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Alice: Would you tell me, please, which way | ought to go from here?

The Cheshire Cat: That depends a good deal on where you want to get
to.

Alice: | don’t much care where.

The Cheshire Cat: Then it doesn’'t much matter which way you go.
Alice: ...50 long as | get somewhere.

The Cheshire Cat: Oh, you're sure to do that, if only you walk long
enough.

LEwis CARROLL, ALICE IN WONDERLAND
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Kurzzusammenfassung

Molekulare amorphe organische Halbleiter sind aufgrund der einfachen Herstellung
von Bauelementen und der breiten Abstimmbarkeit der optischen und elektrischen
Eigenschaften gern verwendete Materialien fiir Anwendungen in organischen Leucht-
dioden (OLEDs). Thre Anwendung wird jedoch haufig durch eine geringe Ladungs-
mobilitat eingeschrankt, die zu leistungsmindernden Ladungsungleichgewichten und
Ladungsansammlungen fithrt. Daher ist das Verstdndnis und die Kontrolle der La-
dungstransporteigenschaften von entscheidender Bedeutung. In amorphen organischen
Halbleitern bewegen sich Ladungen tiber eine Folge inkoharenter, thermisch aktivier-
ter Spriinge durch die verfiigbare Zustandsdichte (DOS) und bilden eine besetzte
Zustandsdichte (ODOS). Der Ladungstransport in organischen Halbleitern wird durch
die ODOS bestimmt, die von der Form und der Breite der DOS (0ppg) und der
Temperatur beeinflusst wird. Bei Gleichgewichtsbedingungen, namentlich hohen Tem-
peraturen und kleinen oppg, ist die Breite der ODOS gleich der Breite der DOS.
Es ist jedoch noch unklar, wie sich das Verhaltnis zwischen opos und cppog unter
Nicht-Gleichgewichtsbedingungen, die in vielen Bauelementen héufig vorliegen, andert.
Im Rahmen meiner Arbeit beabsichtigte ich daher, das Wissen iiber die DOS in
organischen Halbleitern zu erweitern, wobei ich mich besonders auf die Bildung der
ODOS im Nicht-Gleichgewichtszustand und die Auswirkungen von oppg auf das
Einfangen von Ladungstragern in Fallenzustanden und die Photogeneration von La-
dungen bei tiefen Temperaturen konzentriere. Trotz der weit verbreiteten Annahme,
dass die Bestimmung der DOS und ODOS in organischen Halbleitern, insbesondere
bei Nicht-Gleichgewichtsbedingungen, eine Herausforderung darstellt, zeige ich, dass
die thermisch stimulierte Lumineszenz (TSL) effektiv zur Messung sowohl der DOS
als auch der Tieftemperatur-ODOS in organischen Halbleitern erfolgreich angewen-
det werden kann. Bei den Messungen stellte ich zudem fest, dass die experimentell
beobachtete ODOS-Breite etwa 2/3 der verfiigharen DOS-Breite in mehreren gén-
gigen OLED-Hostmaterialien betrigt, was auf eine Art ,spektrale Verengung* der
ODOS bei niedrigen Temperaturen hindeutet. Um ein tieferes Verstdndnis iiber die
Bildung der ODOS zu erlangen, fiithrte ich zudem Kinetische Monte-Carlo (KMC)
Simulationen durch, die meine experimentellen Beobachtungen bestéatigten. Die Si-
mulationen zeigen, dass die ,spektrale Verengung® eine charakteristische Eigenschaft
des Nicht-Gleichgewichts-Ladungstransports innerhalb der gaufischen DOS bei nied-
rigen Temperaturen ist. AuBlerdem fand ich, dass dieses Phdnomen durch raumliche
Korrelation der Energien, die in organischen Halbleitern aufgrund von Ladungs-Dipol-
Wechselwirkungen entstehen, signifikant reduziert wird. Durch die systematische
Charakterisierung von OLED-Hostmaterialien identifizierte ich kritische Faktoren,
welche die energetische Unordnung beeinflussen, wie das permanente Dipolmoment
und die molekulare Polarisierbarkeit. Insbesondere konnte ich demonstrieren, dass
die energetische Unordnung in Materialien mit hoher Polarisierbarkeit von Katio-
nen oder Anionen geringer ist. Aulerdem war es mir moglich, den Ursprung der
anomalen intrinsischen Photogeneration der Ladungstriager zu identifizieren, die in
TSL-Experimenten beobachtet wird. Insbesondere zeigten meine Forschungen, die mit
mCBP-CN als Fallstudie durchgefiihrt wurden, dass die intrinsische Photogeneration
von geminalen Paaren durch den von Triplet-Triplet Annihilation (TTA)-induzierten
Up-Conversion (UC)-Prozess dominiert wird, wahrend der Ladungstrennungsprozess
durch energetische Unordnung beeinflusst wird.
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English abstract

Small molecule amorphous organic semiconductors are highly desirable materials for
organic light-emitting diode (OLED) applications due to the ease of device fabri-
cation and the wide tunability of optical and electrical properties. However, their
application is often limited by low charge mobility, leading to performance-impeding
charge imbalances and charge accumulation. Therefore, understanding and controlling
charge transport properties is a critical concern. In amorphous organic semiconductors,
charges move via a sequence of incoherent, thermally activated hops through the
available Density of States (DOS), forming an occupied Density of States (ODOS).
Charge transport in amorphous organic semiconductors is determined by the ODOS,
which is influenced by the shape and width of the DOS (0ppg) and temperature.
Under equilibrium conditions, when the temperature is high and oppg is small, the
ODOS is located at equilibrium energy, and the width of the ODOS (cpopos) is equal
to the opos. However, it remains unclear how ODOS behaves under non-equilibrium
conditions, which are common in many devices.

Therefore, aiming to increase our understanding of charge transport in organic semi-
conductors, my thesis is focused on the non-equilibrium process of ODOS formation
and the effect of oppg on charge trapping and low-temperature charge photogenera-
tion. Despite the common belief that mapping the DOS and ODOS in amorphous
organic semiconductors, especially under non-equilibrium conditions, is challenging, I
have demonstrated that thermally stimulated luminescence (TSL) can be effectively
applied to measure both the DOS and low-temperature ODOS. I found that the
experimentally observed ODOS width amounts to about 2/3 of the available DOS
across several common OLED host materials, implying a kind of ’spectral-narrowing’
of ODOS at low temperatures. To gain deeper insight into the ODOS formation
process, I employed Kinetic Monte Carlo (KMC) simulations, which corroborated my
experimental observations. The simulations revealed that 'spectral narrowing’ is a
genuine property of non-equilibrium charge transport within the Gaussian DOS at
low temperatures. Furthermore, I found that this phenomenon is significantly reduced
by spatial energetic correlations, which arise in amorphous organic semiconductors
due to charge-dipole interactions. Through systematic characterization of OLED host
materials, I identified critical factors affecting energetic disorder, such as permanent
dipole moment and molecular polarizability. In particular, I have demonstrated that
energetic disorder is reduced in materials with high cation or anion polarizability.
Moreover, my research was not only confined to charge transport; I also unraveled the
origin of the anomalous intrinsic charge photogeneration observed in TSL experiments.
In particular, my research, conducted with mCBP-CN as a case study, showed that
the intrinsic photogeneration of geminate pairs is dominated by the Triplet-Triplet
Annihilation (TTA)-induced Up-Conversion (UC) process, while the charge separation
process is influenced by the energetic disorder.
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]. Motivation

The semiconductor revolution of the late 1950s radically changed modern life, which is now
hard to imagine without electronic devices for leisure and professional purposes[l]. The
development of semiconductor technology led to a growing demand for new materials that
are not only efficient and affordable but also straightforward to implement. Driven by this
relentless pursuit of new, cost-effective materials [2, 3|, organic semiconductors have begun
to penetrate fields traditionally dominated by inorganic materials [4-7]. The application
of amorphous organic semiconductors (AOSs) offers considerable benefits in optoelectronic
devices, such as ambient temperature processing [8, 9], mechanical flexibility [10], and
abundant raw material availability. Notably, AOSs promise cost reductions by enabling
solution processing over the slower and costlier high-vacuum evaporation based methods
[11-16]. Consequently, AOSs are emerging as preferred materials for electricity-to-light (e.g.,
organic light-emitting diodes, or OLEDs) and light-to-electricity (e.g., organic photovoltaics,
or OPVs) conversion applications. The organic semiconductor market is worth $81.5 billion
in 2022 and is projected to grow at least 20% from 2023 to 2032 [5]. For example, OLED
technology has become a significant player in the pixilated display market due to its high
contrast ratios, wide viewing angles, luminance, and rapid response times. In addition,
OLED technology is replacing monochrome LCDs in a number of industrial uses, such
as measurement devices, instrumentation, benchtop apparatuses, current analyzers, and
industrial handheld monitors[5].

In 1963, the first electroluminescence in organic semiconductors was demonstrated by Pope
for the anthracene crystal [17]. However, active research on OLEDs was triggered in 1987
by Tang and VanSlyke [18], when they demonstrated that incorporating two thin AOS
layers between an anode and a cathode enabled bright electroluminescence at sufficiently
low voltages. Within the last 40 years, extensive efforts have been made to improve OLED
technology [19], resulting in the development of three generations of OLED emitters [20].
The first generation employed fluorescent emitters, exhibiting up to 25 % internal quantum
efficiency (IQE). The second generation uses phosphorescent emitters that can achieve IQEs
up to 100%. However, their disadvantage is the use of heavy and rare metals and the lack
of a stable blue emitter [21-23]. The third generation OLEDs are based on purely organic
emitters with thermally activated delayed fluorescence (TADF) [24] emitters that provide
100% IQE without relying on heavy metal complexes.

However, OLED efficiency depends not only on IQE but also on the recombination probability
of electrons and holes, and therefore on the charge transport process in the organic layers.
[25-29]. In AOS films, charge transport occurs via thermally activated hopping through a
localized state manifold. The density of states (DOS) in amorphous organic semiconductor
(AOS) films is approximated by a Gaussian distribution with a standard deviation opog,
which is the so-called energy disorder parameter [30, 31]. Energy disorder significantly impacts
charge mobility in AOS films, resulting in a broad distribution of intermolecular hopping
rates, hindering high charge mobility [30-33]. The width of the DOS, and consequently charge
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mobility, plays a crucial role in the likelihood of electron-hole recombination in the OLED
emissive layer [34, 35]. When electron and hole mobilities are well-balanced, recombination
efficiency increases, resulting in higher electroluminescence efficiency and brighter OLEDs.
However, unbalanced charge transport can lead to enhanced bimolecular recombination near
the electrodes, thereby causing excitation quenching and a reduction in efficiency [36, 37]. This
contributes to device degradation and instability in the color point of the device. Moreover,
the intrinsically wide DOS poses a critical concern, as it results in charge accumulation, which
in turn leads to undesirable reactions within the bulk material [38]. Trapped charge-carriers
become quenching centers, triggering triplet-polaron annihilation (TPA) [39-41], which has
been recognized as a major source of TADF emitter layer degradation [41, 42].

