference in wavenumbers between the two sites is

indeed very close to the red site’s strong vibronic line around 258 cm~!. Noteworthy
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is that the red site’s spectral position is most red-shifted compared to previous studies
of terrylene, where the most red-shifted site was obtained in para-dichlorobenzene at
597 nm.'* Furthermore, the red site’s spectrum shows a splitting of the main vibronic
line at 255-258 cm™!. Such a splitting could be a signature of non-planar distortion of
terrylene’s molecular structure due to insertion in the BTBT crystal, which was similarly
observed for terrylene in naphthalene,'® though with a more pronounced splitting of 13
cm™!. As the red site is the most convenient site to study in terms of background,
a high population of terrylene molecules and as we will show next, a better spectral
stability as well, we will focus in our studies mainly on the red site.

4.3.2. PHOTOPHYSICAL PROPERTIES OF TERRYLENE IN BTBT
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Figure 4.3.: Spectral properties of single terrylene molecules. Panel (a) shows the
linewidth and fluorescence rate covered over four orders of magnitude in
laser intensity for a molecule in the red site, shown here along with fits
of the saturation intensity I;. The estimated saturation intensity is in the
order of 2 W/cm?. The red data points are the measured linewidths, which
are fitted to the broadening equation I'(I) = I'gy/1 + I/I;. The blue data
points are the measured fluorescence rates as a function of laser intensity,
fitted to F'(I) = Foo(I/15)/(1 + I/1,). Panel (b) shows another molecule
in the red site that was followed in real time for more than 20 minutes with
an integration time of 10 ms per point. Panel (c) and (d) show a molecule in
the blue site that couples to a two-level system (TLS), that induces spectral
jumps in the series of excitation spectra. Typical for TLSs, the jump rate
scales with the excitation intensity. Panel (e) shows a molecule in the blue
site that undergoes spectral diffusion upon increasing excitation intensities.
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s typically reported for terrylene-doped single-crystal matrices, most terrylene

molecules show an excellent spectral stability over longer time.'*!>!7 One example
of a spectrally-stable terrylene molecule is given in Figure 4.3b, which shows no spectral
diffusion over the measured time of about 20 minutes. Most molecules in the red site
are as stable as the molecule in Figure 4.3b, while unstable molecules tend to be more
abundant in the blue site. These instabilities are particularly characterized by spectral
jumps due to the presence of (tunnelling) two-level systems (see Figure 4.3¢ and 4.3d).
Furthermore, spectral diffusion at excitation intensities beyond saturation is present in
the blue site (Figure 4.3e). This might point to a photo-induced separation of charges in
the host crystal.'®
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Figure 4.4.: Distributions of homogeneous linewidths of molecules in the blue site for
panel (a) and molecules in the red site for panel (b). The excitation intensity
was kept below typical saturation intensities to avoid power broadening of
the resonances.

The homogeneous linewidth for the molecule in Figure 4.3a is about 67 + 5 MHz,
which is slightly broader than the narrowest linewidths found for terrylene in the red site:
about 54 MHz (see distribution of linewidths for the blue and red site in Figure 4.4).
However, a linewidth of 54 MHz remains broader than what is expected from typical
lifetime-limited terrylene molecules reported in other matrices: ranging from 35 up to 45
MHz.!"" To determine whether the homogeneous linewidth of 54 MHz is close to the
lifetime-limited value, we performed antibunching measurements on single molecules in
a Hanbury-Brown-Twiss configuration. We recorded the coincidence histogram of the
emitted fluorescence photons with the laser at resonance with the 0-0 ZPL using a 256
ps binning time, while delaying the stop-pulse by 36 ns. As expected, Rabi oscillations
appear at high laser intensities, shown in Figure 4.5.

Since the detection efficiency of our setup is around 1073, as determined previously
in Chapter 2, we can relate the coincidence histograms, for the given time frame, directly
to a correlation function.?! The correlation function for photons can be found by solving
the optical Bloch equations with the Laplace transform (see derivation in Appendix 1),
where we ignored contributions from the triplet state, which only adds photon bunching
at longer timescales. The background causes a deviation from zero at the dip and can be
taken into account by using the relation: ¢\)(7) =1+ @(9(2)(7) — 1), where

<I>
gg) (7) is the autocorrelation function that includes background, captured by the term B
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Figure 4.5.: Antibunching measurements on a single terrylene molecule at resonance
with the 0 0 zero-phonon line, recorded for around 5 minutes per histogram.
The three figures correspond to different excitation intensities, as units of the
saturation intensity of about 2 W /cm?, where the fitted Rabi frequencies
are given by 2. The red curves are fits of the experimental data to equation
4.2. The data and fit were normalized to approach unity at timescales »
T,. b) Fitted Rabi frequencies {2 as a function of the estimated optical
field intensity at the center of the focused Gaussian beam, using the
relation 2 = |p12||Eope|/h. The optical field intensities were estimated by
|Eopt| = /(4nP/mw?)), with n = \/po/(€oe,) being the wave impedance
with €, =~ 3, P the laser power corrected for losses and w the beam waist of
about 500 nm. Neglecting an angle between the transition dipole moment
p12 and the optical field E,,, the estimated transition dipole moment is
about 1 Debye. Later, we will show that the transition dipole moment is
estimated to be around 9.4 Debye using quantum-chemistry calculations.
The deviation could be partly explained by the usual overestimation of the
saturation intensity with respect to the true optical field at saturation.?’ ¢)
Fluorescence-autocorrelation functions reveal bunching at the us to ms time
scale due to intersystem crossing (ISC) to the triplet state. The two curves
represent data of single molecules in the red and blue sites, taken at about 3
times the saturation intensity. The data was fitted to a bi-exponential decay
of the form g®(7) = C; exp (—7/m1) + Ca2exp (—7/r2), with the obtained
parameters for both sites displayed in the image. The fit parameters show
a clear difference in contrasts C; and C5 among the two sites, while
characteristic time scales for 7, and 7 are almost equal.

in relation to the average fluorescence signal < I >. Finally, the normalized coincidence
histograms were fitted to the following correlation:!®-??
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(14_13)2 exp (7@(7{‘0 + v21)) % [(
<I>

7l + 21

9(r) =1- ) sin (Q7)+cos (27,

(4.2)
with 91 = 1/I} the decay rate of t}~1e excited state, wI'g = 1/I» as the inverse of
the coherence or dephasing time, and ) = %\/ 402 — 43, — (700)? + 27Lgy21, where

Q is the Rabi frequency (§2 = \ﬁlgﬁopt| /h). The slope of the exponential following
the dip is given by a sum of parameters that depend on 737 and 75, which makes
them difficult to separate from the antibunching measurements alone. Hence, we
relate 75 to the homogeneous linewidth Iy = 54 MHz, which we obtained from the
excitation spectra, through the relation 75 = 1/7T'y. For four molecules, we measured
and fitted antibunching curves at a range of excitation intensities, which results in an
average excited state lifetime 77 = (y21)"' of 3.0 + 0.2 ns. When calculating the
lifetime-limited linewidth by I'o = 1/(2%T}), the result corresponds to a linewidth of 53
4+ 4 MHz, which indeed is close to the smallest linewidths found in this system and
shows there is very limited additional decoherence. Nevertheless, this lifetime is on
the short side for what was reported for terrylene in other systems, with 3.15 ns being
the shortest lifetime measured for terrylene in anthracene.?* The shortened lifetime for
terrylene in anthracene was explained by both an enhanced intersystem crossing through
the host’s triplet and a high refractive index of the anthracene host. Although no
report of refractive indices for BTBT can be found, derivatives of BTBT, such as the
less-dense polymerized C8-BTBT were reported to have high refractive indices of 1.74
and 1.6 along the out-of-plane and in-plane axes.”* These refractive indices are relatively
close to the refractive indices of anthracene.?>?® The reduced lifetime of terrylene might
therefore be related to a high refractive index of BTBT. In addition, a high refractive
index, which can cause a stronger van der Waals interaction with the matrix, might
(partly) explain the relative red-shift of the spectroscopic sites in BTBT.

At longer time scales of ps to ms, time-correlated single-photon counting reveals
the blinking properties of molecules in the two sites. Fluorescence time traces at
resonant excitation were recorded and used for the calculation of the autocorrelation
function ¢(® (7). For molecules in both sites we can distinguish two exponential
decays (see Figure 4.5c) in the autocorrelation, which are assigned to the in-plane
Ty-triplet substates for the short decay and the out-of-plane T’,-triplet substate for the
long decay.'>?’ For the blue site, the 7, component is relatively weak, which is not
the case for the red site. The autocorrelations were recorded at different excitation
intensities and processed in a global fit (see procedure also in Chapter 2), together with
a saturation and linewidth broadening curve such as in Figure 4.3a and Figure 4.6a and
4.6d. Disregarding inhomogeneity in the ISC rates of single molecules within the sites,
the difference among the sites is not that significant (see Table 4.1). For example, in a
pentacene-doped p-terphenyl matrix the ISC rates were varying by over two orders of
magnitude among spectroscopic sites.”® However, the triplet lifetimes we find for the
two sites are for both the 77, -triplet substate and the 7 -triplet substate about a factor
3 shorter than typically reported for terrylene in other matrices, such as p-terphenyl!>?
and terrylene on hBN in Chapter 5. The shorter lifetimes might be the result of a
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Figure 4.6.: Global fits for the saturation of fluorescence and power broadening of the

linewidth are shown in panel (a) and panel (d), combined with fit parameters
for the autocorrelation functions, such as contrasts of the exponential decays
in panel (b) and panel (e¢) and decay parameters in panel (c) and panel (f),
taken at a range of excitation intensities. The top panels correspond to a
molecule in the blue site, while the bottom panels correspond to a molecule
in the red site. The resulting parameters obtained from the global fits are
displayed in Table 4.1.

heavy-atom effect and/or distortion of the terrylene molecule in its site.

Site | Position | Linewidth : | ISC rate: | Lifetime : I1SC rate : | Lifetime :
(em™) | To (MHz) | 733 (s71) | (57) 7" (us) | 735 (s7) | (451) 7" (ms)
Blue | 16,869 43 4000 £ 300 | 134+ 3 170 £ 50 09+0.1
Red | 16,620 54 1900 400 | 125+ 15 300 £+ 80 1£0.2
Table 4.1.: Spectroscopic and photophysical properties of the blue and red site. The

intersystem crossing (ISC) rates and lifetimes of the two distinguishable
triplet states, are derived from correlation functions ¢(*)(7), recorded at
different excitation intensities. Since these parameters for ISC and triplet
lifetimes concern single-molecule measurements they may be affected by the
inhomogeneity of the molecules’ environment.
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4.3.3. DETERMINATION OF DIPOLE VECTORS WITH A 2-D ELECTRIC
FIELD

s explained in section 4.1.1., the linear Stark effect requires a change in the electric

dipole moment between ground and excited state, which is a vector: Af. In
the regime of voltages that we applied, we observed a moderately strong linear Stark
shift with a negligible quadratic component. The dominance of the linear Stark shift
is not trivial, as both the BTBT host and terrylene are centrosymmetric. Therefore
the change in dipole moment between ground and excited state must be induced by a
symmetry-breaking insertion into the host’s crystal lattice.*
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Figure 4.7.: Panel (a) shows the response of a single molecule in the blue site to
an incremental electric field between interdigitated electrodes, which are
schematically drawn in the figure inset. Panel (b) shows the distribution of
Stark coefficients for 44 single molecules that are measured in the same
range as the molecule in panel (a).

We started with typical Stark effect measurements, where a set of parallel electrodes
are used to impose an electric field in one dimension (see schematic in inset of Figure
4.7a). However, the strength of the measured Stark effect depends on the direction of
the dipole vector Aji, which due to symmetry of the insertion site can have different
projections on the imposed electric field. These projections of Afi, together with
inhomogeneities of Afi from molecule to molecule due to different charge environments,
resulted in a complex distribution of Stark coefficients, as shown in Figure 4.7b.

To reduce the complexity of the measured Stark coefficients, by measuring the Stark
effect independently of the alignment of the crystal to the electrodes, we designed a
quadrupole structure with four independently-connected electrodes (Figure 4.8a). The
crystal is mounted on top of these four electrodes (Figure 4.8b). We apply a bias on
the horizontal and vertical electrode pair (Figure 4.8d). With COMSOL simulations in
Figure 4.8d we show that the electric field is mostly homogeneous at the center and
moreover we find that the superposition principle of the horizontal and vertical electric
field applies, which makes it possible to orient the field in all in-plane directions. These
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Figure 4.8.: Panel (a) shows the patterned electrodes in the e-beam resist layer. In panel
(b) the structures have been filled with gold and a BTBT crystal is mounted
on top. The sample is attached to a holder and wire bonded in panel (c)
in order to apply voltages to the electrodes. The simulated electric field
is shown in panel (d) for a case of symmetric voltages on the horizontal
and vertical electrode pairs. Panel (¢) shows the confocal reflection image
of the mounted crystal that was used in low-temperature experiments. The
definitions of the angles used in equation 4.3 are shown schematically in
panel (f).

simulations are performed in two dimensions and do not take the substrate or any other
anisotropies in the environment into account. Furthermore, the simulations show that the
field at the center is a factor 1.2 weaker compared to the naive case where the field is
equal to the potential difference divided by the distance between the electrodes (30 um).
This is likely due to concentration of the field between the side tips of the electrodes.
The factor of 1.2 was taken into account when fitting experimental data to theory.

As the crystal itself is three-dimensional, the applied electric field is only sensing
the projection of Aji in the crystallographic be-plane, due to the crystalline structure of
BTBT.3° The linear shift of the resonance frequency of the single molecules is given by
the scalar product of the two vectors —A/Z.E. Taking into account only the components
that are in the plane of the electric field and neglecting crystal anisotropy, the magnitude
of the shift reduces to:

hAV = —|Afie| | E| cos s, (4.3)

where 1), indicates the angle between the dipole moment Aji;. and the electric field
E. When we center our frame of reference around the electric field, given by angle
s, and defining an angle for the dipole vector, as ¢, the angle s can be written as
s = ¢s — 05 (see Figure 4.8f).
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Figure 4.9.: a) Series of 121 single excitation spectra that records the response of
molecules in the same focal volume to changing electric field. The scans
start with -10 V on both the bottom and left electrode and progresses with a
sweep of the voltage on the left electrode from -10 V to 10 V in 11 steps.
Subsequently, the voltage on the bottom electrode is increased followed by
another sweep of the voltage on the left electrode. Two different patterns
can be observed, with molecules moving in both directions. Panel (b)
depicts the shift of molecule 1 in (a) for all voltage combinations. The
relative magnitude and direction of the applied electric field, in the center
between the four electrodes, are plotted as arrows. Panel (c) shows the
shifts in (b), normalized for the magnitude of the electric field vector. The
direction of the dipole vector and its angle are plotted in the center. (d)
The relative magnitude of the Stark effect for the three molecules in (a)
is plotted as a function of electric field angle 6, and fitted to equation
4.3 as ApAE| = —|Afiye| cos (05 — ¢5) + of fset, where ¢, is the angle of
the dipole vector Ajip.. The experimental data in (b) and (c) have been
smoothed by bicubic interpolation.

With a predefined step size in voltage, all combinations of horizontal and vertical
biases are applied within the range of -10 V to +10 V. For each of the combinations,
we recorded an excitation spectrum around the molecule’s 0-0 zero phonon line (Figure
4.9a) and fitted this to a Lorentzian distribution to determine its resonance frequency.
For all bias combinations, the observed shift of molecule 1 in Figure 4.9a is plotted in
Figure 4.9b, where the arrows indicate the electric field direction and magnitude for
the corresponding combination of voltages. On the diagonal there is a clear region of
white color where little to no shift is observed, even though an electric field is applied.
This corresponds to the case where the angle v is close to 90°. The other diagonal,
orthogonal to the white region, represents the direction where the electric field and
dipole vector are parallel. On this diagonal, the dipole vector orients in the direction
where the Stark shift is negative (equation 4.3). The orientation found for the dipole of
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molecule 1 is drawn in Figure 4.9¢c. For the three molecules in Figure 4.9a, the dipole
orients in different directions shown by their relationship with field orientation in Figure
4.9d. Overall, molecule 1 and 3 show good agreement with equation 4.3, while molecule
2 shows more variation. Moreover, the curve of molecule 2 displays a relatively strong
asymmetry between positive (up to +100 MHz/(kVem™!)) and negative values (down to
-150 MHz/(kVem™1!)). In addition, the curve shows nonlinear behaviour for sweeps at
different voltage combinations, where the electric field vector points roughly in the same
direction, but with a different magnitude (different rows in Figure 4.9b). This may point
to an accumulation of charge, which is not observed for molecule 1 and 3. Despite the
variations for molecule 2, the angle of the dipole vector can be measured with good
accuracy.
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Figure 4.10.: a) Scatter plot of the measured Stark coefficients (maximum shift per
unit electric field when the electric field and dipole vector align) of 69
molecules, positioned at their locations with respect to the four electrodes.
A circle with radius of 5 pm, drawn from the center between the four
electrodes at (0,0), selects the 64 molecules that are closest to the middle
and have been plotted in a histogram in panel (b). The distribution of the
angles of the dipole vector are plotted in panel (c). Here, the width of
the bars indicate the bin size of 9° per bin and both the length and color
indicate the number of molecules that are present within each bin. The
red dashed arrows indicate possible symmetry axes for the dipole vectors,
which based on the insertion sites in section 4.3.5 could relate to the noted
crystallographic axes (bbc insertion site in Table 4.2).