To predict device characteristics and enhance their performance, it is essential not only
to accurately determine the shape and width of the DOS but also to discern the factors
affecting energy disorder. These critical aspects are central to my thesis, which contributes
to the understanding of charge transport in organic semiconductors, including the effects of
charge-dipole interactions and spatial energy correlations.

Mapping the DOS in organic semiconductors is challenging due to excitonic transitions
that obscure weak direct optical transitions between Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) levels, making optical probing
of the DOS impossible [30]. The results of indirect DOS measurement methods, like space-
charge-limited current (SCLC) [43], time-of-flight (TOF) [44], or charge extraction by linearly
increasing voltage (CELIV) [44], depend on the transport model chosen for the analysis of the
experimental data. Direct methods, such as ultraviolet photoemission spectroscopy (UPS)
[45] or inverse photoemission spectroscopy (IPES), have their challenges, notably significant
background signals [46].

The aim of this thesis is to determine the shape of the DOS distribution, the factors that
affect it, and the impact of oppg on charge transport and photogeneration. I study the shape
of the DOS distribution, in particular, opog, in amorphous organic semiconductor films using
Thermally Stimulated Luminescence (T'SL) (Papers 1-3), TSL offers several advantages as a
pure optical and electrode-free technique. Firstly, TSL eliminates interface and contact effects.
Secondly, it allows for DOS measurements even in systems with a large opops, where charge
transport is highly dispersive. To broaden the research, I complemented TSL measurements
with Kinetic Monte Carlo (KMC) simulations (Paper 1), which allowed me to gain deeper
insight into charge dynamics and the energy landscape within organic semiconductor films.
These simulations reveal the presence of spatial energy correlations, which arise from charge-
dipole interactions. Continuing the investigation of charge-dipole interactions, Papers 2 and 3
focus on understanding factors that affect the width of the DOS, particularly the effect of
induction interactions on charge-dipole interactions. This was achieved by corroborating the
TSL data on opog with the results from quantum mechanics (QM) and molecular mechanics
(MM) molecular dynamics simulations (Papers 2 and 3). Finally, in Paper 4, I explore the
origin of charge photogeneration in neat OLED host materials at low temperatures that I
observed during my TSL studies (Papers 1-3).



2 Charge transport and
photogeneration in amorphous
organic semiconductors

2.1 Charge transport states in AOS

2.1.1 Polarization energy

Conventional inorganic semiconductors such as Si and Ge (covalent crystals) have strong
bonding between their atoms, allowing electrons to be delocalized [47]. In AOS, however,
due to the weak magnitude of non-covalent intermolecular interactions, charges move in a
particle-like manner [48]. As an electron navigates within an organic solid, it interacts with
its surroundings, via electrostatic forces; the excess of charge polarizes the electronic orbitals,
mainly the highly polarizable 7 orbitals, of neighboring molecules [48-50]. This interaction
energy is termed the electronic polarization energy, illustrated in Figure 2.1 and represents
the difference between the ionization potentials in a gas and in a solid phase [49]. Therefore,
it can be determined experimentally by comparing the ionization energies (I) and electron
affinity (A) of molecules in the gaseous and solid states [51], as shown in Figure 2.1a, b
Polarization energy alters the energy levels of charges in organic semiconductors, typically
by 1-2 electron volts (eV) [50], which affects charge transport [52], charge injection [48, 53],
photoionization measurements [54], as well as charge dissociation in organic photovoltaics
(OPV) devices [55, 56].

The total electrostatic energy, denoted as P,;, for a molecular system consisting of /N molecules,
after the introduction of a charge carrier into one of the molecules, can be described within
the framework of lattice model, where molecules are treated as structureless vector-like sites
with cubic symmetry [57]. This interaction energy is expressed as follows [57]:

“\a — N
i T 3 % T % 1
Pel:QAzip A—ZZ_> p ) — P +§ZO[ZEQ (21)
i£A riA i j>i 7«] 7
where p; is total dipole moment, F; is local field, @); is the charge, «; is polarizability, and 7"Z

is p081t10n of the ith molecule. 77; =77 — 7]), and 7;; denotes the unit vector parallel to Tw-

The p; pi is a sum of the static and induced dipole moments of each molecule [57]:

B =d +F (2.2)
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%
where d; is a static dipole moment. The ﬁ represents the sum of the contributions made to
each molecule’s local field by the surrounding [57]:

N = .
T 3(pi - Ti)Ti — pi
izA L TiA ij

Herein, I will use the term ’induction interaction’ to refer to the contribution of induced
dipoles.
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Figure 2.1: Energetic diagram of ionized states of a) molecule, b) organic crystal and c) the DOS
distribution of amorphous system: E, — band gap, P, and P, — hole and electron polarization energy,
Ay — vertical electron affinity of molecule, I,— ionization energy of molecule, Ac — electron affinity of
crystal, I. — ionization energy of crystal. Adapted from [48]

2.1.2 The DOS

The number of states that a charge can occupy within organic semiconductors is denoted by the
density of states distribution (DOS) g (¢) [31, 58]. In a single crystal, every charge transport
site would possess the same energy. However, in AOS, fluctuations in the polarization energy,
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AP, affect the energies of the charge carriers. Specifically, in amorphous systems, the
polarization energy (see Equation 2.1) for each site varies due to the random arrangement of
intermolecular distances and the orientations of molecules [57, 59, 60]. Since these variations
are random and independent according to the central limit theorem, the DOS follows a
Gaussian distribution [57, 58, 60, 61] (Equation 2.4), as depicted in Figure 2.1c.

(e)ziex l—l (8_8(])2] 24
g \/ 270306 P 2 \ opos (24)

where opog is the energy disorder parameter that determines the state’s energy distribution,
go— the center of the DOS. The DOS width characterizes the charge transport properties of
materials.

The Gaussian distribution of the DOS is substantiated by experimental findings from Ultra-
violet Photoelectron Spectroscopy (UPS) and by studying the low-temperature absorption
profiles of polymers and AOS [58, 61].

The shape of DOS

The shape of the DOS might not always align with a Gaussian distribution [62, 63]. In a
series of studies [64-66], the Gaussian distribution used to describe the DOS distribution was
complemented with an exponential tail. This modification aimed to improve the fitting of
temperature-dependent IV characteristics in certain AOS materials [64-66]. The following
cumulative DOS was used to describe the Gaussian distribution with an exponential tail
[64-66)] :

0= [L () Mo (1)

g 2rotes P75 pE— KT, 14 KT, (2.5)
where T is the characteristic width of the exponential distribution and N, is the trap sites
concentration (for energies € < ), o is the Gaussian DOS width and N; is the transport
sites concentration.

Additionally, exponential tails were observed by Kelvin probe force microscopy [67, 68] and
TSL studies [62]. Charge transport studies in electrochemically gated transistors also revealed
exponential tails in poly(p-phenylene vinylene) (PPV) films[69]. The results confirmed that
in PPV, the intrinsic Gaussian DOS is complemented by an exponential distribution of deep
trap states [62, 69

Numerous theoretical models have been proposed to explain such type of DOS distribution
found in AOS materials [63, 70, 71] . May and colleagues [72] showed that when a material
possesses permanent dipole moments, exponential tails can emerge if the sites—whether
negatively or positively charged—are highly polarizable[62, 72]. Further, Novikov proposed
that these tails could arise due to the partial alignment of either dipoles or quadrupoles [73].
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2.2 Charge transport in a Gaussian DOS

The DOS is a parameter that describes the number of allowed electronic states per unit volume
and energy in a material. However, knowledge of the DOS alone does not provide complete
information about the macroscopic properties such as mobility or electrical conductivity.
Thus, to establish a relationship between the DOS and charge mobility, it is necessary to
consider charge transport hopping theories.

2.2.1 Gaussian disorder model

The charge transport mechanism in AOS differs from that in systems where the charge is
delocalized [30, 31]. Being localized, charge carriers move through a solid via a sequence of
thermally activated hops. The hopping rates are influenced by electronic coupling and the
energy difference between hopping sites, which are distributed [30, 31]. Consequently, the
width and shape of the DOS are critical parameters that govern charge transport [30, 31, 52,
74]. This thesis focuses on AOS, where disorder dominates over band and polaronic effects.
The stochastic hopping model provides a reliable way to describe the movement of charge car-
riers and triplet excitations in materials with a Gaussian DOS. Based on several assumptions
in his seminal paper [30], Prof. Béssler introduced the Gaussian Disorder Model (GDM):

1. The DOS is Gaussian

2. The Miller-Abrahams expression [75] is used to describe the rate of carrier transition
between two sites, i and j
. |EJ - Ez| + (E] - Ez)
2k T

vij = 1 exp (—2vR;;) exp (2.6)

where F; and £ are the energies of charge carriers on sites ¢ and j, R;; is the hopping
distance. 7 is the inverse localization radius and shows how the electronic coupling
between sites decay. 1y is the attempt-to-hop frequency, close to an intermolecular
phonon frequency 10'? s7! T'is temperature and k; is the Boltzmann constant [75-77].
The electron hops upward or downward in energy in this approximation are characterized
by absorption or emission of a single phonon, respectively, that compensates for the
energy difference E; — E; [75-77]. Miller-Abrahams equation is valid when the electron-
phonon coupling is weak [52]. More recently, using complete quantum treatment
of charge dynamics[78] and Monte Carlo simulations|[76] in amorphous molecular
semiconductors, it was demonstrated that at low temperatures, the Miller-Abrahams
equation approximates charge transport remarkably well.

3. The charge transport is a memoryless stochastic process (Markovian property)

4. Charges concentration is low, specifically n/N < 107% (n/N represents the relative
charge concentration). Initially, for the charge carriers, the GDM model was vali-
dated through time-of-flight (TOF) experiments under conditions where the charge
concentration is below n/N < 107¢ [79-81]. Such conditions indicate that a material
is approaching its intrinsic state and the behavior of the charges is not affected by
electron-electron repulsion (for details, see subsubsection 2.2.2).
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The GDM explains several experimental observations in AOS and relates the DOS distribution
to macroscopic parameters such as mobility or the mean energy of charge carriers or triplet
excitations. The latter can be easily obtained from time-resolved spectroscopy studies [82, 83].
While probing the mean energy of charge carriers, especially at low temperatures, presents
significant challenges; this issue is addressed in Paper 1.