To gather statistics on the orientation of the dipole vectors in the red site, we
performed measurements such as in Figure 4.9 for a total of 69 molecules. The in-plane
position of each molecule was measured, such that the molecules close to the center
of the four electrodes could be selected. The Stark coefficient of each molecule is
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scatter-plotted by its spatial position in Figure 4.10a. From the plot it becomes clear
that outliers, in terms of Stark shift, are indeed further away from the center, where
there is either a weak or an enhanced field in the gap between the electrodes (Figure
4.8d). Closer to the center position, the spread in values is lower and a histogram of
the maximum magnitude of the Stark shift, for molecules inside a circle with a radius
of 5 pum, reveals a relatively narrow distribution (Figure 4.10b). The average slope of
the Stark shift was measured to be 140 + 47 MHz/(kVem™!) and this corresponds to
an in-plane dipole moment |Afiy.| of 0.28 £ 0.09 Debye, which is not corrected for
local-field effects around the molecule.*! The uncertainty of |Ajiy.| can be explained
by variations in the electric field further off-center, while also different axial positions
of the molecule and charge inhomogeneities around the molecules may contribute to
variations of the dipole vector magnitude.

The angle of the dipole moment vector shows a relatively broad distribution (Figure
4.10c). Although these observations are only for the red site, a broad distribution of
angles, possibly due to crystal symmetry, may likewise explain the large variations we
observed for the magnitude of the Stark effect with a 1-D electric field for the blue
site (Figure 4.7b). The distribution for the red site shows that there are at least two
populations of molecules, spanning also the opposite quadrant. The drawn dashed lines
might be the symmetry axes of the polar distribution. However, the many systems of
cracks, possibly also step edges, in Figure 4.8¢ made it difficult to relate these lines to
crystallographic axes. Nonetheless, the observation of a relatively narrow distribution of
linear Stark coefficients, and thus non-random orientations for dipole vectors, points to a
symmetry that is broken by the host matrix BTBT. This will set a limit to the possible
insertion sites. However, an additional method to determine possible insertion sites is
by measuring another vector, namely the direction of the transition dipole moment ji15.
For terrylene, the transition dipole moment follows the long axis, and thus reveals the
alignment of the terrylene molecules inside the crystal.

4.3.4. THE TRANSITION DIPOLE MOMENT OF TERRYLENE

he transition dipole moment of terrylene, [i12, which follows the long axis of the

molecule, couples to the optical field Eopt, inducing (Rabi) oscillations between
ground and excited state. The coupling between fi1o and Eopt is optimal when the two
vectors are parallel. This is achieved by converting the laser light to a linearly-polarized
state with a polarizer, while a half-wave plate can tune the angle. As a function of the
angle between fi1o and Eopt, called 1, the fluorescence intensity varies by a cos® ()
relationship.

Before we determined the angle of the transition dipole moment for the crystal in
Figure 4.11a, we made sure which crystal cracks represented crystallographic axes, to
serve as reference axes for fi1o. To determine the crystallographic axes we illuminated
a BTBT single crystal with white light between crossed-polarizers. As we rotated the
crystal, the crystal turned dark at the four angles where the linearly-polarized light
aligned with a crystallographic axis. At in-between angles, the crystal was bright
and colourful due to birefringence. The extinction angles coincided with the edge of
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Figure 4.11.: Panel (a) shows a microscope image of the crystal with the annotated
crystallographic axes deduced from the structure of the crystal (see angles)
and birefringence measurements. Panel (b) shows a confocal microscope
image of a part of a BTBT single crystal, taken around the arrows in (a).
¢) Histogram of the transition dipole moment angle with respect to the
axes shown in (b) for 26 different molecules. The average angle is around
60° with a standard deviation of 8°. The angle corresponds to the b-axis,
which is perpendicular to the crystal edge.

the crystal and a set of lines perpendicular to the edge, as shown in Figure 4.11b.
However, many lines, of which some were possibly step edges, did not coincide with a
crystallographic axis and confirm that it is difficult to assign crystallographic axes from
series of cracks in the crystals alone.

Single molecules in the red site were excited resonantly by the 0-0 ZPL and
their intensity was monitored in the series of excitation spectra, where each line was
measured with a different polarization angle (Figure 4.12a and 4.12b). We changed the
polarization of the laser light in a range of 180°, which was sufficient to determine the
axis of ji12. The intensity of the molecule at various polarization angles is fitted to
I1(0) = B+ Acos2(¢p —0,), where ¢, represents the axis of fi;2, B the background
and A the amplitude. This procedure was repeated for 26 molecules and plotted in
a histogram in Figure 4.11c, which shows there is a relatively narrow distribution of
transition dipole moments around the b axis, resolved from the outer structure (Figure
4.11a). The same angle of [i;2 was found at room temperature, where both sites and
inhomogeneities have been ensemble averaged (Figure 4.12d). The similarity of BTBT
to anthracene, which crystallizes in the same form, supports an insertion of terrylene
along the b-axis.’> An insertion along the b-axis was found for DBT in anthracene,
which apart from the two outer benzene rings closely resembles the shape of terrylene.

Taking into account the measured orientation of terrylene along the b-axis of
BTBT and the broken symmetry of terrylene by the host, we can start to relate our
measurements to a possible insertion site. These calculations were performed by Irena
Deperasinska from the Institute of Physics in Warsaw (Poland).
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Figure 4.12.: Panels (a) and (b) represent low-temperature excitation spectra of
respectively the blue and the red site as a function of half-wave plate
angle. Molecules of the two sites follow the same pattern. Panel (c)
shows the orientation of the crystallographic axes in a room-temperature
measurement. In panel (d) we find a cosine-squared relation of the
fluorescence with the polarization angle again. As this measurement was
taken at room temperature, different sites cannot be distinguished and this
shows that most molecules align with the b-axis. The background does not
fully extinguish and may be caused by ill-inserted molecules in the crystal.

4.3.5. PROPOSED INSERTION SITES

he equilibrium structure of terrylene inside the BTBT crystal cavities was optimized
T in the ground (Sp) and excited (S;) electronic state with Gaussian16>® using the
procedure ONIOM(B3LYP/6-31G(d,p): PM3), i.e. with the semiempirical PM3 method
describing the rigid crystal structure of BTBT and B3LYP and TD B3LYP/6-31G(d,p)
methods for terrylene. The cavities inside the BTBT crystal were formed by taking
out 2 and 3 BTBT molecules from a crystal element of 48 molecules in a pattern as
previously described for DBT in 2,3-dibromonaphthalene* and in anthracene crystals.>?
The Franck-Condon factors for the Sy — 57 transition were calculated with a procedure
included in Gaussianl6. The spin-orbit coupling matrix elements between the singlet and
triplet states were calculated with ORCA 4.2.13* as square root of the sum of squares of
spin-orbit coupling matrix elements of all triplet state sublevels of the uncoupled states.
The calculations on the properties of terrylene in the BTBT host crystal rely on the
optimization of the structure of the guest molecule embedded in a cavity obtained by
removing the appropriate number of host molecules. In the context of the present work
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Figure 4.13.: Optimized geometry of terrylene in the three considered cavities, created
by the removal of three molecules of BTBT. The red asterisks indicate
which molecules have been removed in order to form the cavity for
terrylene. The green arrow indicates the b axis and blue the ¢ axis of the
BTBT crystal.

our interest is concentrated around the cavities in which terrylene orients with its long
axis mostly parallel to the crystallographic b axis. The three possible sites, called bbb,
bbc and beb’, are presented in Figure 4.13.

In Table 2, the calculations of terrylene in the three sites are shown. Here, we present
the calculated (0,0) transition energies, permanent dipole moments in the Sy and S;
states and the transition dipole moments. Additional calculational results are presented
in Tables 3, 4 and 5.

The calculations show that the terrylene molecule loses its planar symmetry. For
example, the long axis of the terrylene molecule is slightly longer than twice the distance
between BTBT molecules along the b axis, thus a molecule in the cavity bbb is forced
to ,,compensate” this incompatibility by a small deviation from planarity. On the other
side, the cavity bbc (Figure 4.13 forces terrylene to be bent in a bow (Figure 4.13),
which results in a considerably higher dipole moment than in the two other cases.

In view of the results of the calculations, a lack of planar symmetry of the terrylene
molecule is indicated by the appearance of new vibronic lines, absent in the spectrum
of isolated (thus planar) terrylene (see Figure 4.14), as well as the appearance of a
permanent dipole moment (Table 4.2 and Table 4.4). Other signatures of the symmetry
loss are the positive (non-zero) elements of the spin-orbit coupling (Table 4.3).

Out of the three possible cavities occupied by a terrylene molecule, the site bbc seems
to be the closest to the experimental red site. Arguments for this assignment are the
following:

i) the calculated 0-0 ZPL is most red-shifted (Table 4.2)

ii) the dipole moment |Ap| = 1(S1) — 11(So) has the highest value, although lower than
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Site

a— axis b — axis c—axis ||

wu(So — S1) 0.274 —9.43 —0.216 9.436

bbb u1(So) —0.330 —0.108 —0.095 0.360

A0,0) = | u(S1) —0.354 —0.106 —0.102 0.383

603.7 nm | u(S1) — p(So) | —0.024 (—0.004) | 0.003 (—0.050) | —0.007 (0.001) | 0.023 (0.050)
wu(So — S1) 0.384 8.020 —4.649 9.278

bbe w(So) 0.456 0.013 —1.756 1.815

A0,0) = | u(S1) 0.429 —0.062 —1.648 1.704

607.1 nm | u(S1) — pu(So) | —0.027 (—0.064) | —0.074 (—0.102) | 0.108 (0.182) | 0.111 (0.218)
w(So — S1) —1.642 6.783 6.329 9.422

beb’ w1(So) —0.478 0.303 —0.414 0.701

A0,0) = | u(S1) —0.530 0.301 —0.437 0.750

604.1 nm | p(S1) — u(So) | —0.052 (0.016) | —0.002 (0.001) | —0.023 (0.006) | 0.049 (0.016)

Table 4.2.: Results of the ONIOM(B3LYP/6-31G(d,p):PM3) calculations for terrylene

embedded in the considered cavities in the BTBT crystal. The quantity
A(0,0) is the energy of the (0,0) transition with the zero-point energy
correction (more details in table 3), u(So — S1), u(So) and u(Sy) are the
dipole moments (in Debye) for the Sy — S transition, and in the Sy and S
states. Their components are presented along the crystal axes. For isolated
terrylene A(0,0) = 604.3 nm and p(Sy — S1) = 9.443 D. In the rows for
w1 (S1) — w(So) we show, between parentheses, the results of calculations
with use of the simple but uniform B3LYP/3-21G method for the whole
system (taken in the geometries optimized by ONIOM).

| | isolated | bbb | bbe | beb’ |
Transition energies from Sy state (nm)
S1 5h4.7 554.8 561.7 558.1
Ty 1221.8 1221.8 1259 1240.3
Ty 549.6 549.7 552.5 551.9
SOC matrix elements (cm™1) between T; and Sy,
T1/So | 0.0 0.16 (0.27) | 0.58 (0.19) | 0.12 (0.17)
Ty/S1 | 0.0 0.00 0.00 0.02 (0.00)
T»/Sy | 0.0 0.16 (0.27) | 0.40 (0.34) | 0.33 (0.09)
T5/S: | 0.0 0.04 (0.25) | 0.26 (0.24) | 0.07 (0.30)

Table 4.3.: Hgp- Spin-orbit coupling matrix elements between the singlet and triplet
states. In parenthesis we show the fraction of the z-component relative to the
x and y components: Hgo, ./Hs0,zy-

the experimentally determined 0.28 + 0.09 D (0.111 D obtained by the ONIOM
method, and 0.218 D by using simple B3LYP/3-21G). In addition, the dipole
vector has the highest value along the crystallographic axes b and ¢ (Table 4.2),
as suggested from the experiment. The calculated in-plane dipole vector orients
about 30° with the c-axis, which indicates that the orientations found for the
dipole vectors center around the crystallographic axes drawn in Figure 4.10c, with
possibly four distributions resulting from the four possible, and spectroscopically




72 4. Single molecules in a 2-D electric field

Site Dipole Moment | |u| (Debye) | X Y Z
Isolated | u(Sop — Si) 9.4430 0.0000 9.4430 0.0000
1(So — S1) 9.4346 0.0008 —9.4346 | 0.0086
bbb 1(So) 0.0299 —0.0016 | —0.0018 | —0.0298
1(S1) 0.0401 —0.0255 | 0.0025 —0.0308
1(So — S1) 9.2768 0.0043 9.2768 0.0053
bbe 1(So) 0.3745 —0.0060 | —0.0244 | 0.3736
1(S1) 0.3275 —0.0118 | —0.0145 | 0.3269
1(So — S1) 9.4219 0.0023 9.4219 0.0279
beb’ 1(So) 0.0428 0.0033 0.0418 0.0086
1(S1) 0.0596 0.0216 0.0544 0.0046
Table 4.4.: Components of the dipole moments for terrylene taken from the sites and
shown in the standard XYZ orientation (XY is the plane of Tr, Y is the

direction of the long axis)

equivalent, in-plane orientations of the bbc site.

iii) Although the transition dipole moment vector is mostly aligned with the
crystallographic b-axis, the bent structure of terrylene creates an angle of about
30° with this axis b. However, the only possible insertion that follows exactly the
b-axis is site bbb, but the centrosymmetric arrangement of host molecules around
terrylene in this site would lead to an effective zero dipole moment. The width of
the distribution in Figure 4.11c does not exclude the possibility of a small angle
of the transition moment with the b axis.

iv) The highest spin-orbit coupling was calculated for the site bbc.

4.4. CONCLUSION

errylene molecules embedded in a single crystal of BTBT possess favourable
T spectroscopic properties in terms of homogeneous linewidths and spectral stability.
Furthermore, the studies we performed on the red-most spectroscopic site show that
the host matrix induces a broken symmetry of the otherwise centrosymmetric terrylene,
giving rise to a net in-plane dipole moment of 0.28 £ 0.09 Debye oriented in four in-plane
directions. Although the induced net dipole moment could be classified as moderate,
when for example compared to dibenzoterrylene (DBT) in 2,3-dibromonapthalene, the
magnitude of the dipole vector is still remarkable and might point to a strong influence
of the sulphur atoms on the charge distributions in the ground and excited state. For
DBT in DBN it was found that mostly the side wings of DBT, which terrylene lacks,
were responsible for the induced dipole through the host’s bromine atoms.* In the case
of the BTBT host, the effect of the sulphur atoms on the guest molecule could perhaps
be strengthened by replacing terrylene with DBT.
Our reported method on the control of the electric fields’ direction, applicable to any
crystal, makes it possible to determine the dipole vector for each molecule individually,
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Figure 4.14.: Spectroscopic data for terrylene optimised in the BTBT crystal as a result
of calculations by the ONIOM(B3LYP/6-31G(d,p):PM3) method (data in
red). The calculations are compared to the experimental data of Figure 4.1
(data in blue)

which would make the use of these molecules for mapping electric fields, by direction
and magnitude, or tracing charges, more reliable. In the future, the electric field control
could be extended to three dimensions, by using the substrate’s p-doped silicon layer
as an additional electrode and an ITO cover glass as a top electrode for out-of-plane
measurements of the dipole. Moreover, the good hole-conduction properties of BTBT
and linear response of molecules to electric field, makes this an interesting system for the
study of the injection of charges, for example by a field-effect transistor configuration.*>
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HEXAGONAL BORON NITRIDE: A
UNIVERSAL HOST MATRIX?

In this chapter, I will present the studies that we performed on an unconventional host
for single molecules, namely two-dimensional hexagonal boron nitride (hBN). We will
show that single molecules on the surface of hBN reveal narrow spectral lines at low
temperature. Contrary to molecules on surfaces of three-dimensional (organic) crystals,
we were able to record excitation spectra of the molecule'’s zero-phonon lines on the
surface of hBN and reveal linewidths that are sometimes less than a factor 10 broader
than the lifetime-limited linewidth, as dictated by the fluorescence lifetime. This new
host could potentially overcome the limitations of three-dimensional organic matrices,
which require a ‘good’ insertion of the guest molecules. However, molecules on hBN are
subject to a spectral diffusion and this currently limits the usability of this system for
applications such as sensing at the nanoscale or uses in quantum optics. We will show
that thermal annealing of the hBN, before deposition of the molecules, dramatically
improves the stability of the molecules and this indicates it might be possible to
eliminate spectral diffusion altogether. In this study, we will focus on terrylene molecules
adsorbed onto hBN. In addition, we will show some results of new types of molecules,
called graphene quantum dots, which have not been studied before in line-narrowing
spectroscopy. Due to their bulkiness, these type of molecules are difficult to incorporate
in standard host matrices and therefore these studies underline the potential to extend
the use of hBN to a large variety of guest molecules.