Energetic relaxation and zero-field mobility

Within a DOS distribution, charge carriers can be generated either through injection or
photogeneration [31]. As these carriers move, they hop between sites, relaxing towards the
tails of the DOS [31]. This continues until a dynamic equilibrium between downhill and
thermally activated uphill jumps is established [30, 31]. Monte Carlo simulations [30] and
effective medium approximation EMA [84] calculations show that the charge carriers stabilize
in the vicinity of an equilibrium energy (e..,) which is temperature-dependent.

_ -2 eg(e)exp(—e/kpT)de _ o
o) = 5 eap(—e /R Tyde kT (2.7)

The presence of (e4) is a genuine attribute of Gaussian DOS.

In AOS, charge transport occurs through the thermal activation of charge carriers from states
localized around the (€.,) to a site at the transport energy (see subsubsection 2.2.1). When
() decreases, the activation energy increases, and vice versa [30, 31]. As a consequence, the
mobility does not follow the Arrhenius law [85] and does not depend on carrier concentration
(only valid when relative charge concentration is below 107 see subsubsection 2.2.2. Monte
Carlo simulations within the GDM confirm the experimentally observed non-Arrhenius
temperature dependence of mobility [30, 31]:

W(T) & poecp [— (ck;‘Tﬂ (23)

where C'is a constant. The value of C' for a three-dimensional system is approximately 2/3.
The equations above are, however, only valid for zero field and equilibrium transport conditions.
Charge transport properties are more difficult to study at low temperatures or when disorder is
significant. My thesis addresses this issue both theoretically and experimentally Papers 1-3.
The Gaussian Disorder Model also considers electric-field dependence of charge carrier
mobility.

The field dependence of mobility

Electrons and holes must, in principle, move according to the electric field applied to them
[30, 31]. External potential lowers the activation energy for jumps in the field direction.
Consequently, equilibrium energy becomes field-dependent. Ries et al. [86] demonstrated
that the applied field increases the equilibrium energy (¢.,), as described by the equation
below.

< oo >= —(02/kyT) + (F/F,)*? (2.9)

where Fp, is 1.8 - 10° V/cm and is independent of o/kT.
The experimental studies show that pu(F,7T) in AOS follows the so-called Poole-Frenkel-type
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field dependence In(u) ~ V/F[87]. Since the electric field affects < e, >, it should also
influence the charge carrier mobility. Based on Béssler’s GDM [30], the T" and F' dependence
of charge carrier mobility is described as follows:

(o, F) = poexp (—4(;2> exp {C (62 — 22) \/F} for ¥ > 1.5,
, (2.10)
(6, F) = poexp (—4;2> exp {C (62 — 2.25) \/F} for ¥ < 1.5,

Here 6 = o /k,T , and ¥ represents the positional or "off-diagonal" disorder, which accounts
for variations in the electronic coupling parameter 2yR;; (see Equation 3.29).

The Equation 2.10 verify a v/F dependence in AOS albeit for extremely high fields exceeding
10° V/em. [30, 31]. However, experimentally this phenomenon was observed over a wider
field range, lower than or of the order of 10° V/cm [88].

Equation 2.10 also predicts that under certain conditions, the field dependence of mobility
can become negative, which is a sign of positional disorder. In weak fields, charge carriers
can move against the field direction to avoid obstacles due to weak electronic coupling.
However, as the field strength increases it can block these transitions, consequently leading
to a reduction in mobility [30, 31]. A similar effect can be also observed due to the saturation
of the drift velocity at high fields.

According to Equation 2.10, the mobility is a steep function of DOS width. An increase in
energy disorder by just 10% can have a pronounced effect, resulting in a twofold decrease in
mobility. This emphasizes the critical role of energy disorder in influencing device performance.
Hence, in Papers 1-3, I focus on the DOS width measurements.

Transport energy

Charge carrier transport in positionally and energetically disordered hopping systems is
notoriously difficult to simulate [89]. The concept of transport energy E; simplifies the
description of charge transport in disordered media by reducing the hopping problem to a
more familiar multiple-trapping and release formalism with a broad energy distribution of
localized states [89, 90]. Furthermore, E; is essential for understanding the theoretical aspects
of TSL. The transport energy level E; is similar to the mobility edge in amorphous inorganic
semiconductors and reflects the percolation nature of charge transport in AOS. In inorganic
semiconductors, the mobility edge represents the energy level above which charge carriers
can move freely and below which they remain localized [91]. Similarly, in AOS, once a carrier
reaches the FE; level, it has enough energy to continue movement. To define the transport
energy, one must locate the state energy FE; that satisfies the condition for maximal hopping
rate. For the upward hopping rate v from state i to state j one can write [89, 90]:

2R(E; —6) 6
Vy = V€T | — o — ka s

(2.11)

€

R(€) ~ {(4#/3)/ g(x)dx}_l/3

—0o0

10
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The condition of maximum rate vy is:
O (E;,6)/06 =0 (2.12)

where ¢ is F; — E;

Efficient hopping between sites is more likely to occur when the neighboring sites with
the lowest energy difference (J) are located at a reasonable distance. The left term in
Equation 2.12 is a sharply decreasing function of R and hopping events predominantly occur
within the first coordination shell. This implies that the transport energy level is typically
situated around the center of the DOS. Notably, the position of the transport energy is not
influenced by the energy of the initial state i. F; can be found as [89, 90]:

E,=0-2(T, Ny, v, 0) (2.13)
where o is energy disorder parameter and z(T, Ny, v, o) is the solution of the equation:
ifx=(E;—90)/o

() =2 () . BT 1o
. 3.3 o

where Ny is the number of transport sites. Equation 2.14 shows that Fj is the value determined
by a specific set of system parameters: Noa and k’jTT For realistic parameters, the E; is
located a bit lower than the DOS center [90].

2.2.2 Further development of GDM

During the last decades, the GDM was significantly advanced. While the main idea remained
unchanged, some of its principles have been refined to better describe the nuances of var-
ious material properties and experimental observations. These adaptations led to a more
comprehensive and precise understanding of charge transport phenomena in AOS.

Charge carrier concentration effect

The GDM assumes that interactions between charge carriers are negligible. However, there
are scenarios where this assumption may not be valid. For instance, when a substantial
portion of the tail states in the DOS is occupied, interactions between charge carriers become
pronounced, as shown in Figure 2.2 [92]. As a result, the position of the Fermi level can
influence the charge-transport [31, 74]. While, the position of Fermi level ¢ in a Gaussian
DOS ¢(e) is defined by the condition:

> g(e)de .
/—oo 1 +exp|(e —ep) /kT] (2.15)

where n is the charge carrier concentration. To understand how the position of the Fermi
level can affect charge transport one can consider two scenarios. When the charge carrier
concentration is significantly less than a certain critical value (n., see below Equation 2.17
), n < n., the Fermi level position remains below (g,.), and the carrier mobility p remains
independent of n (Figure 2.2) [92, 93]. However, as the charge carrier concentration exceeds

11



2 Charge transport and photogeneration in amorphous organic semiconductors

O +4 4+
Transport  } Transport 4
energy energy
(a) n(E) (b) n(E)

Figure 2.2: The impact of charge carrier concentration on transport in a Gaussian DOS: At negligible
charge carrier concentration, carriers move through thermally activated transitions from (c.,) to transport
energy (a), However, when a significant portion of the tail states becomes occupied, the carriers’ motion
is characterized by transitions from the Fermi-energy to the transport energy (b). Adapted from
"Electronic and Optical Processes of Organic Semiconductors" (2015) by Kohler, A. and Bassler, H.
https://doi.org/10.1002/9783527685172.ch3. Reprinted from WILEY-VCH Verlag GmbH & Co. KGaA
according to the CC BY 4.0 license.

n > n., upward jumps of charge carriers no longer start from a temperature-dependent
quasi-equilibrium energy but rather from the Fermi level determined by the applied voltage
(94, 95]. As a consequence, the carrier mobility follows the Arrhenius temperature dependence
[96] :

s (55 o

with a prefactor y} slightly dependent on T, and &, is a transport energy position.
The above equation elucidates the n-dependence of mobility. As the concentration of charge
carriers increases, the position of the Fermi level rises, leading to a decrease in activation

energy.
The critical concentration n. is given by [97]:
N o?
e = — — 217

where N is the total number of localized states. For instance, when o/k,T" = 4 the value for
ne/N is approximately 107>, which is a typical n value for OLED.

EGDM

Pasveer et al. extended GDM to account for a finite charge concentration in 2005 by
introducing the extended Gaussian disorder model (EGDM) [34, 97]. EGDM predicts
that at room temperature the mobility is predominantly n-dependent. However, at lower
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2.2 Charge transport in a Gaussian DOS

temperatures and under high electric fields, the mobility becomes F-dependent. In EGDM
mobility as a function of charge concentration n, temperature 7" and field F' is given by:

M(T7 n, E) = Mp(Ta n) X f(T7 F) (2'18>

The left-hand side of the mentioned expression shows the mobility’s dependence on carrier
concentration (p) and temperature (7"), which is given by:

(T, p) = puoC —C; (U )2 +1 <J )2 — (U > (2na?)° (2.19)
w(T',p) = poCh exp 2\ T >\ T na .
where 0 is given by:

i ((ser)” = (ser)) ~ )
()

The electric field (F') dependence is described by the second term of Equation 2.18 which is

defined as:
f(T,E) = exp [0.44 ((kf’T) P 2.2) X \/1 +0.8 (Fjay - 1] (2.21)
b

In the aforementioned equations, the parameters are defined as follows: g mobility pref-
actor, e electronic charge , o width of the DOS, C; = 1.8 x 1072 constant, Cy = 0.42
constant, k;, Boltzmann’s constant, 7" temperature, a lattice constant. Currently, the EGDM
is widely utilized to analyze the charge transport properties of polymers as well as small
molecule-based organic semiconductors [65, 98, 99]. However, when using the EGDM to
analyze IV curves, an inherent limitation becomes evident. The method lacks sensitivity to
the tail states of DOS, as these states are occupied by charge carriers not participating in
charge transport. As a result, this approach fails to capture the distribution of DOS tail states.

§=2-

(2.20)

Correlated Disorder Model

The long-range charge-dipole [100] or charge-quadrupole [101] interactions lead to a significant
spatial correlation within the energetic landscape [102].

The correlation function C(r;;), which quantifies the degree of energy correlation between
sites separated by a distance r;;, expresses as follows[103]:

((Ei — (E)(E; — (E)))
C (riy) = (2.22)
! ((Ei — (E))?)
where E; and E; are the energies of the sites ¢ and j separated by a distance r;; and, < ... >

represents the expectation value. If E; and E; are fully correlated, then C (r;) is unity, while
if they are uncorrelated, then C (r;;)) is 0.

In organic polar materials, the correlation between sites decreases with distance as 1/7[100]
and in non-polar materials, the correlation decays as 1/r3[101]. Notably, the DOS even in
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2 Charge transport and photogeneration in amorphous organic semiconductors

correlated landscapes exhibits a Gaussian shape (see Figure 2.3).

Gaussian DOS

Energy
N @
/

Gaussian DOS

Distance

Figure 2.3: The figure illustrates the spatial distribution of sites for 1D random (a) and correlated
disorder (b).

The Correlated Disorder Model (CDM) provides a more accurate description of transport
in disordered organic polar materials[88, 99, 100, 104]. For instance, experimental findings
frequently show the Poole-Frenkel-like field dependence for electron or hole mobility, described
as Ln(u) o VF. While the GDM captures this behavior, its prediction is confined to a
high-field range (above 10° V/cm). Incorporating spatial energy correlations allows for the
extension of the Poole-Frenkel-like dependence to a wider field range ( lower than or of the
order of 10° V/cm) [88].

In general, the field dependence of mobility originates from reduced charge escape times
from critical traps[105] in the presence of an external field. In uncorrelated disorder systems,
critical traps are isolated sites. In correlated dipolar disorder, the width of these critical traps
is influenced by a balance among trap depth, width, and the reduction in potential barrier
due to the applied field [105]. This balance in turn leads to a more distinct field dependence
as illustrated in Figure 2.4.
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2.3 Trap states in AOS

Energy

F>0

Figure 2.4: Figure illustrates the effects of an applied field on a correlated random potential. In the
scenario without an applied field (as shown at the top), the widest wells are also the deepest. However,
when a field is applied (as depicted at the bottom), the widest potential wells experience a tilt, leading
to a significant reduction in their barriers.

2.3 Trap states in AOS

Due to charge localization and the hopping nature of charge transport, it is challenging to
distinguish trap states from regular transport states in AOS [106]. Trap states can, however,
be defined using the concept of transport energy. Any state in the DOS with an energy level
below the transport energy level is considered as a trap state despite all states being localized
[106-109]. Therefore, even in neat films, tail states of DOS act as traps[77] (Figure 2.5). It
should be noted, however, that the transport energy is temperature-dependent. It is possible
for a state that initially acts as a trap state at room temperature to turn into a transport
state at low temperature[89, 90, 106]. Along with intrinsic traps formed by the tail states
of the intrinsic DOS, there may also be extrinsic traps at discrete energy levels or with
arbitrary energy distributions within the energy gap below the transport energy. An extrinsic
trap can be introduced in several ways, including exposure to oxygen and water [110-112],
electromagnetic radiation, dopants [108, 113, 114], and interactions with other substances of
interest such as metals or dielectrics [26].

Extrinsic traps can substantially change the energetic landscape of AOS. However, in some
cases, it merely leads to a broadening of the DOS, resulting in the experimental observation
of the so-called effective oeg. Borsenberger and Béssler [115-117], from the analysis of TOF
current transients, showed that for extrinsic traps, if the difference in HOMO or LUMO levels
between the trap and host molecules E, is less than 3opos (see Figure 2.6 for clarity), then
the cumulative density of states will have a tail with an effective width:

(0ett/oDOS)” = 1+ (3k,T/20p0s)? (B¢ /KT + In c) (2.23)

This effect can be easily illustrated, I plotted the cumulative DOS distribution of a system
with 1% trap molecules, varying the trap depths (see Figure 2.6). When E; < 3o0pos
the cumulative DOS can be approximated as a single Gaussian. However, as the trap
depth increases, the cumulative DOS starts to deviate from the Gaussian distribution, and

15
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Transport states

Energy

Intrinsic traps:
Tail states

y +<——— Exstrinsic traps

DOS

Figure 2.5: Trap states in AQS, illustrating the DOS distribution. The figure shows intrinsic traps,
represented by the tail states of the DOS, and extrinsic traps, which arise from impurities. The transport

energy level indicates the energy required for a charge to transition from the trap states to the conduction
pathways.

for deep traps (E; > 30pos), the guest molecules act like separate traps. Consequently,
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Figure 2.6: The cumulative DOS distribution, plotted as Logio(E)vs.E?, of the host-guest system of

2
form: g(E) = 5% exp (—%) + \]/V% exp (— (E;(Et) ) where the trap concentration Nirap is 1% mol

and host concentration Npoet is 99%.

even a small amount of impurity can significantly broaden the DOS distribution, making
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2.3 Trap states in AOS

it challenging to determine whether the measurement reflects the intrinsic DOS or the
trap-affected DOS distribution. Therefore, many of my TSL measurements, especially
where significant intrinsic energetic disorder is observed, are complemented with Quantum
Mechanics/Molecular Mechanics calculations of the energetic disorder to confirm the intrinsic
nature of the broad DOS distribution [62, 118].
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2 Charge transport and photogeneration in amorphous organic semiconductors

2.4 Charge photogeneration in single component AOS

This section discusses the mechanisms of intrinsic photogeneration in AOS. When a molecule
absorbs a photon, it generates excited states. This excited state comprises a bound electron-
hole pair, known as an exciton or, more strictly, an excitation. After formation, the excitation
can either decay radiatively or non-radiatively [31, 48, 49]. It can also diffuse through the
organic semiconductor or participate in second-order processes such as TTA or singlet fission.
Alternatively, the excitation may decay by dissociating into a pair of opposite charges [31].
Figure 2.7 illustrates such charge photogeneration process within an organic semiconductor
crystal. The energy needed to break this excitation apart is termed exciton binding energy
E,. To find E, we need to know the energy of the first singlet excited state, Sy, that defines
the optical gap, F, = S;. The difference between the electrical E, and optical gaps is the
exciton binding energy, £, = E. — E,. While E, for AOS films is a gap between the ionization
energy (IE) and the electron affinity (EA). The difference between the electrical and optical
gaps arises from the hole—electron Coulomb interaction. In AOS, photogeneration of charge
carriers upon photoexcitation in the lowest absorption band (.S transition) is restricted due
to the high exciton binding energy [31, 48, 49]. Therefore, for neat AOS to produce geminate
pairs, excitation binding energy must be overcome [31, 48, 49].

_ Autoinization
S, — —»r - —————
~ k, : Thermalization
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|
n
k |
“ i ;7;?—"”’.—::’\21\/' —‘x_F
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Figure 2.7: The photogeneration process within an organic semiconductor crystal is a sequence of events.
Firstly, a neutral excitation is generated. Afterward, it undergoes autoionization and ,
leading to the formation of a geminate pair (GP). This GP, as a result of thermal and field-assisted
dissociation, eventually separates into charge-separated states (CS): k4 — autoionization rate constant,
kic — the internal relaxation rate constant, kr — the exciton relaxation rate constant, Sy — the ground
state of the exciton, S — the first excited singlet state of the exciton, Ugp — the Coulombic energy of the
GP, Egp — the energy of the GP, 1 — dissociation probability of the GP r; — the average thermalization
length, E. — the bandgap, Ej — the exciton binding energy , r. — the critical Coulombic capture radius.
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2.4 Charge photogeneration in single component AOS

Free charge carriers are typically photogenerated in two main stages. Initially, charge transfer
(CT) states or geminate pairs (GP) (synonyms in certain contexts) bound by the Coulomb
interaction emerge either from autoionization or from the interfacial charge separation. These
GP then dissociate into free charge carriers, sometimes referred as charge-separated states
(CS) [31, 48, 49].

Usually, the dissociation of photogenerated geminate pairs (GP) is described by Onsager’s
diffusion theory. This was corroborated by research on the spectral dependencies of activation
energy and the field dependencies of intrinsic photogeneration [119-121]. However, there are
certain cases where the scenario above may not hold [122-124]. First, conjugated polymers
may display a unique GP dissociation behavior. In MeLPPP [125], for instance, intrinsic
photogeneration remains unaffected by temperature. Second, for donor-acceptor systems, the
Onsager-Braun model [126, 127] is favored over the Onsager model. The key reason is its
consideration for the finite lifetime of a GP, a factor the Onsager model does not account for
[126, 127].

To dissociate the GP, a specific activation energy, F4, is required [119-121]. Thus, the total
quantum yield of photogeneration of free charges is dependent on the photon energy hA, the
strength of the external electric field F', and temperature 7. The total quantum yield can be
represented as the product of two probabilities: the autoionization probability 7y and the
dissociation probability €2.

n(hv, F,T) = no(hv) x Q[ry,(hv, F,T), F, T (2.24)

where ry, is the average thermalization length, defined as the distance between the electron
and hole. ry, plays a crucial role in the efficiency of photovoltaic devices, affecting charge
separation and collection efficiency. Using F and T as parameters, the Onsager theory
describes the efficiency of dissociation of the GP at some value of ry,

Q (r F.T) = w |y st 2,

———————exp |—
29 < rygp > p[ < Tip > m!

m=0
(2.25)
> 2y <y >)F
Xy ll —exp(=2y <rem>) Y k—'t
n=0 k=0
where 7. is the critical radius of GP ( the Onasager radius) and 7 one given by :
o2
_ €E '
7T kT
For the simplest case of the delta-function distribution of GP distances —g(ry,)
-1
g(rm) = (47r,) 8 (r = o) (2.27)
The 7, can be estimated as
(rin) = € Jdmeey B (2.28)
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2 Charge transport and photogeneration in amorphous organic semiconductors

where (...) denotes mean value.

The thermalization length is affected by various factors, such as photon energy, temperature,
as well as field strength, and can be described by exponential [128], Gaussian and double
Gaussian distributions [129, 130].

As indicated in Equation 2.24, 7, is influenced by the photoexcitation energy. In various
applications, especially when describing photogeneration in organic and inorganic solids with
low carrier mobility 7y is often treated as either a constant or a weak function of hv [131].
According to [132], ny= no(hv) follows:

kA(hU)
ka(hv) + 3 ki(hv)

mo(hv) = (2.29)

ka(hv)is the autoionization rate constant, and k;(hv) are the intramolecular (radiative and
radiationless) energy dissipation rate constants [132]. Moreover, several processes can affect
autoionization. It is possible for triplet-excited states with a long lifetime to undergo triplet-
triplet annihilation (TTA) and generate high-energy states capable of autoionization [133].

In a classical case, however, photon energy mainly determines r;,. Conversely, electrical field
F and temperature T can influence the photogeneration of free charge carriers at all stages.
Additionally, it should be noted that autoionization occurs at some specific energy level, such
as S, or S3, which is reflected in a stepwise activation energy dependence on an excitation
wavelength [134].