Part of the contents of this chapter is published as: R. Smit, A. Tebyani, J. Hameury, S.J. van der
Molen and M. Orrit, “Sharp zero-phonon lines of single organic molecules on a hexagonal boron-nitride
surface”, Nature Communications 14, 7960 (2023)
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5.1. INTRODUCTION
5.1.1. HEXAGONAL BORON NITRIDE

imilar to graphene, hexagonal boron-nitride (hBN) is a two-dimensional material
S that possesses a hexagonal lattice (Figure 5.1). However, unlike graphene, the
alternating arrangement of boron and nitrogen opens up a large electronic band gap of
about 6 eV,! which makes it optically transparent. hBN is therefore usually termed
‘white graphene’. Importantly, the large band gap of hBN avoids what would happen
with fluorescent molecules in contact with graphene or other small bandgap materials,
namely fluorescence quenching by non-radiative energy transfer.> The similar structure,
bond lengths and the van der Waals interactions that exist in multilayer hBN, make
hBN an interesting host material for polycyclic aromatic hydrocarbons, which are
interacting through van der Waals forces among each other as well. Fluorescent terrylene
molecules, deposited on hBN, were already measured at room temperature by Han e?
al? Interestingly, this work suggests that the terrylene molecules are protected by the
hBN, as bleaching rates of single molecules were more than a hundred-fold reduced on
hBN, as compared to single molecules on bare silica.

Boron

i3.33

/14.45 A

Figure 5.1.: Structure of hexagonal boron-nitride. Boron and nitrogen are alternatingly
arranged, with an interatomic distance of 1.45 A. In multilayer hBN, the
layers stack such that a nitrogen atom faces a boron atom and vice versa.
The interlayer distance is 3.33 A, which is the same as for graphene.*

As a model molecule for our studies of hBN, we also employed terrylene. No further
introduction of this molecule is required, as it is already part of an extensive study in
Chapter 4. hBN can be synthesized in several forms, such as free-standing crystals or
grown onto a substrate. On a substrate, such as Cu(111), wafer-scale monolayers of
hBN can be grown by chemical vapor deposition.’ Free-standing crystals of hBN are
traditionally grown by chemical reactions at high temperature and high pressure.® This
is also the method used by T. Taniguchi and K. Watanabe from NIMS,” whose hBN
crystals are regarded to be of the best quality. Since the first discovery of single-photon
emitters in hBN,® a new and nowadays rich field of research has emerged. Since then,
many types of distinct emitters in hBN, typically attributed to light-emitting defects, have
been reported. The fluorescence from these emitters peaks over a surprisingly broad
spectral range, from the deep ultraviolet’ up to the near-infrared,' with many more at
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in-between wavelengths. The atomic and electronic structure of the claimed defects still
remains a puzzle and only educated guesses as to their origin have been made from
quantum-chemistry models.!'"!* Since the start of our work, new perspectives on some
of these emitters have arisen, such as that some of their origins could be traced back
to organic compounds formed during preparation steps that involves high-temperature
thermal annealing.'?

5.1.2. LOW-TEMPERATURE SPECTROSCOPY ON SURFACES

t room temperature, the surface of a substrate is commonly used to study single

molecules. At low temperature, on the contrary, surfaces are not a stable
environment compared to the bulk of a solid. Early studies of single molecules in
a hexadecane crystal revealed that molecules closer to the interface with silica had
strongly broadened zero-phonon lines, while no zero-phonon line was detected for
single molecules at the silica surface itself.'® Later experiments on dibenzanthanthrene
(DBATT) inside nanochannels filled with matrices of naphthalene and n-tetradecane
confirmed that molecular spectral lines were broader when the channel decreased in
height and molecules would be located closer to the interfaces.!” Lastly, the study of
fluorescent molecules evaporated onto a polymer layer, controllably heated to allow the
molecules to diffuse into the polymer and settle at controllable mean depths, showed
likewise that molecules closer to the surface exhibited strongly broadened zero-phonon
lines. Interestingly, the amount of spectral diffusion was also significantly higher for
molecules closer to the surface and no zero-phonon line could be detected closer than 0.5
nm to the surface.'® Beyond single-molecule studies, narrow ZPLs down to 500 MHz in
width have been observed through hole-burning spectroscopy, e.g. for chemisorbed, and
thus strongly bound, quinizarin on alumina surfaces,'® but this particular method relies
on weak photostability and thus renders it impossible to detect single molecules.

The causes for the anomalous behavior of ZPLs of single molecules close to a surface
or interface as compared to molecules in the bulk is still under debate. Possibly, high
densities of two-level systems (TLSs) at or close to the surface have lower activation
energies due to the ill-condensed boundaries of a crystal. Impurities could also pile
up at the crystal boundaries due to expulsion from the bulk or by adsorption from
the environment and give rise to a local increase of conformational states. Despite
these surface-induced effects on ZPLs, it has been possible to reduce the dimensions of
host-guest crystals and yet obtain near-lifetime-limited emission in the bulk of aromatic
nanocrystals less than 100 nm thick, grown by reprecipitation from solution.??! Thinner
matrices for single molecules are highly desirable for applications such as single-charge
sensing, which requires a close proximity of the sensing molecules to the charge,” or
potential applications in nanophotonics. For the latter case, such systems-on-a-chip make
use of dielectric waveguides, and a closer proximity of single molecules to waveguides
is expected to lead to a better coupling to the evanescent field. The coupling of single
molecules to waveguides on a chip was demonstrated in 2017.2% Later experiments with
waveguide-coupled single dibenzoterrylene (DBT) molecules revealed spectral diffusion
of the 0-0 ZPL under an applied electric field, attributed to charge fluctuations induced
within the nanoguide itself.>* With high-quality anthracene crystals of about 150 nm
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in thickness, suspended over the waveguide channels, it was demonstrated that DBT
molecules coupling to the waveguide remain stable and near-lifetime-limited for hours.?’

5.2. EXPERIMENTAL

5.2.1. SAMPLE PREPARATION

n most experiments, we made use of free-standing crystals, purchased from the
Icompany HQ Graphene. In the remaining experiments (to be mentioned in the
text) we employed high-quality crystals from NIMS, with permission shared with us
by dr. Semonti Bhattacharyya from Leiden University. The crystals of both sources
are typically up to a few mm large and multilayered. To obtain flakes of hBN on
a substrate we use the commonly-employed method of exfoliation using scotch tape,
which was established by A. Geim and K. Novoselov to obtain graphene monolayers.?®
The repeated use of the scotch tape cleaves the thick crystals into thinner (and smaller)
crystals, which can be transferred to a substrate. The tape is stuck to the substrate and
heated to 120 °C for 2 minutes on a hot plate to improve the adhesion of the flakes to
the substrate. Then the tape is removed, while some flakes stay behind (Figure 5.2). As
a typical substrate we used a Si wafer with a thermally-grown oxide layer of 300 nm,
bought from University Wafer. Before deposition of hBN, the substrate was typically
cleaned with acetone.

Molecules were either diluted in toluene (Acros Organics, 99.85 %) and spin-coated
on the substrates or directly sublimated from crystals. For the preparation by spin
coating, the concentration of molecules in toluene was diluted to 0.1-1 nM and about
30-50 pL of the solution was pipetted on the substrate and spin coated for 20 s at
2000 rpm, followed by a drying step at 4000 rpm for another 20 s. For sublimation,
pure crystals of terrylene were placed at the bottom of a vacuum sublimation apparatus,
where the substrate was suspended on a cold finger, cooled by water ice (Figure 5.3).
The atmosphere was pumped to vacuum and the bottom was heated to 120-140 °C, in
order to obtain a similar concentration as obtained through spin coating.

For the fluorescence measurements we used the setup as described in Chapter 2 in
Figure 2.3. In the early experiments, the flakes were used immediately, but later we
performed post-processing on the flakes, such as thermal annealing. Thermal annealing
was performed in a Thermcraft tube oven in a moderate vacuum of about 10~2 mbar of
residual air. The annealing temperatures were varied between 500-900 °C with a dwell
time of up to 12 hours. Height profiles of the hBN flakes were measured by AFM.

5.3. RESULTS AND DISCUSSION

5.3.1. PROPERTIES OF THE HBN FLAKES

tomic force microscopy (AFM) measurements show that most of the hBN flakes
have a thickness of less than 100 nm (about 300 layers), with some exceptions of
thick flakes of a few 100 nm. The AFM scans in Figure 5.4 show flakes that were either
annealed or not annealed. On the flakes themselves, there is no noticeable difference in
the AFM scans between Figure 5.4e and Figure 5.4f, which is measured before and after
annealing. In the regions outside of the flakes, the residue from the scotch tape (mostly
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Figure 5.2.: . Microscope image of a collection of hBN flakes that are obtained by
exfoliation. The sizes of the flakes vary from sub-um to large flakes of
up to a few 100 pm. The color of the flakes gives a rough indication
of the thickness, as it arises from interference of light reflected from the
interfaces.?’ Typically, the bluish flakes are the thinnest, while reddish
flakes are the thickest. The blue-green-yellowish clouds in the background
are polymer residues from the scotch tape.

polymers) is removed efficiently by thermal annealing. However, the surface roughness
on the flakes themselves is preserved, as the contamination could be located under the
flake and is therefore protected.

As part of surface roughness, there are sometimes bubbles present in the AFM scans
(see for example one in the left corner of Figure 5.4e). These bubbles or pockets are
likely due to pile-up of organic contamination between the hBN sheets or at the interface,
and were similarly observed in heterostructures of 2D materials by cross-sectional
imaging.?® Step edges, due to a decrease or increase in layer count, also occur in the
scans, but are sometimes difficult to see, because of their low contrast. Such step edges
are better visualized on extended terraces, present as sharp lines in Figure 5.5. Other
anomalies are the sharp increases in height, such as found in Figure 5.4d. These are
likely caused by wrinkles in the sheet, where the layers fold up. The formation of
wrinkles was found to be enhanced by annealing at similar temperatures as we used.?’
On the extended terraces, the surface can be almost atomically flat as shown in Figure
5.5, where the surface height deviations reach 0.41 nm, close to the interlayer distance
of 0.33 nm. Although this could indicate a small variation in layer count, the measured
values are likely limited by the AFM resolution and the surface roughness of the wafer
substrate.

The lattice of hBN has only one weakly active Raman mode around 1,365 cm™!,
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Figure 5.3.: Schematic representation of the sublimation apparatus, which consists of
two round-bottom flasks, where the top one is inserted into the bottom one,
sealed by vacuum grease (Apiezon) and pumped by a vacuum pump from
the side. The bottom of the flask is heated on a hot plate to approximately
120-140 °C. The crystals are placed inside, in contact with the heated
bottom. The sample is fixed with carbon tape on the cold finger and cooled
by water ice.

attributed to the stretching of the bond between boron and nitrogen. We observed this
Raman peak with a relatively strong 532 nm laser spot, shown in Figure 5.6. The width
of the Raman peak of about 10 cm~! depends not only on crystal quality, but also
on the isotopic distribution. In high-quality crystals grown with natural abundances of
isotopes, '*N and '° N for nitrogen and '°B and ' B for boron, the Raman peak has
a minimum width of about 7.3-7.5 cm~1.3% Hence, the 10 + 1 cm~! measured in our
samples may be the result of a poorer crystallinity, although the measured linewidth
conforms to the report of HQ Graphene. For the hBN from NIMS, regarded to be of
higher quality, the Raman peak measured the same width within the uncertainty.

5.3.2. ROOM-TEMPERATURE FLUORESCENCE MEASUREMENTS

fter deposition of molecules on the hBN substrate, we measured the spatial

distribution of the emitters and their spectra at room temperature. In the case of
sublimated molecules on non-annealed hBN flakes, we find molecules to be located
everywhere on the hBN flake (see Figure 5.7a). However, some regions tend to be
more packed with molecules than others are. For example, the sharp edge in Figure
5.7a, possibly a step edge or wrinkle, contains a lot more fluorophores than the stretched
and presumably flat regions. Interestingly, this packing of emitters was similarly
observed for defect emitters, which are in exfoliated hBN also preferentially located
around sharp edges.3!*> However, both reports concern emitters that were activated by
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Figure 5.4.: a,b,c) AFM scans of a small part (10x10 um?) of non-annealed exfoliated
hBN flakes on a Si/SiO, substrate with below each 2D map the
corresponding height profile, recorded along the white line (red for (c)).
The flake in (d) is annealed at 500 °C for 12 hours. The AFM images in (e)
and (f) show the same flake, respectively before and after annealing at 500
°C for 12 hours.

thermal annealing, which as mentioned before could create organic molecule emitters.!”
Furthermore, our molecules have found some place to immobilize, as was already
observed by Han ef al., and can be measured up to a few minutes of time until bleaching
occurs. In samples with a very high concentration of terrylene, the bleaching is clearly
observed as a single exponential decay in the measured fluorescence signal, where the
time constant is typically in the order of minutes (Figure 5.7b). This bleaching rate
is relatively fast and may indicate that most (sublimated) molecules are not so well
protected by the hBN, as suggested for the spin-coated molecules by Han et al. For
spin-coated molecules it might be possible that some molecules diffuse from the solvent
between the interface of silica and hBN.

The room-temperature spectra of the fluorescence emission from the isolated spots
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Figure 5.5.: AFM scan of a flat area of an annealed hBN flake (500 °C for 12 hours).
The white rectangle encloses the region that builds up the histogram in b).
The Gaussian distribution of surface heights shows a standard deviation of
0.41 nm. Tilts and drifts in the scan have been subtracted by a line-by-line

linear fit.
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Figure 5.6.: Spectra of the inelastically-scattered light from a multilayer hBN flake (from
supplier HQ Graphene in panel (a) and NIMS in panel (b)), taken with a
532 nm laser. The single Raman peak observed for both cases at 1365
cm~ !, with a FWHM of 10 £ 1 cm™!, was taken at a resolution of around
1-2 cm~!. The spectrum is recorded at room temperature with a 1200
lines/mm grating and a 0.1 mm slit size.

displays a shape that conforms to the emission spectrum of terrylene, but also of many
other polycyclic aromatic hydrocarbons (PAHs). The spectra are heavily broadened at
room temperature and few features can be resolved, apart from the large spectral bands
around the 0-0 zero-phonon line, the C-C stretch region and overtones (Figure 5.8a).
All of them are also present for other PAHs. However, for some isolated emitters, the
spectra did reveal more features, such as in Figure 5.8b. The positions of these bands
coincide with the well-resolved spectral lines that we recorded at low temperature, which
will be shown in the next section.
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Figure 5.7.: Panel (a) shows a fluorescence map of a part of an hBN flake. The terrylene
molecules are sublimated, using the setup in Figure 3, at 120 °C for 5
minutes and excited by a vibronic transition with 532 nm light. The faintest
and most isolated spots of purplish color are possibly single molecules
(antibunching measurements were only made at low temperature, in absence
of photobleaching), while brighter spots are likely multiple molecules in the
same focal area. The image was recorded at an excitation intensity of about
10 kW/cm?2. At similar power levels, and high concentration of terrylene,
bleaching occurs at room temperature at timescales in the order of minutes,
as shown in panel (b). The characteristic time of the single exponential
decay is here around 90 s. The data is measured from the integrated
intensity of emission spectra. Deviations due to cosmic rays in the spectra,
which are not filtered, are probably the cause of the peaks. Note that the
bleaching does not extend to zero and may be caused by some population of
molecules that bleach on a much longer timescale and/or contributions from
molecules further away from the peak of the diffraction-limited laser spot.

Surprisingly, a major discrepancy exists between the spectra in Figure 5.8 and the
results of Han et al. The emission intensity peaks around 580 nm, while Han et
al. reported an emission peak around 600 nm. This is a significant red-shift of the
emission peak, which is not regularly observed for terrylene in organic matrices. Only
for terrylene in p-dichlorobenzene,>* with a site around 597 nm, and terrylene in BTBT
at 602 nm (see Figure 4.1 in Chapter 4), the emission is shifted that far to the red.
Although the majority of terrylene molecules do display an emission around 580 nm
in our work, we will show that after annealing of the hBN flakes, a population of
molecules around 600 nm does appear in the inhomogeneous broadening.