Nevertheless, it is important to note that the generation of geminate pairs is not solely reliant
on the autoionization process [135, 136]. Defects or impurities possessing a higher electron
affinity or lower ionization energy than the bulk materials can also affect the photogeneration
process. Experimental findings have provided evidence that chemical acceptors can sensitize
exciton dissociation [137]. Sensitization generates ionized donor-acceptor pairs that can
subsequently undergo dissociation into free charges, albeit with a low probability[138].
Moreover, the dissociation of excitons on injected holes originating from the ITO interface can
exhibit exceptional efficiency [139, 140]. Therefore, unintentional hole injections should be
avoided when measuring the intrinsic photocurrent since it can affect excitation dissociation.
The dissociation process of the GP is substantially affected by energy disorder. Depending
on the conditions, both intrinsic and extrinsic trap states may facilitate or hinder GP state
dissociation [141-143]. For instance, the Monte-Carlo simulations conducted by Albrecht
and Bassler[144] (Figure 2.8), and subsequently confirmed by numerical simulations Béssler
and Emelianova [145], demonstrated a strong correlation between the energetic disorder and
GP dissociation efficiency. Dissociation efficiency increased significantly when the disorder
parameter was increased. The strong field dependence and weak temperature dependence of
the GP dissociation yield are generic signatures of energetically random systems [142, 144,
145]. Rubel[143] showed that disordered systems exhibit smoother field dependence than
ordered systems, indicating that disorder facilitates GP states dissociation at low fields and
impedes it at high fields.
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Figure 2.8: The figure displays the temperature dependence of the dissociation probability for GP
with 7, = 24A in a Gaussian DOS where ¢ = 0.10 eV. The Monte Carlo simulation, representing
disorder-assisted dissociation, is shown as a solid line. The Onsager model, which doesn’t account for
disorder, is depicted as a dashed line. The experimental data points are denoted by dots. Adapted from
"Yield of geminate pair dissociation in an energetically random hopping system" by Albrecht U., Bassler
H., Chem. Phys. Lett., 235 (3-4), 1995, p. 389, https://doi.org/10.1016/0009-2614(95)00121-J [144].
Reprinted from Elsevier according to the CC BY 4.0 license.
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3 Methods

Subsection 3.1.1 of this chapter provides details on the materials and sample preparation
routine. Following this, Subsection 3.1.2 describes the common techniques used for AOS film
characterization. Chapter 3.2 will provide a comprehensive theoretical description of the
Thermally Stimulated Luminescence (TSL) method, which is central to this thesis.

3.1 Experimental details

3.1.1 Materials and samples preparation

Figure 3.1 depicts the molecular structures of the organic materials I studied. I used most of
the materials as received without further purification. TCTA, Spiro-TAD, and NPB samples
were received as evaporated films from Max-Planck-Institut for Polymer Research Mainz
(Paul Blom group). The mCP-CN was received as evaporated films from Durham University,
UK (Andrew Monkman group). The DMAC-pz-TRZ was received as a powder from St
Andrews University, UK (Zysman-Colman group). Some mCBP-CN samples were received
from Augsburg University (Wolfgang Briiting Group).

Thin films of AOS were fabricated by vacuum thermal evaporation or spin-coating onto
quartz substrates and crystalline silicon wafers. For specific applications, I used metallic
substrates like aluminum foil to prepare the samples. During the deposition process, surface
preparation is a quality-determining step; therefore, prior to coating, the substrates were
cleaned using the following procedure:

o Pre-cleaning with water and soap

o Ultrasonic bath for 15 min in deionized water with soap
o Ultrasonic bath for 5 min in deionized water

o Ultrasonic bath for 5 min in acetone

o Ultrasonic bath for 5 min in isopropanol.

o UV-ozone cleaning for 20 minutes

Samples deposition A typical sample for TSL measurements is shown in Figure 3.2. Spin-
coating is a common method for thin film deposition and is well-suited for most of the
molecules discussed in this thesis. In the initial step, a solution of the organic compound is
cast onto the substrate and placed in the center of the spin-coater. The centripetal force and
the surface tension uniformly spread the liquid across the substrate. Subsequently, during
the spinning process, the solvent evaporates, which usually results in a uniform amorphous
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Figure 3.1: The molecular structures of the organic materials studied in this dissertation
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3.1 Experimental details

film of the organic material. The thickness of this film depends on different factors: viscosity,
concentration of molecules, solvent boiling point, and rotation speed.

Al topcoated 50nm

Organic semicondutor
50-100 nm

Quarzt Substrate

Figure 3.2: Structure of the sample for TSL measurements

The typical sample thickness for TSL measurements is 50 nm, obtaining uniform films thicker
than 50 nm is difficult for small molecules. To obtain films, the material was first dissolved
in chloroform at a concentration of 10 mg/ml. The solution was then spin-coated onto a
quartz substrate (unless otherwise specified) at 1000 rpm. The substrate was first dried on a
hot plate at 40 °C for 10 minutes, followed by a vacuum treatment for 1 hour to completely
remove any residual solvent.

When organic molecules are not readily soluble or if multilayered devices are required, the
thermal vacuum evaporation method was employed. In a typical experiment, substrates were
placed into a glovebox filled with N, and subsequently transferred to a vacuum chamber.
The active layers of 50 nm thickness were deposited by thermal evaporation under a vacuum
of 5 x 1077 Torr at a deposition rate of 0.1-0.2 A s~'. Finally, if necessary, top-contact
aluminum or gold electrodes (50-nm thick) were thermally deposited under a vacuum of
1 x 107° Torr at a deposition rate of 0.3-1 A st

3.1.2 Common experimental techniques

Steady state absorption Steady-state absorption and photoluminescence are widely used
spectroscopical methods to study the excited states of molecules. Absorption measurements
were performed using the Cary 5000 UV-Vis-NIR spectrophotometer, with a two-channel
scheme. A quartz substrate or cuvette filled with a neat solvent was utilized as a reference.
The transmittance T" at a specific wavelength (A ) is expressed as:

Isam(A)
]ref(>\)

where (Igam(A)) and ([ef(\)) are the intensity of light transmitted through the reference and
sample channels, respectively.
The optical density (OD) is described by:

T(\) =

(3.1)

a(\) = logyg (I;j;(% (32)
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Photoluminescence I conducted both photoluminescence and phosphorescence measure-
ments using the Jasco FP-8600 spectrofluorometer. Steady-state photoluminescence spectra
were collected at room temperature (RT) and 77 K using spectrally selected CW excitation.
For phosphorescence emission measurements at 77 K, a chopper was utilized to control
the delay between excitation and signal collection. Both these methods provide a straight-
forward approach for probing the first singlet and triplet excited states of molecules. For
measurements at 77 K, the film or cuvette was placed in a liquid nitrogen bath cryostat. For
photoluminescence measurements beyond the 77 K range, I used a separate time-resolved
setup, equipped with an integrated helium cryostat, as depicted in Figure 3.3.

Time-resolved photoluminescence measurements 1 employed time-resolved photolu-
minescence (TRPL) to study the radiative relaxation dynamics of excitations in organic
semiconductors. TRPL captures the emission spectrum at different time intervals after the
laser pulse excitation. This allows me to study prompt fluorescence, delayed fluorescence, or
phosphorescence. Prompt emission originates from the radiative decay of singlet excitations,
while delayed fluorescence can arise from triplet-triplet annihilation (TTA), reverse intersys-
tem crossing (RISC), or geminate pair recombination. The effect of laser intensity on these
emissions was investigated using a set of neutral-density filters.

The time-resolved photoluminescence (TRPL) setup (see Figure 3.3) utilizes a Q-switched
Nd-YAG laser source. The laser emits third harmonic light pulses at 355 nm with a bandwidth
of 5 nm and a repetition rate ranging between 20 and 1 kHz. A spectrograph coupled with
an IStar A-DH334T-18F-03 iCCD camera was used to collect the light emitted from the
sample. The iCCD camera supports gated detection with a temporal resolution ranging from
1 nanosecond up to 50 milliseconds. Before taking measurements, the temperature of the
samples was stabilized for 10 minutes in a helium atmosphere.

Temperature control

ITC 503
Temperature
control

To Helium line

Cryostat
Mirrors, collimation system,

le 45° ali
Sample 45" aliment Neutral density filters

to an incident light

Spectrograph

Triger

Figure 3.3: Schematic illustration of a measurement setup for time-resolved photoluminescence.
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Photocurrent spectroscopy Photocurrent spectroscopy (PC) is: "A type of spectroscopy
where light energy absorbed by the sample results in the production of a current (the 'pho-
tocurrent’) which is measured at different spectral intervals' [146]. I measured photocurrent
in the AOS-based Schottky diode as a function of wavelength and temperature.

Details of the photocurrent spectroscopy can be found in Paper 4. As a light source for
photocurrent spectroscopy, I used a 1200 W Xe arc lamp (LOT LS1200Xe) with double
monochromator (LOT MSH-300). The light was focused by two parabolic mirrors onto
the cryostat’s entrance window. I used a Keithley 6430 Source/Measure Unit to apply a
fixed bias and measure the PC. To calculate the PC I subtracted the dark current from
the current under excitation. To measure the excitation intensity dependence of PC, I
employed an appropriate set of neutral density filters. Wavelength-dependent measurements
were conducted using a lock-in amplifier (SR830) and a chopper to modulate the frequency.
To ensure that the PC had stabilized and was representative, I took several averages and
advanced in small wavelength steps. The PC action spectrum was then corrected to account
for the effective absorption spectrum of the AOS film embedded in the device. I calculated
the effective absorption spectrum using a transfer matrix approach implemented by Bukhard
et al. [147]. The real and imaginary part of the refractive index, n and k, for mCBP-CN
were measured by Prakhar Sahay (Augsburg University) using Sentec SE 850 Spectroscopic
Ellipsometry along with SpectraRay software for the fitting. For other materials, I used the
values provided in [147].

3.2 Thermally Stimulated Luminescence

Thermally Stimulated Luminescence (TSL) is an emission in a solid that occurs after the
removal of excitation (in this case, UV light) when the temperature increases[148-150].
Details of the TSL measurements can be found in Papers 1-3. TSL measurements are carried
out over a temperature range from 4.2 to 300 K using an optical temperature-regulating
liquid-helium cryostat with a temperature control unit. The experimental setup is presented
in Figure 3.4. In the cryostat, the sample is attached to the end of a sample holder and is
suspended in a helium heat-transfer gas environment inside the inner sample chamber.

Temperature control

ITC 503
Temperature
control

PC Control To Helium line

Cryostat

Filters and collimation system

l Xe light source

Photon count

Figure 3.4: Thermally stimulated emission experimental setup
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The typical TSL procedure is shown in Figure 3.5. Samples are firstly cooled to 4.2 K and
then irradiated for 3 min with light (cw-excitation) selected by appropriate sets of cut-off
filters from a 100W high-pressure Hg lamp. No sample heating occurs during UV-light illu-
mination. The studied organic films do not exhibit any notable photodegradation during the
measurements. After ceasing the photoexcitation, samples remain in the dark at a constant
temperature, for a specified dwell time (typically 10 minutes). This allows all isothermal
emission processes, such as phosphorescence and the isothermal recombination of short-range
geminate charge-carrier pairs, to decay to negligible levels [62, 77, 118]. Then TSL is detected
upon heating the sample, and the thermally stimulated emission is collected using a curved
photomultiplier tube (CMT) (C193YE Proxyvision), which is positioned adjacent to the
cryostat window. This CMT demonstrates a typical dark count rate < 10 cps and operates
in photon-counting mode.
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Figure 3.5: Schematic representation of the TSL experiment procedure, illustrating the relationship
between temperature (a), excitation (b), and emission (c) over time.

Since the TSL technique is an "exotic technique”, I will now provide a brief description of the

physical processes underlying the TSL process, beginning with the simplest case of thermally
assisted release from a monoenergetic trap

3.2.1 Thermally assisted release from a monoenergetic trap

The simplest case of TSL is the thermally assisted release of a charge carrier from a monoen-
ergetic trap (Figure 3.6). This process is illustrated schematically in Figure 3.6 for a single
crystalline material with monoenergetic hole (E; ,+) and electron (E}.-) traps, where E; p+ >
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E; .. The probability of thermal release from a trap of depth Ei,.,isdescribedby Boltzmanndistributio

Figure 3.6: Energetic diagram of a single crystal with discrete trap levels. As the temperature rises, a
carrier is thermally liberated from the trap state e™. Following its release, the electron moves through a
conduction band and then reaches the recombination center h™, where the carrier subsequently undergoes
radiative recombination

152 :p=s- exp(—%)(&?)) where s is the frequency factor, ky is Boltzmann constant If one

considers the trap as a potential box, then s will represent the product of the frequency at
which the electron strikes the box’s sides and the reflection coefficient [150-152]. Therefore,
it is reasonable to suppose s to be of an order less than that of the vibrational frequency,
~ 102 571,

Assuming first-order kinetics, and given that the total number of trapped charge carriers at
time t is n, the release rate is:

on Eirap
— M .q. _ “trap i
T n-s-exp( T ) (3.4)

When a charge carrier is released from the trap, it reaches — either the Conduction Band
(CB) or Valence Band (VB) (for crystalline materials). It subsequently advances to the
deeply trapped countercharge (recombination center) without being re-trapped and undergoes
radiative recombination. The TSL intensity I7g; is proportional to the release rate and can
be described as[152]:

3 n Etrap

Irgr, = _IOE =—Ip-s-n- 637]9(— kT ) (3-5)
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where I is the TSL process constant.

Considering that dT' = (- dt, where [ is the heating rate, One can integrate Equation 3.4
over time ¢t and substitute the result into Equation 3.5 which yields:

Irsp =1y -n0-s-exp(—

rap 1 Etrap\

X exp |— — - 5-exp(———=)dT 3.6
o) xcap | pl-Eem) 39
Here ny denotes the initial number of charge carriers. Figure 3.7a shows the numerical
solution of Equation 3.6 for different Ej,,,. The calculated TSL curves feature wide peaks,
indicative of the stochastic nature of the thermal release. As the trap depth increases, the
TSL peak progressively shifts towards higher temperatures and broadens.

r n Trap depth, eV 1 a) b)
I —03 | (\ /\ \ . Deviation point
—0.4 b e
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Figure 3.7: Calculated TSL curves (a) for the different trap depths, sy = 2.8 -10°, The linear fit of the
calculated TSL curves in Arrhenius coordinates is shown in (b). The "Initial rise method" is utilized, and
the black line highlights the region where the TSL curve aligns with Equation 3.7.

3.2.2 The initial rise method

To estimate the trap depth, one can use the Initial Rise method. This is a simple and versatile
approach, particularly effective for monoenergetic and well-separated traps[152, 153]. Using
the initial rise method the trap depth can be determined by analyzing the low-temperature
region of the TSL curve, specifically where the TSL signal begins to increase (initial rise).

A detailed theoretical justification for this method is presented below. Equation 3.6 can be
simplified. The exponent on the right-hand side of Equation 3.6 is a sharp function of T',
approaching unity when kyT' << Ej4,. Thus, under "low-temperature conditions" where

kyT' << Eyqp holds, Itsy, depends only on the left-hand side of Equation 3.6. Consequently,
the equation can be reduced to:

(3.7)
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3.2 Thermally Stimulated Luminescence

Equation 3.7 is used for the trap depth estimation and involves plotting the logarithm of
the TSL curve’s low-temperature part against reciprocal temperature i.e., in the Arrhenius
representation. As seen in Figure 3.7b, the low-temperature part of the TSL curves aligns
with a straight line. Notably, the slope of the TSL curves becomes steeper as the trap depth
increases.

Unfortunately, the initial rise method can not be applied to systems with a distribution of
trap states’ energies. For a systems with a trap distribution p(E}qp), the total TSL curve
Irgy is determined by I7s; = Y0 Irsn(E;) where E; € p(E).

In the case of quasi-continuous conditions, one can replace the sum with an integral, assuming
a constant transport level position for all E;:

A

Irsy = /+ (E) - I, ( ) X e ( VAT | dE (3.8)
= ~ly-s-exp(—-=) X exp |— — -5 exp(——= .
TSL P 0 Pi=or p ) P kT

A

where p(F) is the trap density distribution. Fitting TSL curves with equation (3.8) is not
feasible, which motivates an alternative approach.

For systems with a distribution of trap states’ energies, for accurate estimation of trap depth,
it is necessary to utilize the fractional thermally stimulated luminescence technique.
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3.2.3 Fractional TSL

Fractional heating of TSL is widely used to quantify the energies of the trapping states in
solids. The TSL glow curves, Irsr(T) of AOS are typically broad and unstructured due
to overlapping contributions from localized states and traps with different energy levels.
Therefore, to determine the trap energetics and their distribution, it is necessary to perform
fractional TSL measurements [154]. Fractional (or partial) TSL [154] is an extension of the
“initial rise method,” where small heating and cooling cycles are superimposed on a constant
heating ramp|[77]. This approach allows for the partial release of trapped charges and enables
the accurate determination of the corresponding activation energies ((£,(7))) of the traps.
This technique is particularly effective for studying AOS with a continuous trap distribution
[77].

In the fractional TSL technique, each heating-cooling cycle ¢ begins by heating the sample
from an initial temperature Tinitiar; = To + (0 — 1)ATstep, (To = 5K, ATy, = 3....5K) to the
final temperature Tfinari = Tinitiati + AL deptn (AT geprn = 10...30K) at a constant heating rate
B, as illustrated in Figure 3.8.
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Figure 3.8: Schematic illustration of heating/cooling cycles used in fractional TSL method

Here Ty, is the temperature differences between heating-cooling cycles and AT}, is the
amplitude that defines the upper-temperature limit of the heating-cooling cycle.

During the heating cycle, I record the thermally stimulated emission I75.(7), as shown
in Figure 3.9a. Then, I cool the sample down to the next temperature point Tj,tiq;- In
the subsequent heating-cooling cycle, charges are released from deeper and deeper states.
Thus, for each cycle, I can estimate the corresponding activation energy (FE,(7)1) using an
Arrhenius analysis ( Figure 3.9b )[77]:

_ 8Ln(IT5L(T))

(o)l = =50 T

at 3 = const (3.9)

where Irgr(T) is the intensity of the TSL, T is the temperature, kg is the Boltzmann
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3.2 Thermally Stimulated Luminescence

constant.

By gradually increasing T'tinq, [ scan the entire spectrum of activation energies corresponding
to the TSL curve and plot the calculated activation energies (F,) against the mean temperature
of the heating-cooling cycle[154]. Thus, I obtain the (E,(7")) dependence, which is the main
result of the fractional TSL measurements (Figure 3.10a). All organic compounds studied in
this thesis exhibit a (£, (7)) that increases linearly with temperature and can be approximated
by the following empirical relation[77]:

(Eo(T)) = 0.0032 x T — 0.091 in eV (3.10)

I further use this empirical equation, Equation 3.10 to convert the temperature scale to a

————3) [ - - —b)

I+, arb. u.

Ln (lyg.), arb. u.

S )L

0 50 100 150 200 50 100 150 200
Temperature, K Temperature, K™

Figure 3.9: TSL intensity (I7s) measured during heating cycles, and b) Arrhenius plots ( In(Irsr)
vs.1/T') illustrated for different heating cycles to calculate activation energy ((E,)) during each heating
cycle.

trap energy scale for the analysis. A trap distribution function, p(F) , is then determined in
arbitrary units as follows[77]:

I({E4(T)))
E) X ————"— 3.11
) 4 (1) jaT &1
where I((E,(T))) represents the TSL curve after converting the temperature scale to the
energy scale using Equation 3.10. It is worth nothing that for a monoenergetic trap dIE%)T — 00

as dE/dT — 0. This implies observing a plateau in the temperature dependence of (E,(T)),
indicating the mean activation energy remains constant.

In the fractional heating mode, if p(E) is distributed in a quasi-continuous manner, (E, (7))
is mainly determined by the frequency factor s. The latter is defined as follows [155]:

s = vy exp (—2va) (3.12)

In general, the parameter 2va in Equation 3.12, where v is inverse localization radius and a
is hoping distance, is expected to maintain relatively constant across studied materials. This
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is because both a and -, are not expected to differ significantly for the low-molecular-weight
materials considered herein. My experimental findings support this assumption, as illustrated
in Figure 3.10a. The data indicates that variations in temperature-dependent activation
energy among the materials are negligible

According to Equation 3.12 [156], increasing the distance between charge-transporting
molecules, for example by diluting the system in an amorphous matrix, increase ya. This, in
turn, will lead to a decrease in the temperature dependence of activation energy (FE,(T)) (
Figure 3.10b). It is anticipated that higher temperatures will be required to release charge
carriers from traps if the frequency factor decreases. The frequency factor in Equation 3.12
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Figure 3.10: Temperature dependence of (E,(T")) in mCBP, mCP-CN, mCBP-CN, and DMAC-TRZ
films as well as theoretically calculated value according to Arkhipov [157] (a), the effect of dopant dilution
on (E,(T)), the activation energies are measured for different tri-p-tolylamine(TpTA) concentration in
an amorphous matrix (b) from [155].

can be determined experimentally. At the maximum of the TSL peak, s is defined by the
following equation [156]:
_ B (Em) (Em)
(s) = kT2 X exp T (3.13)

where T, and F,, are the temperature and the activation energy of the maximum of the
TSL peak, respectively. Equation 3.13 have been used to estimate inverse localization radius
values for molecularly doped polymers [156].