5.3.3. LOW-TEMPERATURE SPECTRA OF TERRYLENE ON HBN

By cooling down our hBN samples covered with terrylene, we observe a strong line
narrowing of the emission spectra. This allows us to identify each emitter located on
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Figure 5.8.: Fluorescence emission spectra of terrylene at room temperature. The
spectrum in (a) is likely from an ensemble of terrylene molecules, while
the spectrum in (b) might be from a single molecule, as the emission was
relatively isolated.
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Figure 5.9.: Emission spectra of a single terrylene molecule around 582 nm, taken at
two temperatures, 2 K (blue) and 77 K (black). Both spectra have been
normalized to unity relative to the intensity of the 0-0 ZPL. b) Linewidth of
the 0-0 ZPL of a single terrylene molecule (not the one shown in (a)). The
linewidth was fitted to the equation in inset, where I'rps scales linearly
with temperature and I'pzps is given by the Arrhenius law, described in
equation 5.1. The linewidth at the lowest temperature was limited by the
spectrometer resolution (1.7 £ 0.1 cm™!). A zoomed-in version of the
spectrum in (a) can be found in Figure 5.11b.

the hBN flake by its vibrational fingerprint. The blue curve in Figure 5.9a shows sharp
spectral lines, limited in width by the spectrometer resolution of about 1.7 £ 0.1 cm™!.
Even at liquid-nitrogen temperatures of 77 K, the coarse spectral fingerprint of the
emitter could be resolved with relative ease, which makes the use of liquid helium not
necessary for identification of the emitters. The sharpest line in the spectrum is the 0-0
ZPL and corresponds to the purely electronic transition. The remaining peaks correspond
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to a transition that involves an additional excitation of a (or multiple) vibration(s).
These vibrational energies have been analyzed for terrylene in great detail in various
matrices®>>7 and can also be found in the spectrum of terrylene in BTBT, Figure 4.1 in
chapter 4. The line narrowing of the 0-0 ZPL follows the relationship with temperature
shown in Figure 5.9b. Here, we measured the linewidth or full-width-at-half-maximum
for 88 intermediate temperatures over the range of 1.4 K up to 83 K. The 0-0 ZPL
linewidth follows the broadening relation that is consistent with defects in hBN3%3 or

disordered matrices, such as polymers:*

F(T) = FO + FTLS + FLFM = Fo + bTe + w X eXp (—Ea/kﬁBT). (51)

The first term I'y is the homogeneous linewidth, while the broadening terms I'r1 s and
Iz 7ar account for respectively the activation of switching two-level systems (TLSs) and
the population of quasi-localized low-frequency modes (LFMs). In general, two-level
systems are activated in a linear fashion with temperature, with « ~ 1. The LFMs are
activated by an Arrhenius law and provide an activation energy or Debye temperature
of the molecule in its insertion site. Comparing the broadening of terrylene on hBN to
traditional three-dimensional matrices we find in the limited amount of works available
that the linewidth at 50 K of about 25 cm~! is very similar to the linewidth of terrylene
found in the Shpol’skii matrices n-hexadecane and n-dodecane,*' with respectively 33 +
3 cm™! and 21 = 3 cm~'. However, the contribution from TLSs, which we estimate
as 5 = 3.5 GHz/K (21 + 14 peV/K) seems to be considerably larger than the typically
less than 100 MHz/K found in Shpol’skii matrices.*’ The similar linewidth of terrylene
on hBN compared to a Shpol’skii matrix and the higher TLS broadening on hBN could
mean that molecules in Shpol’skii systems broaden quicker at lower temperatures. As
we will show later, the TLSs are likely attributed to organic contamination on the
surface of hBN and thus the closer proximity of these TLSs might be responsible for
the stronger broadening. Beyond this linear regime of TLSs, there is a clear exponential
take-off from about 50 K, which corresponds to a rather high activation energy or
Debye temperature of 405 + 41 K. This is considerably higher than the regular 10-40
K observed for example in the case of dibenzoterrylene (DBT) in anthracene*>** and
found in all organic matrices. However, DBT molecules in anthracene broaden with a
pure Arrhenius curve and do not suffer from additional broadening of the homogeneous
linewidth due to TLSs.
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Figure 5.10.: Panel (a) displays the histogram of wavelengths where we found the

purely-electronic transition of single terrylene molecules on hBN flakes
from NIMS. All data was recorded with a fixed 532 nm excitation laser
and for reference the relative difference in energy between this laser and
the 0-0 ZPL of the molecules is shown on the top axis in wavenumbers.
Note that some structure is present in the histogram, which might arise
from absorption peaks that reflect the vibrational spectra in Figure 5.11 of
terrylene. Hence, some molecules may not appear in the histogram, because
there are no absorption lines present at 532 nm. This suggests that there
might be a continuous distribution, spanning a large range of more than 40
nm. All data of 452 individual molecules is obtained from annealed hBN.
Panel (b) shows for 237 molecules (58 molecules for non-annealed hBN
in blue color), both from hBN from NIMS and HQ Graphene, the relation
between the relative intensity of the main vibration (0-1 ZPL) versus the
position of the 0-0 ZPL. On average, the more red-shifted molecules have
a weaker vibronic coupling (Pearson’s correlation coefficient r = -0.56).
In panel (c) a similar distribution is shown as for (a), but for hBN from
the supplier HQ Graphene and taken from both annealed (red data) and
non-annealed (blue) hBN. The total number of molecules in the histogram
amounts to 373 (123 for non-annealed and 250 for annealed hBN). Panel
(d) shows the relation between the energy of the 0-1 ZPL and the relative
intensity of the 0-1 ZPL compared to the 0-0 ZPL. Overall, a decrease
in the Franck-Condon (FC) factor of the 0-1 ZPL is measured when the
energy of the 0-1 ZPL is higher. The symbols displayed in panel (b) and
panel (d) refer to the molecules that are plotted in Figure 5.11.
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We find the 0-0 ZPLs of terrylene molecules to be scattered over a broad range, though
with clustering around specific wavelengths (see Figure 5.10a and 5.10c). We started
initial experiments with hBN obtained from HQ Graphene and the inhomogeneous
broadening of terrylene on flakes of that particular manufacturer centers mostly around
582 nm. This distribution, found in Figure 5.10c, is relatively broad with a width of
about 4 nm (120 cm~1!), which is compared to other hosts only typical for disordered
systems such as polyethylene.*> For the case of hBN obtained from NIMS, we measure
a very different distribution of 0-0 ZPLs, which rather looks like a signature of a larger
continuous distribution, spanning over 40 nm. This continuous distribution displays gaps
and a structure that reminds of the vibrational spectrum of terrylene, where the structure
is given by the energy difference between the 532 nm laser and the 0-0 ZPL position; a
narrow absorption spectrum. This could indicate that we are not seeing all molecules
with our fixed-frequency laser, as those molecules could simply lack absorption lines
in resonance with the laser. Surprisingly, the inhomogeneous broadening of terrylene
on NIMS hBN peaks around 572 nm instead of 582 nm. This marked difference still
remains to be explained.
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Figure 5.11.: Comparison of fluorescence emission spectra of single terrylene molecules
at various positions in the inhomogeneous broadening. The spectrum in
panel (a) is from a molecule with a 0-0 ZPL at 571 nm, taken on annealed
hBN from NIMS. Panel (b) shows the detailed spectrum of the molecule
in Figure 5.9a (blue curve), with a 0-0 ZPL at 582 nm and taken on HQ
Graphene hBN (not annealed). Panel (c) shows a red-shifted molecule (602
nm) taken on HQ Graphene hBN that was annealed. Another red-shifted
molecule at 599 nm is shown in panel (d), taken on annealed NIMS hBN.
Note that the red-shifted molecules have weaker Franck-Condon factors,
where in the extreme case of molecule D, the part of the spectrum after
400 cm~! is magnified by 150x for comparison. Moreover, the phonon
sidebands are weaker for the red-shifted molecules. In the case of (d),
the Debye-Waller factor (=Izp;/(Izpr + Ipsp)) is more than 0.9. The
spectra in (a) and (d) were taken with a slightly lower resolution of 600
lines/mm at a 0.1 mm slit size of the spectrometer in order to capture the
whole spectrum at once. The spectra in (b) and (c) were taken with the
higher resolution grating of 1200 lines/mm and 0.1 mm slit size and are
therefore stitched by two individual recordings.

On hBN flakes that were annealed prior to molecule deposition, as compared
to non-annealed flakes, we find molecules with considerably red-shifted 0-0 ZPLs.
Surprisingly, the red-shifted molecules show a reduced vibronic coupling (Franck-Condon
factors) between the excited state and vibronic levels of the ground state. Overall, we
observe a decrease of the Franck-Condon (FC) factors when the 0-0 ZPL shifts to the red,
as observed in Figure 5.10b, where examples of emission spectra in various positions
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along the inhomogeneous broadening are additionally shown in Figure 5.11. Moreover,
there appears to be a weak relation between the 0-0 ZPL position and the energy of the
main vibration (frequency difference between the 0-1 ZPL and the 0-0 ZPL), shown in
Figure 5.10c. In extreme cases, the FC factors show a suppression to such an extent that
the bulk of emission is directed into the 0-0 ZPL. This can be expressed in a quantity
that is called the branching ratio (= Izpr/Ispectrum) and amounts to the molecule in
Figure 5.11d to at least 78%. This feature is particularly interesting for the generation
of indistinguishable photons in quantum optics. In view of this application, the highest
branching ratios have been achieved for dibenzoterrylene, where record values of up
to 55% are reported for dibenzoterrylene in p-terphenyl nanocrystals.?! The cases of
anomalously high branching ratios for terrylene were only detected on annealed hBN. In
fact, in our experiments not a single molecule with a 0-0 ZPL beyond 600 nm was
detected without prior annealing of the hBN flakes. Annealing, at the temperatures we
applied (500 °C up to 900 °C) is expected to remove most organic contamination*® and
to at most redistribute defects such as vacancies,*’ as the removal of structural defects
would require much higher temperatures, up to 1700 °C.*8

Remarkably, we also find considerably fewer molecules on the annealed samples,
although we kept the sublimation rate of terrylene fixed or even slightly increased it.
This is for example visible in the fluorescence image of an annealed flake in Figure
5.12. Compared to Figure 5.7a, there are significantly less emitters present on the flake.
Moreover, the emitters that are there are mostly concentrated in the regions where the
AFM scan shows an increased surface roughness. We propose as a possible explanation
that terrylene anchors to (organic) contamination at the hBN surface. As annealing
dramatically reduces the concentration of those anchors, terrylene molecules will either
leave the flake area or may aggregate to the few nucleation sites and stop fluorescing
because of self-quenching. Another possibility is that the annealing process creates
dangling bonds at defect sites, which may react with terrylene upon sublimation and
bleach them as a result. Interestingly, we find that the number of terrylene molecules
on the flake increases again if prior to molecule sublimation, the annealed samples are
intentionally contaminated by the spin-coating of n-hexadecane, which is known to form
monolayers on top of hBN.# On the one hand, contamination could help terrylene
to find more anchors and favor immobilization. On the other hand, contamination
present before annealing could prevent terrylene from finding a site where it can interact
strongly with the hBN, for example with some defect in the top hBN layer. We
speculate that these hBN defects might be responsible for the red-shifted molecules.
They would be accessible only after annealing of the hBN, right before the terrylene
molecules are sublimated. However, binding to specific defects cannot explain the large
inhomogeneous broadening on its own. In section 5.6, we propose that (local) strain,
which could also affect atomic distances for defects, could be a possible explanation for
the large inhomogeneous broadening when the molecule conforms to the strained hBN.
This could point to a strong interaction with hBN, possibly in the form of chemisorption.
For further studies, the need for special anchoring points could possibly be avoided
by in-situ evaporation of terrylene on cold hBN surfaces, preferably performed in high
vacuum and in-situ annealing of the surface. However, none of these steps are possible
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in our setup. The nature of the defects that provide anchoring for terrylene could be also
studied by intentionally creating defects in the lattice to see whether the concentration
of the red-shifted molecules increases. However, the available methods to create defects
also tend to create a lot of active emitters, and not only in the upper layer, such as
observed with ion beams,’® oxygen plasma’! or with electron beams.?!
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Figure 5.12.: (a) Fluorescence image and (b) AFM image corresponding to same area of
a hBN flake that was annealed at 500 °C for 12 hours. The region in (a)
for 25 < X <30 um and 23 <Y < 35 pum appears to have changed with
respect to the same region in b), perhaps due to a folding of a part of the
flake by the AFM tip.

5.3.4. SPECTRAL DIFFUSION

part from changes in the inhomogeneous distribution, we also find that annealing of
Athe hBN flakes, prior to deposition of molecules, improves the spectral stability of
the single emitters, reducing the number of (tunneling) two-level systems (TLSs). This
observation is consistent with our hypothesis that these TLSs may have been located
in the organic contaminants. The improvement of the spectral stability is most clear
when we used an annealing temperature of 500 °C up to 750 °C, but much less clear
for higher temperatures of up to 900 °C. An evident case of coupling of a molecule to
a single TLS is shown in Figure 5.13a, which traces the 0-0 ZPL position over time
at gradually-increased excitation intensities. In Figure 5.13b, the number of spectral
jumps observed in a time window of 200 s is related to the power density of the laser
spot at the position of the molecule and follows the same relation as the fluorescence
intensity of the 0-0 ZPL. Therefore, these spectral jumps are laser-induced in one-photon
processes. Later, we will show that the spectral jumps are also observed by resonant
excitation, which requires power densities of at least two orders of magnitude weaker,
due to the narrow width of the 0-0 ZPL with respect to the width of a vibronic transition.

In some experiments, we noticed that the spectral diffusion also depends on the
location of the molecule. Figure 5.14 shows an example of the observed spectral
diffusion of 0-0 ZPLs of single molecules with corresponding locations on the hBN
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Figure 5.13.: A 0-0 zero-phonon line (ZPL) of a terrylene molecule in the main site
followed for 20 minutes on an hBN flake that was annealed at 750 °C
for 12 hours, excited by a vibronic transition with 532 nm light. The
excitation intensity is raised after each frame of 200 s. The associated
power densities, relative to the initial intensity Iy, are shown in (b),
together with the number of spectral jumps that are observed in the 200 s
time window and the integrated intensity of the 0-0 ZPL for a period of
1 s. Without annealing, the spectral time trace typically exhibits complex
spectral diffusion as shown for example in (c). In this case, the molecule
initially wanders around a relatively narrow spectral region, but extends
over a much wider region from about 70 s. After annealing, the amplitude
of spectral diffusion is typically strongly reduced, as in (d), even though
the laser power is doubled at each 100 s interval. Some molecules do not
show any spectral diffusion on the scale resolved by the spectrometer, as is
the case for the leftmost molecule in (e). The spectra in (c) are measured
on a different sample than the spectra in (d) and (e).

flake, depicted in the middle. The two left series of spectra were recorded around
an outer edge and inner edge, possibly a step edge, and show apart from a higher
concentration of emitters, an increased rate of spectral diffusion with a higher number
of spectral positions. The stabler emitters were, however, found in the central regions
of the flake, where the surface is generally flat, as shown before with AFM in Figure
5.5. Interestingly, a similar effect was observed by Noé et al.’> for luminescent carbon
nanotubes (CNT) that were grown onto an hBN substrate, and located either close to the
edge or in the center regions. The stability of the emitter in the CNT was found to be
much better in the center of the flake than close to the edge.’> As a possible reason for
this observation, Noé et al. pointed to a higher concentration of dangling bonds around
the edges and possible accumulation of catalyst particles originating from the chemical
vapor deposition of CNTs to contribute to fluctuations in charge. Unfortunately, in our
case, the spatial resolution is limited by our confocal microscope, while Noé et al. could




94 5. Hexagonal boron nitride: a universal host matrix?

observe the distance of their CNT from the edge by AFM imaging.
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Figure 5.14.: Shown in the middle is a fluorescence image of an annealed (750 °C for
12 hours) hBN flake (NIMS, Japan). The red circles with connected lines
correspond to the molecule(s) in the plotted series of spectra, with focus on
the 0-0 ZPL. The two spectra on the left correspond to molecules located
close to an edge, while the remaining spectra are recorded on extended
terraces. The horizontal axes of the spectra correspond to the wavelength
and the vertical axes correspond to the spectrum number, where each
spectrum was integrated for 1 s with a 1200 lines/mm grating at a 96 pm
slit size.

Whether the spectral diffusion that we observe is merely a charge-induced phenomenon,
as explained by Noé et al., seems unlikely, based on our previous observations,
such as an increased spectral diffusion upon a re-contamination of the surface with
n-hexadecane and the effect of thermal annealing. Other sources, beyond remote
TLSs, were considered as well, such as a slow spatial diffusion of the molecule itself,
over the surface. As an initial test, we monitored the polarization of the molecule’s
fluorescence with a polarizing beam splitter, to observe both the horizontal and vertical
component. The relative intensities of these two components showed that there was no
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change in the angle of terrylene’s long axis (Figure 5.15a and 5.15¢). However, without
rotation, translational motion is still a possibility. To consider translational motion, we
recorded confocal images of two molecules over the course of 90 minutes and fitted
their point-spread functions (PSF) to obtain a measurement of distance between the two
molecules over time. The position of both molecules was deconvoluted by fitting the
PSF to a 2D Gaussian of the form:

G(z,y) = B+ Aexp (—((z — 20)* + (y — %0)*)/%). (5.2)

The term B resembles the background counts, A the amplitude of the PSF, x( and yq
the position of the molecule and ¥ the spread of the PSF. The results of the distance
between the two molecules, as obtained from the PSF fits, is shown in Figure 5.15g
and shows that there is no clear departure from the mean, as expected from random
walk behaviour. Hence, if there is any spectral diffusion at all, it is likely very limited.
Another source that we checked is the substrate. For defects in hBN, it was shown that
coating the silica substrate with a thin layer of alumina would substantially reduce the
spectral diffusion,'? through surface passivation. However, their hBN was only 13 nm
thick and thus the emitters, not necessarily present in the top layer, would be much
closer to the substrate. Still, we tested whether a sapphire substrate would result in
stabler emission, but this is not the case. Finally, we could rule out influences of the
substrate on the spectral diffusion when we found an hBN flake that did not completely
attach to the substrate. The molecules located on the free-standing part of the flake were
still equally unstable as the molecules that were located on the attached part.

Thermal annealing, before deposition of molecules, is the only method that consistently
improved the spectral stability of the molecules. In general, we observe a decrease in
the number of spectral positions, while also the amplitude of spectral diffusion decreases
(Figure 5.13a, 5.13d and 5.13¢). Without annealing, the spectral jumping is in general
much more complex, consisting of many, possibly coupled, levels, whose population
rates could change over time (Figure 5.13c). The scale of the spectral jumps, extending
up to a few THz in some cases, and the lack of correlation between spectral diffusion of
emitters in the same focal area, points to events in the close vicinity of the molecule.
As discussed before, the molecule is likely anchored to (aggregates of) contaminants
on the surface or possibly to a defect itself. This (nonfluorescent) contamination itself
can be responsible for the spectral jumps, i.e. by a group of atoms tunnelling between
two spatial positions, perturbing the optical transition of the terrylene molecule by the
electrostatic or elastic dipole-dipole interaction. The contamination likely nucleates
around an hBN defect and could explain why we observe more spectral diffusion, as
well as more terrylene molecules that anchor to the surface, in the more defect-rich
edges of the hBN, as in Figure 5.14. However, the exact nature of these TLSs remains
unknown due to the random environment around the molecule.

5.3.5. RESONANT EXCITATION OF THE 0-0 ZPL
he work that I presented so far only shows molecules that were excited by a vibronic
transition and not resonantly through the narrow 0-0 ZPL. Moreover, the 0-0 ZPL
linewidth resolved in the emission spectrum is limited by the spectrometer resolution
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Figure 5.15.: a,b) Fluorescence time trace and spectra of a molecule whose fluorescence

is nearly perfectly oriented with the vertical polarization component.
Spectral jumps during the time trace have no influence on the horizontal
polarization component. c¢,d) Shows the time trace and spectra of another
molecule with comparable intensities in both polarization channels. Also
here the spectral jumps have no influence on the ratio of the two
polarization components. Around 28 s, the molecule jumps to a spectral
position where the excitation was much less efficient, the signal dropped
considerably, and therefore the data was cut here. The spectra in b)
and d) were recorded with a 1 s integration time. The time scales of
the fluorescence time trace and of the spectra are different, due to some
delay between the recorded spectra. Panel (¢) and (f) show respectively
the experimental and fitted point-spread functions of two molecules that
are approximately 2 um apart from each other and do not (or barely do)
overlap with the PSFs from other molecules. A single scan consisted of
100x100 pixels over a range of 5x5 pm? and took about 200 s to acquire
with the scanning mirror. In total, 24 of these images were acquired over
the course of 90 minutes with short pauses in between. Panel (g) shows
the distance between the two molecules extracted from 24 consecutive
confocal images, as in panel (e). The average error of the fit is just a
few nm, but the measurements likely have a larger error due to spectral
jumps occurring while recording the PSF. For all fitted data, the distance
appears to revert around a mean value of 2.18 pm, and shows no clear
trend. Hence, if there is any spatial diffusion, its extent is very limited.
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Figure 5.16.: a) Confocal fluorescence map of a collection of hBN flakes, taken at an
excitation wavelength of 582.38 nm at a relatively high laser intensity of
350 W/ecm?. The brightest spot, around (X = 20, Y = -25) corresponds to
the emission of the molecule in Figure 5.18. b) Common behavior of a
molecule shown in a series of excitation spectra. The series of spectra
were taken with the procedure mentioned in the text. In the second line of
the scan, the laser was pointed to the position of the molecule. The strong
spectral diffusion and blinking makes it difficult to extract a linewidth from
this measurement.

(51 + 3 GHz per pixel), while the linewidth of terrylene is expected to be up to three
orders of magnitude narrower, around 45 + 3 MHz, if it is limited by the measured
fluorescence lifetime of 3.6 = 0.2 ns. With a tunable dye laser (linewidth of a few MHz)
we excited terrylene molecules resonantly. In many cases, the molecule jumped out of
resonance with the excitation laser, already in the first scan or the molecule showed such
strong spectral diffusion that the molecule appeared intermittently over the full scanning
range (Figure 5.16b). With lower excitation intensities of a few W/cm?, we could follow
the molecules longer. A procedure that worked well consisted of tuning the laser to
some wavelength around the peak of the inhomogeneous broadening (Figure 5.10a and
5.10c) and record a fluorescence map of the flake, covered with a high concentration of
terrylene. The molecules that are in resonance with the excitation laser will appear as
bright spots on the flake region, as shown in Figure 5.16a. Then we start a scan of the
laser and while it is running we move the laser to the position of the molecule.

For the remainder of the molecules, not showing behavior as in Figure 5.16b, it was
possible to extract a linewidth of the 0-0 ZPL. In general, a Lorentzian distribution fits
best to the excitation spectrum’s profile (Figure 5.17d). However, in some exceptions,
possibly due to fast spectral diffusion, a Gaussian distribution provided a better fit, such
as in Figure 5.17b. One of the narrowest linewidths that we could find is shown in
Figure 5.17d. In this figure, the Lorentzian fit extracts a linewidth of 390 + 10 MHz,
which is less than a factor 10 away from the lifetime-limited linewidth of 45 + 3 MHz.
Furthermore, the molecule has a resonance split into two Lorentzian distributions that
are separated by 1.1 GHz. This could be the result of a fast-switching two-level system.
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Figure 5.17.: (a) Series of excitation spectra of a molecule at 581.96 nm, taken with
11 W/cm? laser intensity. (b) The summed intensity of all the spectra in
(a) builds up the figure. The excitation spectrum is fitted with both a
Lorentzian and Gaussian distribution. The Gaussian distribution fits best
and yields the indicated linewidth. (c) One of the narrowest resonances that
are found on hBN is shown in this series of excitation spectra. (d) A fit of
two Lorentzian distributions for the two resonance lines present in (c). (e),
(), (g) Spectral diffusion of a molecule recorded at increasing excitation
intensities of 1 W/cm? in (e), 14 W/cm? in (f) and 250 W/cm? in (g).

At longer timescales, the molecule also jumps to different spectral positions and jumps
out of the scan range after about 10 minutes. This behavior is very common and
happens for instance also for the molecule in Figure 5.17c. In rare cases, the molecule
stays within the scan region or can be recovered by slightly adjusting the center of the
scan. The molecule in Figure 5.17e, 5.17f and 5.17g remains within the scan region, but
shows an increasing spectral wandering upon an increase of the excitation laser intensity.
A broadening of the linewidth is expected with a higher laser intensity, but the extent of
broadening is further increased by a photo-induced spectral diffusion.

The most stable molecule that we found is shown in Figure 5.18a. This molecule
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Figure 5.18.: a) Excitation spectrum of the 0-0 ZPL of a single molecule that did not

jump out of resonance with the laser, even at higher excitation intensities.
The homogeneous linewidth is about 4.7 + 0.3 GHz and is measured with
a scan rate of 5 seconds per row. The line plot underneath the figure shows
the asymmetric profile of the 0-0 ZPL. A time trace of the fluorescence
signal of this molecule in (b) shows characteristic quantum jumps due
to intersystem crossing to the triplet state. However, in some cases the
molecule remained dark for much longer times than the triplet lifetime,
as is also visible in (a). These long dark times may be attributed to a
relatively short spectral jump back and forth between another (out-of-range)
spectral position. The purple line represents the threshold set between
the ON and OFF state of the fluorescence. c) Distribution of 0-0 ZPLs
linewidths found for molecules on different flakes. The red dashed vertical
line represents the lower limit set by the fluorescence lifetime. Due to
the large distribution of linewidths, the horizontal axis has been set to a
logarithmic scale. d) Saturation curve of the fluorescence of the molecule
in (a), fitted with F(I) = Fo (I/I5)/(1 + I/I5), where I, is the saturation
intensity of the laser and F, is the maximum fluorescence rate. The
saturation intensity is 105 + 22 W/cm?2, 2 orders of magnitude larger than
typically obtained with our setup for near-lifetime-limited emitters. This is
explained by the 2 orders of magnitude broader linewidth, as the saturation
intensity scales linearly with the linewidth of the transition. e) Distribution
of dark periods in the resonance fluorescence signal, recorded over 60 s
with 100 ps time bins (as in (b)). The characteristic timescales of the fit
(red curve) are shown on the top right and bottom left.
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remained at the same resonance frequency, regardless of the excitation intensity. The
molecule has a relatively broad linewidth of 4.7 + 0.3 GHz and an asymmetric profile
of the 0-0 ZPL, as shown in the bottom plot of Figure 5.18a. The asymmetric profile
might be the result of spectral diffusion to one side. As the molecule remained in
resonance, we could record a fluorescence time trace at resonance with the 0-0 ZPL, as
shown in Figure 5.18b. The time trace shows quantum jumps that can be assigned to
intersystem crossing. The blinking events of longer duration, extending up to tens of ms,
are likely from another source, such as jumps back to and from another out-of-range
spectral position. To analyze the characteristic time scales of these quantum jumps, we
determined a threshold between the ON and OFF state, where a crossing of this threshold
would indicate a change from ON to OFF or vice versa. For a time trace of 60 s, the
lengths of the period where the molecule was OFF are plotted into a histogram, shown in
Figure 5.18e. The histogram is best fitted by a bi-exponential decay, with characteristic
triplet lifetimes of 360 + 10 ps and 2.0 £ 0.1 ms. We attribute the short decay time to
the indistinguishable decays of the in-plane triplet states T’,,, while the remaining long
decay corresponds to the out-of-plane state T,.%° The triplet lifetimes agree well with
terrylene in the extensively studied hosts p-terphenyl®*>% and anthracene.’’
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Figure 5.19.: Normalized antibunching histogram of the molecule in Figure 5.18a,
measured at resonance with the 0-0 ZPL. No Rabi oscillations are present,
but the characteristic time of the exponential increase to unity is shorter
than for the off-resonant excitation, indicating that stimulated emission
reduces the antibunching time scale. b) The full extent of the correlation
function is composed for the left side by a renormalized antibunching
histogram and for the right side by the calculated autocorrelation of the
fluorescence signal, both recorded with an excitation intensity of around
100 W/cm? (see Figure 5.18d for reference).

We continued by recording an antibunching histogram of the resonance fluorescence
(Figure 5.19a). No Rabi oscillations are observed in the histogram, which is expected
when the linewidth is significantly broadened by dephasing. The measured linewidth
of 4.7 £ 0.3 GHz would correspond to a lower bound of the decoherence time 75 of
about 68 + 4 ps. Combined with the autocorrelation of fluorescence, recorded with
10 ps time bins, we could renormalize the antibunching histogram and extend the full
autocorrelation to over 9 orders of magnitude in time (Figure 5.19b).
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Although we extensively studied terrylene as a model molecule for characterizing
hBN as a potential host, we have tried to measure several other molecules on hBN. The
convenience of terrylene emerged particularly due to its broadband absorption at the
fixed 532 nm wavelength of the excitation laser, while this was not the case for many
other molecules. In this part of the chapter, I will show results of the other molecules
that we measured and were either intentionally or unintentionally placed on hBN.

5.4. BEYOND TERRYLENE: OTHER MOLECULES ON HBN

5.4.1. MOLECULE X

n the samples that were prepared by spin coating fluorescent molecules on the hBN

flakes, there was regular contamination with fluorescent impurities. One of these
impurities, sometimes denoted as molecule X, is particularly present in polymers®® and
solvents,”® such as toluene.®® The latter is the solvent that we use in our spin-coating
procedure as a transfer solvent for other fluorescent molecules. A spectrum of molecule
X on hBN is shown in Figure 5.20 and has the same vibrational fingerprint as found in
the literature. Similar to terrylene, the 0-0 ZPLs of these impurity molecules were found
over a broad range of wavelengths, extending from 618 nm up to 640 nm, for the 24
molecules that we measured. Similar to terrylene, this wide range of wavelengths for
the 0-0 ZPLs of molecule X designates a large inhomogeneous broadening.
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Figure 5.20.: (a) Fluorescence emission spectrum of molecule X with annotated
vibrational peaks, normalized to the intensity of the 0-0 ZPL. The
excitation frequency was 532 nm. (b) Histogram of the location of the 0-0
ZPL of 24 molecules that shared the vibrational fingerprint as in (a).

As this molecule arises from contact with organic solvents, it can easily end up on
the hBN upon “cleaning” it with solvents. There are several reports of emission from
hBN, attributed in the papers to defects, that have a similar emission peak.®¢! The paper
by Ronceray et al. treats the activation of emission from hBN by solvent molecules
that are possibly binding to hBN surface defects, as the measurements takes place with
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hBN submerged in organic solvents. Interestingly, the observed peak of the emission
spectrum is in the same region as molecule X. The paper also describes that this effect
is observed in many other organic solvents. The fluorescent impurity molecules in those
solvents may bind to the hBN, giving off clear point-like emission in wide-field images
as they stay longer in one place. Ronceray’s reported mechanism of emission, if truly
from fluorescent organic impurities in solvents, is interesting. It shows that molecules
may possibly prefer to bind to surface defects than on pristine hBN. Therefore, it would
be interesting to repeat their experiment with a known dye dissolved in the organic
solvent, such as terrylene.

5.4.2. GRAPHENE QUANTUM DOTS

Crg-tBug DM.377 P2 DM-378 P2
. Cge-tBu, Cy14-tBu
Chemical Formula: CygpH74 96tBUg 14 10
Exact Mass: 1298.5791 Chemical Formula: CqpgHgs Chemical Formula: Cys4H114
Molecular Weight: 1299.7140 Exact Mass: 1630.7356 Exact Mass: 1962.8921
Molecular Weight: 1632.1600 Molecular Weight: 1964.6060
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Figure 5.21.: Shown on the top are the chemical structures of the three graphene quantum
dots with below their corresponding absorption (black) and fluorescence
emission spectra (in color). The image was provided to us by the group of
prof. J.S. Lauret from Paris Saclay university. The spectra were measured
with 1,2.4-trichlorobenzene as the solvent.

part from unintentionally placed molecules, such as molecule X, we also performed

experiments on a novel family of fluorescent molecules, namely graphene quantum
dots (GQDs), in the shape of ribbons (see structures of the three types in Figure 5.21).
These molecules were synthesized at Paris Saclay university®? and studied by the research
group of prof. J.S. Lauret for their strongly fluorescent properties.®*% So far, observing
narrow spectra of the GQDs at low temperature is a challenge. A measurement of
triangular GQDs in a polystyrene matrix showed broad emission lines that did not reveal
the fine structure of the emission spectrum.®> The GQD molecules are much bigger than
the typical aromatic fluorescent molecules used in single-molecule spectroscopy, and
thus finding a suitable host for them to obtain significant line-narrowing of the emission
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spectra is a challenge. Apart from the flat ribbon structure there are tert-butyl chains
that prevent the molecules from aggregation and thus promote solubility. As such, the
molecules could be easily dissolved in toluene. Subsequently, with the GQDs diluted to
sub-nM concentrations, we could spin coat them onto annealed hBN flakes. At room
temperature, the molecules are easily found using an excitation wavelength of 532 nm.
In particular, we focused on the C78 and C96 GQD, where the number represents the
amount of carbon atoms present in the aromatic part of the molecule, thus excluding
the chains. The room-temperature emission spectra of these two types of GQDs, in
ensembles, are shown in Figure 5.22 and reveal that the emission peaks and structure of
the spectra are similar to those observed in a 1,2,4-trichlorobenzene solution.
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Figure 5.22.: Fluorescence emission spectra of ensembles of respectively the C78 GQD
in panel (a) and the C96 GQD in panel (b). Both spectra were taken at
room temperature with a 532 nm excitation laser. The spectrum in (a)
peaks around 571 nm and the spectrum in (b) has a peak around 618 nm.

Upon cooldown and subsequent line narrowing, the signal from the GQDs was
diminishing, probably due to weak or no absorption at all around 532 nm. To improve
the signal we required the dye laser for excitation. The dye laser is best optimized for
use with the C96 GQD, where a good absorption was measured for some molecules
around 570 nm. In the case of Figure 5.23a, the 0-0 ZPL of the C96 QGD is around
615.8 nm, excited with 570.54 nm. The difference of 1288 cm~! is close to the series of
vibrational lines around 1300 cm~! in the emission spectrum. The spectrum in Figure
5.23a and 5.23Db is likely from a single molecule, as at some point the molecule jumped
out of resonance and the signal was lost. The spectra are characterized a large number of
vibrational modes, with most of them at low frequency. In part, this could be due to the
large size of the molecule, as the number of vibrational modes scales with the number of
atoms, while the large size of the molecule can also decrease the energy of some modes.
The strongest mode around 128 cm™' in Figure 5.23b is, analogous to the extension
mode in other aromatics, where the molecule’s length oscillates around equilibrium. For
the C78 GQD we were only able to detect a signal at elevated temperatures of around
80 K. Due to the broadened spectrum it is difficult to resolve the vibrational spectrum
of this molecule, as shown in Figure 5.23c.
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Figure 5.23.: Panel (a) shows the full emission spectrum of the C96 GQD at 2 K,
excited at 570.74 nm and taken with a 600 lines/mm grating at a 0.1 mm
slit size. The higher resolution spectrum, taken with a 1200 lines/mm
grating and a 0.1 mm slit size, is shown in panel (b). In panel (c) an
emission spectrum of the C78 GQD is shown, which was only observed
at elevated temperatures. In this case the temperature is around 80 K and
is responsible for the broadened linewidth. The C96 GQD molecule in (a)
and (b) has a 0-0 ZPL around 615.8 nm and the C78 GQD molecule in (c)
has a 0-0 ZPL around 569.7 nm.