3.2.4 TSL in AOS

The following section is a summary of Chem. Phys., 2001, 266(1), 97-108 [157]. To capture
the charge transport features of AOS, Arkhipov, and co-workers have developed a hopping-
transport model for the TSL process [157]. This model is based on the concept of a thermally
stimulated random walk of a charge carrier within a positionally and energetically random
system of hopping sites. It was utilized for analyzing TSL in disordered organic materials
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3.2 Thermally Stimulated Luminescence

and effectively captures the key characteristics of the TSL process observed in molecularly
doped polymers [157, 158].

ODOS formation via low-temperature energy relaxation

In TSL experiments, low energy sites of DOS distribution are populated by photogenerated
charges at low temperatures, leading to the formation of the occupied DOS (ODOS) distribu-
tion. Unlike crystals, the charge relaxation in AOS is characterized by downward hopping

within a Gaussian DOS: )
€

where N, is the total number of states.

Since low-energy sites act as traps TSL can be observed in neat films of AOS. At 4.2K, the
typical temperature for the DOS population in TSL experiments, charges predominantly
undergo energetically downward hops due to a lack of thermal activation. According to the
Miller-Abrahams Equation 3.29 the downward hopping rate to the state E; is :

v, = vpexp (— QREVEi)> (3.15)

Where, the average distance to the hopping neighbor with energy less than F; is given by:

-1/3

R(E) ~ {(47?/3) /_ b;g(x)dx} (3.16)

The above equation indicates that the distance between available sites for the downward
hopping in a Gaussian DOS increases significantly as energy decreases. For instance R(F;) in
a Gaussian DOS for states below 3¢ is 58a, 4o is 2500a, 5o is 2.75 - 10°a, where a represents
the lattice constant. Consequently, the v| decelerates as the charge undergoes a series of
downhill hops. As a result, the charges in the center DOS distribution exhibit a much faster
vy, compared to those located at the tail of the DOS.

Arkhipov [157, 158] rationalized the above concept and showed that the ODOS p(E,t) as a
function of DOS and time, is given by [157]:

p(E,t) = 67;3 . U”?f]”\(;?] : g(E)x
1— exp [—(673) [Ln(vot)] ] (3.17)

e |~ lnwut)* [ E¥aE - (E)

where 7 is the inverse localization radius, t is a dwell time before heating run begins and
g(E) is the Gaussian DOS distribution, v is the attempt-to-escape frequency.

In Figure 3.11a the numerical solution of Equation 3.17 demonstrates that with increasing
time, the ODOS shifts toward lower energy and narrows. Notably, (Figure 3.11b) shows, that
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Figure 3.11: Time dependence of ODOS in a random hopping system with a Gaussian DOS distribution
at zero temperature (a), the numerical solution of Equation 3.17 [157]. "Gaussian analysis" of ODOS(a)
— The low energy tail of the ODOS always follows the DOS function (b)

the low-energy part of the ODOS retains a constant slope over time, indicating that DOS
defines the low-energy part of ODOS. [157].

During downward hopping, a carrier occupies a particular localized state at time t after
photogeneration if the probability of hopping into a deeper state is low. A time-dependent
energy level, referred to as the demarcation energy Eyy) (subsection 2.2.1), can then be
defined. This energy level separates charge carriers into two groups based on their likelihood
of undergoing further relaxation within a time interval ¢. Carriers located at sites above Ey )
are more likely to find hopping neighbors and proceed with relaxation. In contrast, charges
positioned below the demarcation energy tend to stay in local minima (currently deep traps),
for an extended period () and therefore follow the low energy part of the DOS. [157].

As a consequence, the most reliable information about the DOS distribution can be derived
from the low-energy part of ODOS. Considering that charges are liberated from the deepest
traps at higher temperatures, one can infer that the high-temperature wing of TSL curves is
an exact replica of the deeper portion of the DOS distribution and yields the effective DOS
width ODOS [157]

More strictly, for the charges located below Ey) the right-hand side of Equation 3.17 equals
to 1 then ODOS becomes only the function of DOS ¢(FE). In our scenario, Equation 3.17
follows a Gaussian distribution [157]:

o [In (vgt)]* 5
67%1 — exp {— (7N, /673) [In (vot)]3}g( ) (3.18)
E < Ed(t)

p(E, 1) =
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Whereas Ey) is defined by [157]:

Eq(t) ~ w 21n {12N\/2t_m3 [In (Uot)]S} (3.19)

The dwell time ¢, after photoexcitation during the TSL experiment, falls within the range
from 10% to 10° s. Given that vy = 1035~ ! the product vyt, is in the range of 10'° to 108,
From Figure 3.11a, one can see that the TSL signal has a minimal dependence on the dwell
time within this specified range. Specifically, the average energy of the carrier distribution
shifts by less than 7 % of opps. Consequently, the TSL signal remains unaffected by the
dwell time after photoexcitation (in the range from 10% to 10° s). Then for energies below
the demarcation level, one can write that [157]:

p(E,t) & po(Ea(T)) (3.20)

This implies that ODOS is time-independent.

Hopping model of TSL

In a similar manner to inorganic materials, the rate-limiting step in the TSL of AOS
(Equation 3.23) is the thermal activation of charges from ODOS to transport energy level
(see Figure 3.12). The differences between demarcation energy and transport energy level
determine the activation energy required for charges to be released from traps (Equation 3.23).
Once a charge carrier reaches the transport energy level, it is assumed to have enough energy
to continue hopping toward a deeply trapped countercharge and form an exciton. [157]. At
sufficiently high temperatures the demarcation energy is obtained as [157]:

B vl 6\%
Eo(T) = kT lm <5> - <W> NS/?’] (3.21)

The transport energy is obtained as [157]:

1
By = — (6> C kT (3.22)
™ Nt3
The activation energy measured in TSL by definition is just differences between Eq — i, =
(E.(T)). A distinctive feature of the demarcation energy is its independence from DOS
[157]. Indeed, according to the Equation 3.21 the demarcation energy is influenced by the
attempt-to-hop frequency and the ratio ~y /Ntl/ ®. While vy remains relatively constant across
different materials, the fy/Ntl/ % ratio varies depending on the concentration of transport
molecules. In the materials I studied, the concentration of transport molecules is anticipated

to remain relatively constant. This is evidenced by minor variations in (£, (7)) for mCBP-CN,
mCP-CN, and DMAC-TRZ, as shown in Figure 3.10a. Given F, and E4(T") the TSL intensity
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Figure 3.12: The TSL process in AOS. This figure depicts the thermally activated hopping process.
Upon heating, charge hops from the ODOS to the transport energy level, forming an exciton with a
deeply trapped countercharge, which then undergoes radiative recombination.

can be expressed as [157]:

Ed (T) — Etr (T)
KT (3.23)

I(TSL) < vokTpo [Ea(T)] exp |—

~ kBpo [Ea(T)]

Equation 3.23 explicitly attributes the ODOS with the TSL curve. One can theoretically
justify the direct extraction of the energy disorder parameter from 7TSL using Equation 3.18
According to Equation 3.18 and Equation 3.20, the high-temperature part of Irg, is a function
of the DOS only. The opog then can be extracted through the so-called Gaussian analysis by
plotting the logarithm of intensity versus the square of energy (see equation Equation 3.24),
as shown in Figure 3.11(b).

The high-temperature part of the TSL curve follows [62, 77]. :

(Eo(T))?
202

(Ea(T))*

= (3.24)

Ipsy o< exp <— ) = In(Ipsp) < —

where (E,(T)) is Ed — Ej,.

The energetic disorder derived from TSL typically reveals the DOS of shallower trapped
charges type (electron or hole). Thermally released charges recombine with their more deeply
trapped counterparts [118]. Since TSL is an electrode-free technique, the number of electrons
and holes within the film remains constant, ensuring material neutrality throughout the
entire TSL process. As a result, by the time the temperature is high enough to release the
deeper carriers, they have already recombined [118]. Details of the analysis of T'SL curves of
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3.3 Kinetic Monte Carlo simulations of charge carrier relaxation processes

the AOS is discussed in (Papers 1 and 2), while the chapter should give the main idea of a
TSL phenomenon.

3.3 Kinetic Monte Carlo simulations of charge carrier
relaxation processes

Charge carrier relaxation in a lattice can be analyzed using the master equation. At any
point in time, the probability P;(t) for being in state ¢ obeys the Master Equation (ME) [159]:

2 P(t) = =~ S hyPAt) + X kP (3.25)
i i

From a mathematical standpoint, Equation 3.25 is a system of coupled differential rate
equations. Unfortunately, the explicit solution of Equation 3.25 becomes unfeasible as the
number of states involved in the charge transport increases. Kinetic Monte Carlo modeling
can be used to solve the above equation [160, 161]. The problem then falls into the category
of time-continuous Markov processes in discrete space, where the system evolves through a
sequence of states P,; € X from a state space X, which depends on a model at transition
times tg < t; < ... <t; < ... [160, 161]. It should be noted that the likelihood of the hop is
intended to be based solely on the transition probabilities from the current state: charges
have no memory — the Markovian process’s condition.

I used the following methodology to study a charge distribution. I did the KMC simulations
by employing an isotropic three-dimensional (3D) cubic lattice (100 x 100 x 100 lattice sites)
with a lattice constant of 1.0 nm. I considered both random- (GDM) and spatially correlated
energetic disorder (CDM) [77]. The site energies for the random disorder were selected from
a Gaussian distribution g (¢) Equation 3.26 with a standard deviation opog centred at zero

energy:
N L/ e \?
g(e) = Nor exp [—2 (UDOS> ] (3.26)

For systems with a correlated disorder, I calculated the cite energies using the dipolar disorder
model [77, 162]. For that, a cubic lattice was populated with randomly aligned dipoles
separated by a distance a. I chose a dipole moment whose magnitude produces a disorder
strength of 50 meV using the equation opos ~ 2.355_5'%12 and kept it constant for all
calculations [77, 162]. By Ewald’s summation [163], the on-site energy E due to charge-dipole
interactions was determined as [77, 162]:

edj . (’I"j — ’I“i)

i Eor ‘T'J —7T;

where j is the number of sites within a cube size of 30 lattice sites around site 7, e the
unit charge, ¢y the vacuum permittivity, and e, the relative permittivity of the material.
Figure 3.13c and d, respectively. The resulting DOS adheres to a Gaussian distribution, with
a width oppg proportional to d.

As illustrated in Figure 3.13a and b, charge-dipole interactions have a significant effect on the
energy landscape within an arbitrary slice (2D cross-section) of the lattice [77]. The energy
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of sites for random disordered (Figure 3.13a) is uncorrelated. Conversely, in a system with
the correlated disorder (Figure 3.13a), it is more likely that sites with the same energy will
be found in close proximity. One can calculate the correlation between sites separated by a
distance 7;; by the spatial correlation function C(r;;) [77]. This function is defined as follows

[103]:
(£ — (E))(E; — (E)))

) = - 525
where E; and E; are the energies of the sites ¢ and j separated by a distance r;; and, < ... >
represents the expectation value.