The spectra of GQDs on hBN show that hBN is a promising host for other molecules
than only terrylene. In particular, the notion that hBN can be applied for rather bulky
molecules such as GQDs may underpin the universality of hBN as a host matrix for
fluorescent molecules. Moreover, many properties of these GQDs are still unknown,
such as their photophysical parameters (triplet blinking) and could in best case, such as
for terrylene in Figure 5.18, be studied at the single-molecule level. However, it is very
important to consider what excitation wavelength is optimal for each type of molecule.
In addition, GQDs (and molecule X) are showing the same type of spectral diffusion as
observed for terrylene, which can quickly move the molecules out of resonance with the
laser. Terrylene, on the other hand, stayed most of the times in resonance with the 532
nm laser. As a possible solution for the elimination of spectral diffusion we considered
adding another layer on top of the hBN, thus encapsulating the molecules.

5.5. ENCAPSULATION OF TERRYLENE
5.5.1. TRANSFER OF LARGE AREA HBN

n case the spectral diffusion is primarily caused by degrees of freedom for the organic
Icontamination present on the surface, then perhaps this spectral diffusion could be
suppressed by passivating the environment through encapsulation by another hBN layer.
In fact, encapsulation by hBN is already a common procedure to for example improve



5.5. Encapsulation of terrylene 105

the linewidth of emission from excitons in transition metal dichalcogenides (TMDs).%¢-67
The encapsulation of large structures such as TMDs is not difficult, but for small-sized
molecules, such as terrylene, the encapsulation could push away the molecules. This
self-cleaning method is in most cases desired for having a clean interface in stacked
structures. As mentioned in section 5.3.1., the encapsulation may also cause pile-up
of residues and our fluorescent molecules into air pockets/bubbles.?® Intuitively, the
encapsulation could be best performed with a thin layer or monolayer of hBN, to
have easier adaption of the top layer to the part to encapsulate, without exerting much
pressure on the bottom hBN. To this end, we used 13 nm hBN grown by chemical-vapor
deposition onto a copper foil (obtained from the company Graphene Supermarket). The
copper foil can be slowly (typically less than an hour) dissolved in an etchant solution
(10% ammonium persulfate in water). As the copper is dissolved, a slide of teflon
with a hole in the middle floats in the water and creates surface tension (Figure 5.24a),
which will keep the hBN floating on the water surface after the copper is completely
dissolved. Then the sample is slowly pushed towards the water and the whole layer
attaches to the substrate as it gets into contact. The procedure for hBN transfer from
copper foil is based on this work.®® Although the transfer was successful and allowed
the encapsulation of many flakes at once (the monolayer can be millimeters large, see
Figure 5.24b), this rather “dirty” method left behind a lot of emission on our samples,
which made it difficult to distinguish emission from terrylene.

Figure 5.24.: Panel (a) shows a piece of copper foil, coated with a 13 nm thick hBN
layer, floating in the middle of a hole in a Teflon slide that also floats
on an etchant solution of 10% ammonium persulfate in water. Panel (b)
shows hBN flakes on a substrate (most of them in yellow or green color),
with areas that are encapsulated covered by a bluish film. Note that upon
transfer the sheet tears and does not cover all parts of the substrate.

5.5.2. FLAKE-ON-FLAKE ENCAPSULATION

nother method for encapsulation is the use of the stamping technique. This method
A is very similar to exfoliation in the sense that a polymer layer (polycarbonate (PC)
or PDMYS) is used to pick up a flake (for example from a substrate or exfoliated on tape)
and positioned above (using a microscope that has two independent micromanipulators)
and pushed towards another flake that is already on a substrate.
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Figure 5.25.: Schematic of the stamping procedure with two microscope slides connected
to individual micromanipulators. The substrate with the exfoliated hBN is
attached to a substrate holder by vacuum. A microscope slide is prepared
with a small piece of PDMS gel (from Gel-Pak) to support a layer of
polycarbonate (PC) or PDMS tape (from Gel-Pak as well), with exfoliated
hBN attached to it. The manipulators can be used to position the two
flakes on top of each other and to approach.

The procedure for stamping of hBN flakes, and many other 2D materials, is
schematically shown in Figure 5.25. The hBN for transfer is prepared by the scotch-tape
method, as described before. A piece of PC or PDMS tape is then pressed on the
scotch tape, such that some hBN flakes attach to it. Subsequently, the PDMS tape is
fixed to the microscope slide, where the PDMS gel makes sure a part of it is suspended.
This needs to be the region with the flakes of interest present. The flake to transfer is
then positioned on top of the flake that needs to be covered and the two flakes are
moved towards each other until there is slight contact of the film with the substrate.
Subsequently, the sample is heated till 60-90 °C, such that thermal expansion creates
full contact between the PDMS or PC film and the substrate. Then the sample is cooled
back to room temperature, while the thermal contraction makes the film lose contact
again with the substrate. When transfer of the flake was not successful the procedure
was repeated with or without some minor changes in the parameters.

The result of the encapsulation using the stamping method is shown in Figure
5.26a and 5.26b. When the molecules are encapsulated, annealing was not performed
anymore. However, we could anneal the bottom flake before deposition of molecules
and encapsulation, as was done for the flake in Figure 5.26b. Interestingly, we found a
large number of terrylene molecules on the non-annealed flake in the encapsulated part,
but only one terrylene molecule was found on the encapsulated part of the annealed flake.
Moreover, the background fluorescence was much higher for the case of the annealed
bottom flake. This could be a result of the annealing, which may cause the formation of
molecule emitters due to the presence of organic contamination between the interface of
silica and hBN.!> However, none of this emission was narrow at low temperature. The
narrow emission that we could find was due to the presence of terrylene. However,
the spectral diffusion is still a problem in the encapsulated areas of the hBN flake, as
shown in Figure 5.27. The only molecule that we could find on the annealed flake,
covered by a non-annealed flake, shows spectral diffusion (Figure 5.27a). Similarly, the
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Figure 5.26.: Examples of encapsulation of an hBN flake by another flake of hBN, by
the stamping method. In panel (a) the bottom hBN was not annealed and
in panel (b) the bottom hBN was annealed. In both cases, molecules
were deposited by sublimation before encapsulation (and annealing). The
corresponding fluorescence maps of the flakes in (a) and (b) are respectively
shown in panel (¢) and (d). Note that the background is much higher for
the annealed flake (d) compared to the non-annealed flake in (c). Hundreds
of terrylene molecules were found on the non-annealed flake, while only a
single terrylene molecule was found on the annealed flake.

molecules on the non-annealed flake show spectral diffusion as well (Figure 5.27b and
5.27¢), on a scale that we regularly observe on non-encapsulated hBN flakes. Hence, the
encapsulation of the molecules does not seem to improve the spectral stability, which
might be due to the pile-up of contamination in areas where terrylene is also located. Of
course, many parameters in the preparation of these encapsulated samples can be varied
and may lead to different results. This can be for example the amount of force that we
exert during stamping or the amount of heating we provide to make the top layer stick
well.

There are possibly alternatives to the encapsulation methods that we used so far. This
could be for instance exfoliation in a high vacuum environment, to keep all the layers in
very clean condition. This could be combined with in-situ evaporation of the fluorescent
molecules on a cold hBN surface. However, this would require sophisticated equipment.
Another appealing alternative is the use of boron nitride nanotubes, which have proven
to be able to encapsulate dye molecules and protect them from photodegradation at room
temperature.®’
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Figure 5.27.: Series of emission spectra of encapsulated molecules. The molecule in
panel (a) was located in the encapsulated part of the annealed bottom flake.
It was also the only molecule that we could find on this sample. Panel
(b) and panel (c¢) show examples of spectral diffusion that we observed
for molecules that were located on the non-annealed hBN flake, inside the
encapsulated region.

5.6. WHAT CAN WE LEARN FROM THE LITERATURE ON
HBN 'DEFECTS’?

Ithough the origin of emission of many emitters associated to hBN is unknown and

some of them are disputed to originate from defects, but possibly organic molecules,
we can still learn from the various experiments that have been undertaken to improve the
emitter’s quality and tuning of its properties. In particular, if the experiments are indeed
performed unintentionally on molecule emitters, the experiments are very relevant.

Comparing the spectral properties of single terrylene molecules on hBN to the
properties of hBN emitters, the similarities are striking. Homogeneous linewidths of
about 1 GHz on average are also typical for other reported emitters associated to
hBN.383%.70.71 Moreover, spectral diffusion, large enough to observe with a spectrometer,
is also frequently reported for hBN emitters.!>383%71-73 Methods of improvement for the
quality of hBN emitters could therefore be possibly applied to our molecules as well. In
the following part, I will show two experiments from the literature that are interesting
candidates for follow-up experiments for terrylene on hBN, which we have tried to build
up as well.

Interesting work by the group of Atwater’* shows that high electric fields can
improve the spectral properties of an hBN emitter, leading to almost lifetime-limited
linewidths. This improvement was achieved by creating a heterostructure of
graphene/hBN/hBN/graphene, where both graphene layers would act as independent
electrodes, while the emitter was located in one of the hBN layers (or between). The
explained mechanism of their work is that the very high electric field, in the order
of 1-2 MV/cm, would deplete charge traps in the hBN, causing a strong reduction in
charge noise, analogous to reports on the reduction of charge noise in semiconductor
quantum dots using electric fields.”” Even more surprising is the measured temperature
dependence of the linewidth. The linewidth of the emitter is still below 1 GHz at a
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temperature of 100 K, while the broadening is purely phonon-induced and lacks a linear
component, i.e. a pure T°-dependence. This could suggest that the electric field greatly
suppresses the activity of two-level systems (TLSs) at higher temperatures as well, and
cancels the linear broadening term that we also observe for our molecules. In section
5.5 we have shown that it is possible to encapsulate molecules between hBN. However,
there is no definitive proof that the molecules are indeed in the encapsulated region.
With a similar stack of hBN encapsulated molecules between graphene electrodes we
could also prove that the molecules are really in-between the hBN flakes when their
fluorescence is not quenched through contact with the graphene.

We also tried to make a similar heterostructure of hBN in between graphite (or
multilayer graphene) electrodes (Figure 5.28a). In the first attempt we noticed that the
thickness of the top graphite layer is very important for the measured fluorescence. If
the layer is too thick, the fluorescence cannot penetrate the layer, as well as excitation
light is only weakly transmitted (absorption is about 2.3% per layer in the visible).
Consequently, the area where all layers overlap does not show any fluorescence (Figure
5.28Db).
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Figure 5.28.: a) Microscope image of the heterostructure with at the bottom a layer of
graphite in contact with one of the gold electrodes. Followed by two hBN
flakes on top of each other, with molecules deposited in between and a
top graphite layer connected to the other electrode. Panel (b) shows the
fluorescence image of the region where all layers overlap, bordered with a
red dashed line. The fluorescence signal in this region is very weak, which
is possibly due to the low transparency of the top graphene layer. See also
the low contrast on the left electrode in (a), where the top graphene layer
overlaps with the highly-reflecting gold.

With a thinner graphite layer, as shown in Figure 5.29, we were able to detect some
fluorescence within the overlap region. However, the signal was relatively weak and
recording a spectrum required an integration time of about 30 seconds at a high excitation
intensity (> 100 kW/cm?). Consequently, the spectrum of the terrylene molecules is less
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well visible due to overlap with strong Raman signals from graphene. No spectral shift
or stabilization of the fluorescence signal was observed on the spectrometer. This could
be related to the intensity of the field, which depends on the voltages applied (10 V over
the junction area) and the thicknesses of the hBN layers. However, the fact that we can
detect fluorescence from single terrylene molecules indicates that the emitters are not
quenched by the graphene and are likely located between the hBN layers. With better
control over the thicknesses of the hBN layers and the top graphite layer the experiment
can be improved, while spectral shifts are more easily visualized by resonant excitation
of the 0-0 ZPLs.
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Figure 5.29.: Panel (a) shows a heterostructure with a thinner top graphite layer (see
better contrast of overlap on the right electrode). Panel (b) shows
the middle area of the heterostructure where all layers overlap. Some
fluorescence signal is visible in the overlap region, bordered with the red
dashed line.

One of the marked observations of terrylene on hBN is the existence of a very large
inhomogeneous broadening, which also exists for molecule X. Compared to organic
matrices, hBN can have significant tensile or shear strain in the layer, which can be
present on nanometer scales.”® Moreover, a report on the stretching of hBN has revealed
that the emission wavelength of an emitter can be red-shifted up to tens of nm.”” The
experiment works by using an elastic substrate, such as PDMS, for the hBN, which
can be stretched up to a few percent. Of course, the exact stretching of hBN itself
is not known, as it depends on how well hBN conforms to the substrate. The notion
that tensile strain, in this particular case, can strongly affect the emission wavelength,
could be an appealing explanation for the large inhomogeneous broadening, i.e. large
variations in the local environment of the molecule within diffraction-limited areas, that
we observe for terrylene on hBN. We therefore propose a similar experiment that can
test this hypothesis. For an optimal resolution of the spectra, this experiment could be
best carried out at low temperature, using a piezo actuator to controllably exert strain
and a structure that can amplify the expansion/contraction of the piezo. We have tried
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a quick test at room temperature, by using hBN exfoliated onto PDMS. However, the
large amount of Raman signal from the PDMS and the weak contrast of hBN flakes on
PDMS (no interference effects giving colored flakes) made it difficult to observe the
signal from single terrylene molecules.

5.7. CONCLUSION AND OUTLOOK

e have shown that terrylene molecules adsorbed on the surface of hBN become
‘ V narrow emitters at low temperature, with linewidths as narrow as a few 100 MHz
up to a few GHz. Their relative spectral stability, in contrast to single molecules
adsorbed on any other surface so far, made it possible to observe 0-0 ZPLs on a
surface. Moreover, we have found a way to considerably improve the spectral stability
by annealing the hBN substrates before the molecules were deposited, which points to
dynamics in the (organic) contamination as a potential source of the spectral jumps. Our
work shows that narrow emission can also be observed for other molecules, if the right
excitation wavelength is used. For example, the narrow emission from bulky graphene
quantum dots was never observed before in other host matrices. This could indicate that
hBN might be a host matrix for potentially many fluorescent molecules. This requires,
however, more study on different types of molecules.

In future experiments, a well-known system such as terrylene could help shed light
on the various issues of spectral instabilities and dephasing mechanisms, in order to
improve the quality of other emitters hosted by hBN. For that reason, we propose two
experiments that are based on experiments already conducted for the unknown emitters
associated to hBN, to be repeated with terrylene molecules. The first experiment, which
consists of applying large electric fields to the molecules, could potentially resolve the
spectral diffusion and improve coherence properties of the molecules. In addition, if
the action of two-level systems is completely suppressed by the large electric field,
the strong linear broadening of the linewidth could be resolved as well, which may
make narrow emission at higher-than-liquid-helium temperatures possible. The second
experiment consists of the controlled application of strain on the hBN, to observe
whether it would be possible to tune the molecule’s resonance by strain. Moreover, it
would be interesting to observe whether the molecular structure of terrylene can adapt to
changes in the lattice parameters of hBN and whether this could be responsible for the
reduced Franck-Condon factors that we observe for red-shifted molecules. In that way,
the photon indistinguishability could perhaps be tuned and improved.
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ADOUBLE-RESONANCE
EXPERIMENT ON PERYLENE

In this chapter, I will lay out a theoretical and experimental framework for the detection
of a resonance of a very weak singlet-to-triplet transition, where the region to look for
this resonance is deduced from the phosphorescence spectrum in Chapter 3. Compared
to other host/guest systems, the case of perdeuterated perylene in dibenzothiophene is
complicated by an additional parameter, namely reverse intersystem crossing (rISC). I
will show that rISC can be both helpful and problematic in this experiment and I will
show how future experiments could be designed.
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6.1. INTRODUCTION
6.1.1. EXPERIMENTS ON TRIPLET STATES

ince the detection of phosphorescence from triplet states is experimentally difficult,
S no experiments have been done on the excitation of triplet states from the ground
state on single molecules. However, the stochastic intersystem crossing to the triplet state,
the difference in the lifetimes of the three sublevels, the zero-field splitting between the
states and highly-allowed transitions between triplet sublevels are such that it is possible
to detect transitions between triplet sublevels. These transitions are generally captured
by changes in the fluorescence signal as a function of a microwave excitation source,
performed in a scheme called optically-detected magnetic resonance (ODMR). The first
experiments on a single-molecule level, in 1993,? were already shortly conducted
after the fluorescence signal from single molecules was detected for the first time in
1990.3 In both works, the experiments were performed on single pentacene molecules
in a p-terphenyl host matrix. A few years later, the first hyperfine-coupled nuclear
spin of a carbon-13 atom was detected in the ODMR signal for the same pentacene.*
Nowadays, ODMR is a common technique for reading out spin transitions in other
systems, which typically allow for room-temperature operation, such as NV centers in
diamond’ and more recently, spin centers discovered in hexagonal boron nitride.® The
latter two systems are different from single molecules in the sense that their ground state
is already a triplet. Hence, no intersystem crossing or weak resonance to a spin state
have to be involved. Systems such as NV centers have shown efficient coupling and
control over many nuclear spins, where in extreme cases up to 50 nuclear spins could
be mapped around an NV center.” Unlike singlet states, triplet states can be employed
as nanosensors of magnetic field.®

Recently, there has been some renewed interest in the manipulation of spins in
single molecules, due to the versatility and diversity of molecular systems. Recent
work consists for instance on spin manipulation in ensembles of rare-earth Eu*
molecular complexes,” organic radical molecules'® and, interestingly, also by atomic
force microscopy on the good old pentacene.!" One of the key benefits of using a
neutral aromatic molecule with a singlet ground state for spin manipulation, in special
that of hyperfine-coupled nuclear spins, is that the electron spin can be turned off by
de-excitation. In that case, the electron spin will not be a source of decoherence anymore
for the nuclear spin, which could potentially increase the nuclear spin’s coherence time,
of particular uses for quantum memories. Moreover, molecular crystals are easily
prepared and transferred. Furthermore, molecular crystals can be well implemented
into photonic structures'? and microcavities,'>»!'* while dielectric antennas can boost
collection efficiencies of photons close to unity.!> All these properties make molecular
systems attractive candidates for spin-photon interfaces.

Before such a spin-photon interface with single molecules can be realized, the
coherent optical control of spin states has to be experimentally proven. In chapter 3, we
recorded the phosphorescence spectrum of perdeuterated perylene in order to pin-point
the spectral region where the weak resonance for the singlet-to-triplet transition would
be located. In this chapter, I will report on the experiments that we set up to find this
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resonance and the experimental challenges that come with it, such as the influence of
reverse intersystem crossing.

6.1.2. THEORETICAL DESCRIPTION OF A THREE-LEVEL SYSTEM

he fluorescence and phosphorescence studies of perdeuterated perylene (to be called
Tperylene-d12 from now on) in dibenzothiophene, in respectively Chapter 2 and
Chapter 3, have made it possible to select a spectral region for a double optical resonance
experiment on a single perylene-d12 molecule. The scheme for this experiment, shown
in Figure 6.1, is similar to optically-detected magnetic resonance experiments, but with
the major difference that the approach is entirely optical and initiated from the ground
state. An alternative to initiation from the ground state is, in analogy to atomic physics,
the so-called A-scheme, where the singlet-to-triplet transition is initiated from the singlet
excited state, thus S; — 73. Given the energy of the singlet excited state and the energy
of the triplet state, deduced respectively from the fluorescence and phosphorescence
spectra, the S; — T energy gap would be approximately 9,261 cm™! (vacuum) or 1,080
nm (air). The considerably shorter wavelength for the Sy — 7 energy gap, namely
around 784 nm, is experimentally easier to work with in combination with blue light
for the Sy — S; transition. Hence, we will work with the scheme that is initiated
from the ground state, called the V-scheme. In the V-scheme, a probe laser produces
coherent cycles between the ground singlet and excited singlet state, which results in
a measurable fluorescence signal. A pump laser scans the near-infrared (NIR) region
for the spin-forbidden transition from the ground singlet state to the triplet state. This
NIR region was determined in chapter 3 by the measured phosphorescence spectrum
of perylene in the dibenzothiophene host in a region of interest determined by the
inhomogeneous broadening around the 0-0 zero-phonon line. As a function of the
NIR laser’s frequency, the fluorescence signal may decrease or increase in intensity,
depending on the steady-state population of the triplet states. In addition, we cannot
ignore contributions of reverse intersystem crossing (rISC), which incoherently reduces
the population of the triplet when the probe laser strongly excites the molecule’s singlet
transition. Furthermore, we assume that the NIR beam itself does not influence the
rISC rate. To obtain an idea of the influence of reverse intersystem crossing by the
probe beam we have to consider the rate equations, including coherences, for this
double-resonance experiment.

In principle, there are three triplet sublevels with each of them having different
intersystem crossing rates and lifetimes, but for the sake of simplicity I will group them
into a single level. The three-level system of coupled rate equations has the following
matrix form:
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Figure 6.1.: Simplified Jablonski diagram of the three-level system, driven at resonance
with the pump and probe laser. These resonances are indicated by a double
arrow to account for stimulated emission. The relevant rates between the
different levels are indicated next to the arrow. In addition, absorption
from the probe laser to a higher triplet state is shown as the pathway for
reverse intersystem crossing with total rate « proportional to the saturation
parameter S = I/I, of the probe laser. The diagram is simplified in the
sense that the three triplet sublevels are merged together.
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(6.1)

The vectors contain the density matrix elements for the populations pi11, p22 and ps33
of respectively the ground singlet, excited singlet and triplet states and the coherences
captured in pi13, ps1, pi12 and po;. The parameters 215 and €2;3 are the Rabi
frequencies of the Sy — S7 and Sy — T3 transitions. Furthermore, I';5 and I'y3 are the
homogeneous linewidths of both transitions, and are related to the decoherence times
by 1/T5 12 = 712 and 1/T5 13 = wl'13. The rate 791 is the decay rate of the excited
singlet state, o3 the intersystem crossing rate, ys3; the decay rate of the triplet and
lastly, a is the incremental decay rate of the triplet state due to reverse intersystem
crossing, which is a function of the saturation parameter S of the probe laser. All
detuning terms are ignored, as we plan to work at resonance. In Table 6.1, relevant
parameters for equation 6.1 are listed. Most parameters have been acquired in our own
experiments, but the linewidth of the Sy — 77 transition has to be assumed. Although
linewidths have been measured for ODMR transitions between triplet sublevels, nothing
is known about the linewidth of an Sy — T3 transition. Hence, we have to make the



6.1. Introduction 123

assumption that the linewidth for the Sy — T} transition is similar to what is measured
for transitions between triplet sublevels by ODMR. This, however, might not be true
as ODMR transitions do not involve a change in molecular orbital. This, in principle,
makes the Sy — 77 transition sensitive to spectral diffusion that perturbs the Sy — 13
energy gap, on probably a similar timescale as for the Sy — S; transition. Assuming
this spectral diffusion is negligible, the linewidth of the Sy — T3 transition is given
by the decoherence time 75 13. In ODMR, the measured linewidth for hydrogenated
molecules is typically in the order of a few MHz, while for deuterated molecules,
the linewidth can narrow down to 100 kHz.* This is, however, not the homogeneous
linewidth, because the measured linewidth is affected by slow spin dynamics (spectral
diffusion) that broadens the linewidth during the relatively long acquisition times of an
ODMR spectrum (in the order of seconds'®). However, the homogeneous linewidth can
be deduced from measurements on the decoherence time. Recently, the decoherence
time was measured by atomic force microscopy (AFM) and was found for hydrogenated
pentacene to be around 2.2 £ 0.3 ps, extending up to 16 £ 4 ps for deuterated
pentacene.!! Earlier pulse-sequence!” and Hahn-echo!® measurements confirm the 75 13
found for hydrogenated pentacene with AFM. The measurements of the decoherence
time indicate that the homogeneous linewidth of transitions between triplet sublevels
is in the order of 150 kHz for hydrogenated pentacene and 20 kHz for deuterated
pentacene, whereas the observed linewidths, respectively a few MHz and a few 100 kHz,
are significantly broadened by spectral diffusion.

Y21 Vo3 V33 Va1 V31 ! 2 '3
(s7h) EH ™ (Y| Y | (s7Y)/S | MHz | kHz
| 22x10% [ 532 [46 | 118 |16 |18 | ~58 | ~20 |

Table 6.1.: Parameters included in the system of rate equations. All but the last
parameter have been measured in experiment. The expected homogeneous
linewidth of the transition to the triplet state is estimated from a decoherence
time measurement of deuterated pentacene for transitions between triplet
sublevels.!" The dominant ISC rates and decay rates of the xy-triplet substates
are used as values for 7,3 and ~3; in equation 1.

The system of rate equations (equation 6.1) can be solved using the Laplace transform
and this was done in MATLAB. The solutions for the populations are so lengthy that
I will not display them here, but rather go directly to the results using the parameters
displayed in Table 6.1. The solution has two variables of interest, namely the Rabi
frequencies, €215, for the Sy — S; transition and, 213, for the Sy — 7} transition.
In general, the Rabi frequency scales with the square root of the laser intensity, thus
with the optical field’s amplitude. The Rabi frequency as a function of the saturation
parameter S, for the singlet transition, can be approximated by:

ng(S) = \/’)/217TF12 X \/E% 201 MHz x \/§ (62)

The solutions in Figure 6.2 are expressed in terms of the saturation parameter S (ratio
of I/I;), which indicates the Rabi frequency €215 in units of 201 MHz (see equation
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Figure 6.2.: Simulated fractions of populations of the three levels (their sum is always

1), where the triplet sublevels are grouped into a single level. The
solutions have been processed for different levels of saturation for the singlet
transition, given by the saturation parameter S, indicated in each figure
panel. The Rabi frequency 215 as a function of the saturation parameter
is determined by equation 6.2. At weak excitation, the population of the
excited singlet is very low and therefore the populations are plotted on a log
scale. At higher excitation intensities, starting from S=1, the populations
are more comparable.

6.2). The saturation parameters, stretching from S=0.01 up to S=1000 are indicative
of the experimentally attainable values, as measured in Figure 2.8 in Chapter 2. The
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populations of the three levels are simulated as functions of how strongly we drive the
So — 17 transition and show where saturation of the triplet state occurs and in particular
the effect it has on the excited state population pss and thereby on the fluorescence
signal. As a function of the saturation parameter .S, there are three regimes that can be
identified.

Regime 1. For the case of a weakly-excited molecule, thus S < 0.1 for i, the
molecule spends most of the time in the ground state. In addition, intersystem
crossing is not occurring frequently, as it grows linearly with the excited state
population po5. In that case, the coherent excitation of the triplet state would
strongly increase the population, pss of the triplet. Upon triplet excitation, the
singlet excited state population is reduced and that leads to a decrease in the
fluorescence signal. Of course, the model is simplified, and it is likely that the
effect varies per triplet sublevel. Neglecting those variations per sublevel, the
contrast of the Sy — T; transition’s effect on the fluorescence can be up to 50%
for $=0.01, decreasing slightly to 40% for S=0.1.

Regime 2. For the case of a moderately-excited molecule, thus 1 < S < 10 for 14, the
higher saturation of the singlet excited state leads to strong intersystem crossing
and a higher steady-state population for the triplet. At these excitation intensities,
the effect of reverse intersystem crossing on the triplet state’s population is still
weak. Compared to regime 1, the effect of a coherent excitation of the triplet
will now start to decrease the population in the triplet and in turn increases the
fluorescence signal. The contrast in the fluorescence signal is relatively low, with
only 10% for S=1 up to 20% for S=10.

Regime 3. For the case of a strongly-excited molecule, thus S > 100 for €;5, the
effects of reverse intersystem crossing start to become noticeable. In steady state,
the population of the triplet starts much lower due to shortened lifetimes. The
coherent excitation of the triplet will, however, increase the population again and
will therefore lower the fluorescence signal. The contrasts in the fluorescence
signal are about 23% for S=100 and 32% for S=1000. For even higher excitation
intensities, the populations of all three levels will equalize at a strong coherent
excitation of the triplet. Hence, the theoretical maximum for the contrast is 33.3%.
However, an important consequence of reverse intersystem crossing is that the
Rabi frequency at saturation of the triplet rises as the lifetime of the triplet is
shortened. In this regime, a higher saturation parameter S, will require more
light intensity to induce enough transitions to the triplet state, which might be
experimentally challenging.

The simplified model that I presented here will likely most resemble the case of strong
excitation, where all three triplet sublevels have practically equal lifetimes due to reverse
intersystem crossing (single exponential decay in the autocorrelation of fluorescence).
All in all, given the three regimes in the simulation, the contrast of triplet absorption in
the fluorescence will likely be optimal when working at low light intensity for the probe
beam, which avoids both reverse intersystem crossing and strong intersystem crossing.
However, the intermittent blinking of the fluorescence, with long duration times, will in
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turn require relatively long averaging times of the fluorescence signal, as I will show in
the next section.

6.1.3. EXPERIMENTAL CONDITIONS:. CONTINUOUS WAVE EXCITATION
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Figure 6.3.: Fluorescence signal from a single molecule, excited resonantly at S=0.1 and
sampled to different time domains of 1 ms up to 1 s. Frequent blinking of
the fluorescence due to intersystem crossing persists up to sampling rates of
10 Hz. Even at 1 sample per second the fluorescence signal fluctuates up
to 20% around the mean. At 10 ms there are some periodic fluctuations
present that might be due to external vibrations that couple to the cryostat.

here are two experimental routes for the double-resonance experiment. The simplest
T is to work in a continuous wave (CW) regime, where both lasers beams are always
on. This is the basis for the simulations in Figure 6.2, which are solved for steady
state. Another possibility is to perform the experiment in a pulsed scheme. This could
potentially avoid reverse intersystem crossing, as long as the probe pulses are shorter
than the rISC rate. However, the pulsed scheme has the disadvantage that the probe
beam is only on for a short time and therefore the fluorescence signal is relatively low.
The disadvantage of the CW regime is that the fluorescence signal tends to naturally
fluctuate due to intersystem crossing and these fluctuations can last up to 100 ms. Hence,
the fluorescence signal needs to be collected at low sampling rates. In Figure 6.3, some
examples of sampling rates are shown. The figure shows that a 1 Hz sampling rate
leads to a signal that fluctuates with a standard deviation of approximately 10%, with
some single deviations of up to 20%. Even with this signal, a weak resonance with low
contrast could be easily missed. Below S=1, the contrast of the fluorescence dip would
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be at best 50% in the case of the simplified three level scheme, with a saturated €2;3.
Of course, beyond saturation of the Sy — 73 transition, the linewidth will be power
broadened. This power broadening scales with the square root of the laser intensity as:

I'(I) =To\/1+ /1. (6.3)

At this point it is not clear whether we can obtain significant power-broadened
linewidths with the experimentally attainable intensities of the NIR laser, which is in
the tens of mW range or, in best case focused to a diffraction-limited spot, amounts to
about 1-10 MW/cm?. To make a guess of the saturation intensity of the triplet in order
to find out how much we can power-broaden the linewidth, given the assumption that
the linewidths are similar to those found in ODMR experiments, we can consider the
following expression for the saturation intensity:

731113
sl

where 1113 is not introduced before and describes the transition dipole moment for the
Sy — T transition. From experiment, we know the saturation intensity of the Sy — S
transition and therefore we can directly compare their values:

Is 13 (6.4

15,13 - ‘ILL12|2’)/31F13 - \,u12|2 25 X 103 Hz » 118 Sil
Liao  |msyeilie? ™ Juasl? © 58 x 106 Hz © 2.2 x 108 s=1°

It helps that the assumed linewidth of the Sy — 73 transition of approximately 25
kHz with respect to the 58 MHz of the Sy — S; transition reduces the ratio. Also,
the low rate of ~3; as compared to v5; works in our advantage and reduces the ratio.
However, the transition to the triplet is forbidden and therefore has a weaker transition
dipole moment. An experiment on Sy — 77 absorption for pure perylene crystals found
an estimated oscillator strength of 1071°,1° which is proportional to the square of the
transition dipole moment. The same group also estimated the oscillator strength of the
Sy — S transition of perylene to be around 0.44?° and therefore we have 10 orders of
magnitude difference. With these numbers we obtain a ratio of the saturation intensity
for the T, triplet sublevels as compared to the saturation intensity of the singlet of
about a factor 0.8, which makes them practically equal. For the 7, triplet sublevel the
ratio would be 0.11. Physically this makes sense: although the transition is very weak,
only a limited number of absorbed photons are necessary to saturate the level, because
it is much longer lived than the singlet excited state. In addition, if the transition
is very narrow this enhances absorption, as long as the laser linewidth is comparable
or narrower. However, if there would be significant broadening of the homogeneous
linewidth, to a value similar for the Sy — S; transition, the ratio would be around
2,400. With the power densities available of up to 1-10 MW/cm? as compared to the
saturation intensity of the singlet of 22 W/cm? (see Chapter 2), we can supply 4-5 orders
of magnitude higher intensities. This could broaden the transition by 100-300 times,
leaving us in best case with a linewidth of 4.7-15 MHz for the T, triplet sublevels and
13-40 MHz for the T, triplet substate. With a laser of 100 kHz linewidth (see section
6.2) and similar scan resolution per measurement point we could therefore pinpoint this
transition out of the natural fluctuations present in the fluorescence signal. Of course, the

(6.5)
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above argument, based on the assumption that the homogeneous linewidth is around 20
kHz, only works when rISC is negligible, because it increases the rate of +3; and thus
increases the amount of laser power that is necessary to obtain saturation of the triplet.

6.1.4. PULSED EXCITATION

o eliminate random fluctuations due to intersystem crossing (ISC) from the data, we
T could as an alternative method resort to pulsed excitation. In this case, the singlet
transition is shortly excited and fluorescence is collected in the same time window.
When photons are measured, the molecule is likely not in the triplet state. Hence, we
can supply a pulse of NIR light to try to excite the triplet state. Subsequently, we can
supply another pulse of blue light and measure if we are in the triplet state again, as
then there would be no photons coming out if that would be the case. The duration of
the blue pulse length should however be long enough to collect enough photons from
fluorescence, while avoiding rISC, which is probably in the 1-100 us regime. With these
pulse durations and excitation beyond saturation, we can record 0.5-50 photons for each
pulse on average.

Blue Laser
Sequence
NIR Laser

Freq 2 F F
Sequence ﬂ
Photon
Signal

Figure 6.4.: Proposed sequence of pulses to detect a resonant transition to the triplet
state. The blue laser pulse measures if the molecule is in the ground state
by inducing fluorescence. With the NIR pulse we try to induce a transition
to the triplet state. If the NIR pulse is at resonance with the triplet state, the
subsequent blue pulse shouldn’t generate any photon.

The duration of the NIR pulse is more difficult to determine, as it depends on the Rabi
frequency that we obtain with the light intensity that we use. At saturation, the Rabi
frequency of the triplet would be in the same manner as for the singlet, calculated to be
around 2.7 kHz for the T, states and 1.0 kHz for the T state (equation 6.2). When
we would have laser intensities of 1-10 MW/cm?, the Rabi frequency would amount to
0.65-2 MHz for the T, states and also 0.65-2 MHz for the T, state. Therefore, the
frequency scale of the pulse can possibly be made shorter than the decoherence rate of
around 62.5 kHz (=nT"13). For these very short pulses, the pulse length could fit integer
multiples of a w-pulse + 2n7 (additional Rabi cycles) and then the molecule would end
up in the triplet state at the end of the pulse. However, if the pulse fits 2nm Rabi cycles,
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the system would end up in the ground state. With effective m-pulses, we could obtain
the best contrast in the signal. However, it is difficult to experimentally determine
the Rabi frequency, without knowing anything yet about the coherent interaction of the
NIR laser with the triplet state. Therefore it is best to employ a pulse duration that
is significantly longer than the decoherence time (around 16 ps). In that case, we
firstly prevent that we unintentionally choose a pulse length that effectively de-excites
the molecule and secondly, we prevent the case where our Rabi frequency would be
overestimated and thus too low to excite the molecule into the triplet at all. However,
for long pulses the contrast would be only 50%, as the molecule will be half the time in
the excited triplet and half the time in the ground state at the end of the pulse.

Building up a setup that involves the use of pulses can be convenient for later
experiments, once the resonances of the triplet are found, that use pulse sequences to
probe the coherence properties of the triplet. However, coherence properties of the triplet
states can also be measured in continuous wave using time-correlated single-photon
counting, i.e. an antibunching histogram. Overall, a continuous-wave experiment is
easier to setup and will therefore be part of the next section.

6.2. EXPERIMENTAL DETAILS

Sacher diode laser

Electro-optic 453-457 nm
Modulator 100 kHz linewidth
b Scanning mirror
Sa_mpl_e W.'th Blue beam L
objective in Waveform
cryostat Generator
Dichroic TCSPC
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\ / Photodiode Reference
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Figure 6.5.: Schematic of the experimental setup for the double-resonance experiment.
The blue and red laser beam are combined at the 765 nm dichroic mirror and
directed towards the objective in the cryostat. The avalanche photodiodes
(APD’s) collect fluorescence from the blue beam and the photodiode
recovers the scattered light from a particle or gold film and transmits this
signal to a lock-in amplifier. The blue beam can be modulated or pulsed
using an electro-optic modulator. Both beams also have their own scanning
mirrors for making small adjustments.
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hether we would resort to CW or pulsed excitations does not matter much for the

basic experimental setup. In the experiment, the blue (Sacher diode laser 454-457
nm tunable range, 100 kHz linewidth) and near-infrared (NIR) laser (Toptica DL Pro
HP, 760-820 nm tuning range, 100 kHz linewidth) beam will have to be focused onto
the molecule to make sure that we can obtain the highest laser power densities possible.
The required wavelengths for the two lasers, which are 454 nm and 784 nm, are quite
far from each other and therefore we have to make sure that they are well overlapped
in the focal plane and therefore are corrected for chromatic aberrations present in the
optics. The overlapping of the two beams can be done through imaging of a small
diffraction-limited particle, while trying to overlap the two images by moving one of
the beams. Other methods include the use of pump-probe techniques. We considered
using two-photon absorption, but the combination of photons from the two beams is in
the ultraviolet (UV), which is not the right spectral region for our objective when we
would have to collect UV fluorescence. Another possibility is the use of photothermal
microscopy, but this principle has only been proved to work close to room temperature
due to the required presence of a liquid. Fortunately, the effects of temperature on the
alignment of our confocal setup are limited, as we always align at room temperature and
directly use the setup for low temperature, without any further adjustments. Therefore we
equipped the setup with components that make photothermal imaging possible. Figure
6.5 shows a schematic of the setup that we constructed. To maximize the excitation
power and increase the amount of collected fluorescence we make use of dichroic
mirrors, where a dichroic mirror at 458 nm (FF458-Di02-25x36, Semrock) passes the
red-shifted fluorescence from perylene. The two laser beams are combined at a 765 nm
long pass dichroic mirror (FF765-Di01-25x36x2.0, Semrock), which transmits the NIR
light, but reflects the blue and fluorescence from perylene. Both laser beams have their
own scanning mirror (Newport FSM-200) and therefore slight adjustments can be made
for each beam separately. For the alignment procedure, we included an electro-optic
modulator (Model 370 from Conoptics, controlled by a high-voltage amplifier DIV 20
from Qioptiq, which amplifies the signal from a waveform generator from Tektronix)
in the beam path of the blue beam, which acts as the pump beam. With this EOM
we can turn the beam on and off, to modulate heating of an object or surface, as part
of the photothermal effect.?! In turn, we can also use this EOM to generate pulses
for the pulsed excitation scheme. The NIR beam is directed to a photodiode, which
measures the scattered light intensity from a particle that is being transiently heated by
the pump beam. The modulated heating on the particle creates a modulated diffusion
of heat around the particle and in turn modulates the refractive index of the immersion
oil (Olympus, Type-F, n=1.518) around the particle. Changes in the immersion fluid’s
refractive index modifies the amount of light scattered from the particle. The signal
of the scattered light onto the photodiode is connected to a Lock-in amplifier (SR844
from Stanford Research Systems), which extracts the photothermal signal in a narrow
bandwidth around the modulation frequency. The amplitude of the lock-in signal is then
a measure of the photothermal effect. By walking the two laser beams, we can find the
maximum of this effect and that will be at the point where the two beams are well
overlapped.
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As the power of the blue laser is limited, the photothermal signal was rather weak,
which in addition was lower due to the weak collection efficiency of the air objective
(0.85 NA). The weak signal made it difficult to measure a photothermal signal from
single, rather big, 80 nm gold spheres. However, the photothermal signal could be
obtained on clusters of these spheres and on a 300 nm thick gold film. To obtain a good
signal to noise for the photothermal signal, we used a gold film on glass, covered with
another glass slip. At the interface we put a layer of immersion oil as the medium.
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Figure 6.6.: Photothermal images of a gold film, measured at room temperature. The
blue laser intensity is 80 uW at a 1 MHz modulation frequency and the
NIR laser around 1 mW. The left image corresponds to a fixed blue beam
(heating beam) and a scanned NIR beam (probe beam). On the right, the
NIR beam is fixed and the blue beam is scanned. The images show a
Gaussian point spread function with a width of about 2 pum.

6.3. RESULTS AND DISCUSSION

6.3.1. EXPERIMENTS WITH STRONG REVERSE INTERSYSTEM
CROSSING

Due to the limited time for experiments left before the end of my PhD trajectory, we
decided to start the experiment in a simple way by profiting from the enhanced stability
of the fluorescence signal by reverse intersystem crossing. A positive effect of rISC is
that the fluorescence signal is steady, even for much shorter integration times compared
to the necessary integration time of up to 1 second in Figure 6.3, in the case of weak
excitation of the singlet. Moreover, the broader linewidth limits the influence of weak
spectral diffusion, while the laser’s frequency remains fixed (Figure 6.7). This also
makes it unnecessary to employ a feedback algorithm that keeps the laser in resonance
with the molecule. However, the negative effect is that the saturation intensity of the
transition to the triplet increases as the triplet lifetime is reduced. Assuming that we
have enough laser intensity available, this is not necessarily a bottleneck.

To make sure that we only have a single emitter present with good single-photon
statistics and coherence properties, we can record the antibunching histogram of the
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Figure 6.7.: Examples of time traces of excitation spectra, taken at high excitation
intensities.  The colors in the heatmap are relatively uniform due to
shortened shelving in the triplet state. The molecule in panel (a) has a
linewidth broadened to 496 MHz, at about 100 times saturation intensity.
The molecule in panel (b) has a linewidth of 770 MHz, at about 225 times
the saturation intensity. This molecule has a particularly uniform color
in the excitation spectra, given that the integration time is only 10 ms
and indicates very short dwell times in the triplet state. With the highest
excitation intensity available, we could reduce triplet lifetimes down to 60

us.
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Figure 6.8.: Panel (a) shows an antibunching histogram at a low excitation intensity,
showing a high single-photon purity with ¢(®(0) < 0.03. The fitted Rabi
frequency 215 is around 200 MHz. Panel (b) shows linewidth broadening
of a single perylene-d12 molecule at a range of excitation intensities. The
fitted saturation intensity I, obtained by the of the experimental data to
equation 6.3, amounts to 0.12 £ 0.01 pW.

fluorescence signal at resonance with the 0-0 ZPL. At low excitation intensities, we
can limit the influence of background and obtain a high single-photon purity of more
than 97%, as shown in Figure 6.8a. Furthermore, at high excitation intensities we can



6.3. Results and discussion 133

observe clear Rabi oscillations in the photon statistics (Figure 6.9). This allows the
extraction of the Rabi frequency, {212, using equation A.8 in Appendix 1. The excitation
intensities in the figure can be related to the saturation intensity extracted from the
linewidth broadening curve in Figure 6.8b. The Rabi frequency at saturation is then
estimated to be around 200 MHz for Figure 6.9c and 6.9d, which due to higher laser
intensities have lower uncertainties in the measured laser power. This corresponds well
to the calculated value in equation 6.2, which, based on intramolecular rates, states that
the Rabi frequency at saturation is around 201 MHz. The homogeneous linewidth is 58
MHz, similar to the narrowest linewidths found for perylene-d12 in dibenzothiophene
(see also Chapter 2).
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Figure 6.9.: Series of antibunching histograms of a single molecule, taken at increasing
excitation intensities. Higher excitation intensities are possible, but the Rabi
oscillations and dip will not be visible anymore due to uncertainty in the
timing resolution caused by jitter of the detector (documented to be around
350 ps).

In experiments, it turned out to be a challenge to find a molecule that stays in
resonance with the laser for more than a minute while the linewidth is (near) lifetime
limited. However, a power-broadened linewidth in the order of 500 MHz was almost
always enough to keep a steady resonance without additional feedback. The observed
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spectral diffusion could be caused by the poor crystallization of the host through
freeze-quenching, which could be improved by sublimation techniques or perhaps
low-temperature annealing.
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Figure 6.10.: a) Fluorescence signal of a single perylene-d12 molecule recorded at
resonance with the 0-0 ZPL at a high excitation intensity (S = 486), while
the NIR laser is scanned over 30 GHz. The background signal (red dashed
line) amounts to a relatively high 100 kent/s, while the fluorescence signal
(black data) is around 80 kent/s. The fluorescence signal is very stable
within the relatively short integration time of 50 ms due to strong reverse
intersystem crossing. No resonance with the triplet was detected in this
scan. Panel (b) shows the Lorentzian profile of the molecule in panel (a).
The strong excitation power-broadens the linewidth to 1.28 GHz, which
from the homogeneous linewidth of about 58 MHz amounts to a saturation
parameter S = 486. Given that rISC typically scales with a rate of 18 s~!
as factors of S, triplet lifetimes have probably reduced to around 110 ps.

As shown in Figure 6.10, the integration time of the fluorescence, recorded at
resonance, can be scaled down to 50 ms, or perhaps less, without significant drops
in fluorescence present. This is very different from the situation displayed in Figure
6.3, which describes the case of a weak excitation of the 0-0 ZPL. Unfortunately, we
were not able to detect a resonance within a larger scan of more than 2 nm around the
center of the inhomogeneous broadening of the 0-0 ZPL found in the phosphorescence
spectrum, shown in Figure 6.11. The measurement shows that it is possible to remain
at resonance with the 0-0 ZPL of the singlet transition for up to 2 hours (total scan
duration) without inducing spectral diffusion due to the high intensity light of about 2
MW/cm?. At saturation of the triplet, a maximum contrast of 33 % is expected, yet no
dip in the fluorescence signal is more significant than 10 %. There are some upward
jumps present in the fluorescence signal, but they were not reproducible and might have
originated from spectrally-diffusing molecules that intermittently jumped into resonance
with the laser.
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Compared to the usual saturation intensity of 22 W/cm? for the singlet, the intensity
of 2 MW/cm? is a factor 10° higher. The linewidth could therefore, focusing on the 77,
triplet substates amount to 6.7 MHz, taking into account that the saturation intensity
of the triplet is about a factor 0.8 compared to the singlet (equation 6.4). However,
this value is based on the case without rISC and moreover, this only applies when both
laser beams are at the same focal point and all the NIR laser power is focused onto the
molecule. At the broadened linewidth, displayed in Figure 6.10b, the triplet lifetimes
have reduced to around 110 ps. Hence, the saturation intensity will scale up as well.
The ratio of the saturation intensity with rISC as compared to the case without rISC is
calculated by:

Is,with rISC Y31 + oS
Is,without rISC Y31

R(S) = (6.6)

With S = 486, the ratio is approximately 75. Taking into account this adjusted
saturation intensity, the used laser power is only 1700 times higher than the theoretical
saturation intensity and translates into a broadened linewidth of only 0.8 MHz, at best
conditions. Hence, the step size of 6 MHz in the scan is too large. Still the experimental
data shows that the experiment is conceptually feasible and that a molecule can be
measured for prolonged times at resonance with the 0-0 ZPL, without significant drifts
in the fluorescence signal. This indicates that the setup is mechanically stable enough.
Moreover, no spectral diffusion was observed on the singlet resonance, despite the large
intensity of the NIR laser beam.

6.4. CONCLUSION AND OUTLOOK

n this chapter, we have reported on the theoretical framework of the double-resonance
Iexperiment and first trial experiments. Although the presence of reverse intersystem
crossing can be helpful by reducing the integration time needed for each data point, due
to the enhanced stability of the fluorescence signal, it can also be a limiting factor
in the experiments. The presence of rISC increases the required intensity to saturate
the transition to the triplet and may suppress broadening of the linewidth at the laser
intensities that we have available. This may in turn require smaller incremental steps in
the laser frequency and increase the duration of the NIR region scan, around the center
the center of the inhomogeneous broadening found in the phosphorescence spectrum.

The long duration of the scan in Figure 6.11, which due to strong rISC should perhaps
be taken at smaller incremental steps, would in future require automatization. Therefore
it would be better to perform this experiment in a closed-cycle cryostat, which can
maintain a low temperature for a longer time without having to intervene manually. The
use of solid immersion lenses could also help to increase the laser power densities on
the molecule and increase the fluorescence signal. It can also be helpful to further
reduce the background fluorescence in the signal to increase the contrast of transitions to
the triplet, which could probably be achieved by lowering the concentration of perylene
molecules inside the crystals.

Another possibility is the use of hydrogenated perylene (perylene-hl12), instead of
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Figure 6.11.: Long range scan of the NIR laser with single-molecule fluorescence
recorded at resonance with the 0-0 ZPL. The red dashed line represents
the background level. There are sometimes gaps in the scan due to jumps

n in the laser. Peaks in the fluorescence were not reproducible and could
be from spectrally-diffusing molecules. The scan was recorded with a 6
MHz resolution for the NIR laser, at a light intensity of 2 MW/cm? in
a diffraction-limited spot of 1 um. The whole scan was recorded over a
period of 2 hours.

perdeuterated perylene (perylene-d12). For perylene-h12, the linewidth is expected to be
around 8 times broader due to the shorter decoherence time. However, the spectral sites
of perylene-h12 may be shifted relative to those of perylene-d12, which was for instance
measured to be in the order of tens of cm~! for pentacene-h14 and pentacene-d14 in
p-terphenyl.* This may require a repetition of the phosphorescence experiment with
perylene-h12.
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APPENDIX 1

The coincidence of photons on two detectors can be related to a steady-state solution of the
following optical Bloch equations, where we ignore bunching due to the triplet state:!

P11 = Yo1p22 — gmz + %,021 (A.1)
p22 = —"21P22 + %012 - %Pm (A.2)
piz2 = —§Pn + %Pm —mlop12 (A.3)
p21 = %Pu - gpm —mlopar. (A4)

The term ) is the Rabi frequency, 71 is the decoherence rate and 7,1 is the depopulation
rate of the excited state. The series of coupled differential equations can be solved using
the Laplace transform with the condition that the population initiates from the ground state.
To relate the solution for the population of the excited state pso to an experimental photon-
coincidence histogram, we need to derive the steady-state solution of pos:

9?(r) = paz/ lim_pos. (A.5)

Without approximations and solved with MATLAB, the theoretical solution for g(?) (1)
is of the following form:

w0 + 21

gP(r)=1- e’%‘(’rrﬂﬂm)[cosh Q7)) + ( ) sinh (Q|7)], (A.6)

where () is given by:

Q = \/(Wro)z — 27TPO’)/21 — 402 + ’)/221 (A7)
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Rewriting {2 = 2i/402 — 42, — (7T)? + 2nT 9721 and using the identities sinh Q) =
—isin (iQ) and cosh (€2) = cos (i{2) we obtain the more common solution:?

Lo +W21)

g (r)=1- e_%(”r"ﬂ?l)[cos Q7)) + ( sin (Q|7])], (A.8)

where the new () is %\/4(22 — 72, — (7T0)? 4+ 27To7y21. When the two-level system is
strongly excited, the magnitude of the Rabi frequency exceeds all other terms inside the
square root and the term € in the cosine and sine term reduces to the Rabi frequency (2
itself.
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