If E; and Ej are fully correlated, then C (r;;) is unity, while if they are uncorrelated, then
C (r45)) is 0. The spatial correlation functions evaluated for CDM and GDM are shown in
Figure 3.13c and d, respectively. Unlike random disorder, where the correlation function

1
is zero, C (1) exhibits a — dependence on distance for correlated energetic disorder. As
Tiq
anticipated, for long-range charge-dipole electrostatic interactions.

The hopping rate between an initial site of energy E; and a final site of energy E; is determined
by the Miller-Abrahams rate [75]:

2T (3.29)
ko = vy exp (—2vR;;)

kij = ko exp

where kg, the MA rate prefactor, is determined by the hopping distance Rij. The inverse
localization radius 7 relates to the electronic coupling matrix element between the adjacent
sites. vy is the attempt-to-escape frequency usually being close to an intermolecular phonon
frequency, kg is the Boltzmann constant, and T is temperature [75-77]. The parameter ~y
was isotropic in all directions. I performed the KMC simulations considering the hopping
contributions to the two nearest hopping sites, within the variable range hopping (VRH)
regime. To calculate the charges distribution I used the constant time step KMC (ct-KMC')
approach, implementing the following algorithm:

1. Randomly generate the charge on site .

2. Uniformly sample a transition from state ¢ to a state j (i # j) among the 124 two-nearest
neighbors N;.

3. Calculate the corresponding transition rate k;; using the MA equation Equation 3.29.

4. Accept or reject the transition event: the event is accepted if f;; = % > U, where U is
a uniform random number from the interval (0, 1], and vy is the isoenergetic hopping
rate to the nearest neighbor.

5. If the event is accepted, execute the transition ¢ — j and update the charge coordinates.
Else, the charge carrier continues to occupy the current site .

6. Update the simulation time with At, which is a random number following an exponential

distribution: At = o ]i,tot In (%), where U is a random number drawn from the uniform
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3.3 Kinetic Monte Carlo simulations of charge carrier relaxation processes

distribution U € (0, 1].

7. If the simulation time is less than the required time, go to step 2.
Else, terminate the simulation.

The ct-KMC method is utilized to gain insight into charge carrier relaxation in both short
and intermediate-time regimes [77]. As charges relax within the DOS, the hopping rates k;;
(and kr) decrease rapidly by several orders of magnitude, leading to a significant increase in
computation time [77].
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Figure 3.13: Heatmap of the energetic landscape for a system with a) random disorder and b) correlated
disorder. The variation of the spatial energy correlation function, C (r;;) (see Equation 3.28) with
distance for c) random disorder system and d) correlated disorder system. Adapted from "Monitoring the
Charge-Carrier-Occupied Density of States in Disordered Organic Semiconductors under Nonequilibrium
Conditions Using Thermally Stimulated Luminescence Spectroscopy" by A.Stankevych, R. Saxena, A.
Vakhnin et. al., Phys. Rev. Applied, 19(5), 2023, p. 054007, https://doi.org/10.1103/PhysRevApplied.
19.054007 [77]. Reprinted from American Physical Society according to the CC BY license.
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4 State-of-the-Art

4.1 Introduction

According to the Gaussian Disorder Model (GDM), the charge mobility in amorphous organic
semiconductors (AOS) depends on the half-width of the DOS, commonly referred to as
energetic disorder. [30]. The Gaussian shape of the DOS naturally arises from the central
limit theorem [30] and is the most frequently used approximation for the DOS [30, 31, 52,
74]. Since the introduction of GDM [30], the exact shape of the DOS has been a subject
of ongoing investigation and debate. While the Gaussian shape accurately describes the
central region of the DOS, experimental and theoretical evidence suggests that in the tail
states—the low-energy regions where charge transport predominantly occurs—an exponential
distribution can emerge. This phenomenon has been supported by various studies [64-66, 72,
164-166], which emphasize that the DOS distribution in the tail states can exhibit a complex
structure, underscoring the critical role these tail states play in governing charge transport.
Characterization of the localized states in AOS, which include both spatial and energetic
distributions, presents a significant challenge. Unfortunately, charge DOS is not directly
amenable to probing by absorption spectroscopy because the optical spectra of molecular
solids are governed by excitonic transitions, unlike the valence band to conduction band
transitions in inorganic semiconductors [30]. Recognizing the issue, substantial progress was
achieved in characterizing the DOS distribution. Various known methods can be grouped
into categories: charge transport measurements, optical and thermally activated spectroscopy,
scanning probe methods, as well as theoretical studies.

The following section is not intended to provide a comprehensive review of all possible DOS
measurement techniques but instead aims to highlight the techniques that have significantly
influenced this research field, offering a brief overview of their advantages, disadvantages, and
disparities.
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4.2 Charge transport measurements.

The determination of the DOS through charge transport measurements typically involves
modeling the temperature and electric field-dependent mobility using theoretical frameworks
such as the Gaussian Disorder Model (GDM) or the Extended Gaussian Disorder Model
(EGDM) [167]. To obtain corresponding charge mobilities, space-charge-limited current
(SCLC) measurements are typically employed [168, 169].

SCLC
SCLC measurements are conducted using electron- or hole-only devices that consist of a
semiconductor sandwiched between two electrodes[168, 169]. The injection of charges from
the electrode creates a charged layer, known as space charge, which electrostatically limits the
flow of current in the device. The current-voltage relationship for SCLC was first established
by Mott and Gurney [170]:
9 V2

Jscrc = gHeo€s T3 (4.1)
where: Jsopo is the current density, €y is the vacuum permittivity, €, is the relative per-
mittivity of the material, 1 is the charge mobility, V' is the applied voltage, and L is the
thickness of the sample.
The quadratic dependency of current on voltage is indicative of trap-free SCLC. To ensure
the SCLC regime, the current must exhibit the cubic thickness dependence, i.e. Jscrc o< L3
[170]. The SCLC method has a set of disadvantages. As mentioned earlier, in SCLC, high
charge carrier concentrations are often observed, frequently exceeding n/N > 107°, where
n/N represents the relative charge carrier concentration, which in turn can affect the DOS
width measurements. For an accurate representation of the IV curves in the SCLC measure-
ments, it is crucial to account for the effect of charge density on mobility.
Thus, it is not surprising that the choice of the fitting model has a profound impact on the
extracted opog values, thereby complicating its determination. Analysis of IV curves using
EGDM][171] yields higher DOS width values than those from GDM]43]. For instance, for
the OC1C10-PPV, the sigma DOS values determined by EGDM and GDM were 0.14 eV
[171] and 0.112 eV[43], respectively. However, both models give reasonably good IV-fits as
shown in Figure 4.1. The SCLC method has gained popularity due to the growing interest in
evaluating device characteristics under operando conditions. Since organic semiconductors are
typically used in a diode configuration, it is practical to conduct DOS measurements within
these devices. In contrast, during TOF measurements, the device operates as a capacitor.
It is also important to highlight that achieving trap-free conditions, essential for the SCLC
regime, is not a straightforward task. Often, IV curves display charge-trapping behavior
for either electrons or holes[172, 173], which complicates the interpretation of SCLC results.
Additionally, for SCLC measurements, it is essential to ensure effective charge injection[174].
This task becomes particularly challenging due to the exponential relationship between
injection current and barrier height. Moreover, given that some OLED materials possess
work functions extending up to 6.1 eV, careful electrode selection is crucial to ensure accurate
SCLC measurements[174, 175].
In recent years, the IV characteristics of devices are commonly fitted directly using GDM or
EGDM models [167], as well as through KMC modeling [97, 99, 162].
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1005 NRS-PPV
E L=560nm
10" a=18nm

Figure 4.1: Experimental (symbols) and theoretical (lines) current-density vs voltage results for polymer
layers of NRS-PPV (main panel) and OC1C10-PPV (inset). Full line: solution of SCLC via EGDM
with the T-, n-, and F-dependent mobility. Dashed line: SCLC result without F' dependence. Dotted
line: SCLC results without n- or F'- dependence (shown only in the inset, for T' = 235 K). Adapted
from "Unified Description of Charge-Carrier Mobilities in Disordered Semiconducting Polymers" by
Pasveer, W. F. and Cottaar, J., Tanase, C. et. al., Phys. Rev. Lett., 94 (20), 2005, p. 206601,
https://link.aps.org/doi/10.1103/PhysRevLett.94.206601 [171]. Reprinted from American Physical
Society according to the CC BY license.

Time-of-Flight

Time-of-flight (TOF) is another method for measuring charge mobility. The TOF method is
based on measuring the transit time 7 of a packet of photogenerated charges as they travel
through an organic film sandwiched between two electrodes. One can estimate the charge
mobility using the following equation:

d2

= (4.2)

1
where p is mobility, d is the sample thickness, and V' is the voltage applied between two
electrodes. To accurately determine the DOS width via the TOF method, photogenerated
charges are expected to reach the thermal equilibrium prior to being extracted [30, 31, 101,
176]. This condition can only be achieved in a non-dispersive transport regime [101, 176].
The transition from a non-dispersive to a dispersive transport regime was empirically found
to occur at a critical disorder parameter (?pos/ksT) . that depends on the length L of the
sample according to (7pos/ksT)? = 44.8 + 6.7 - log,, L, with L being given in cm [176]. That
leads in turn to the main TOF limitation namely the requirement for thick films, often above
1um. Deposition of thick films is impractical, especially for small molecules during material
screening phases when only limited quantities of a material are available. For TOF it is also
essential for the absorption depth to be sufficiently short so that the photogenerated carriers
are densely concentrated within a layer that is much smaller than the film thickness d [31,
176, 177]). This condition can be expressed as d > h’% suggesting that approximately 90
% of the photogenerated carriers are confined within a layer of thickness of In(10)/a. For
example, a 10um thick sample demands an optical density of 10. Conversely, the standard

sample thickness for SCLC measurements is typically a few hundred nanometers[178, 179].
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In general, it is expected that TOF measurements are more accurate in determining DOS
widths compared to SCLC. The TOF signal remains unaffected by high carrier concentration,
ensuring that the DOS is not distorted. Thus, the mobility values derived from TOF and
SCLC methods might differ. Both types of measurements are characterized by different
charge carrier densities. For example, oppog value extracted from SCLC measurements for
rr-P3HT are approximately 0.054 eV [180]. In contrast, TOF measurements conducted by
the same group indicated that the energetic disorder in rr-P3HT is 0.069 eV[181]. For NPB
and Spiro-TAD measurements, the energy disorder parameter determined by TOF was found
to be 0.075 eV, as reported in [182], and 0.08 eV, according to [183], respectively. While,
SCLC studies of NPB and Spiro-TAD indicated an energy disorder of approximately 0.09 eV
for both compounds, as detailed in [98].

Here I want to emphasize that the measured opps values are significantly influenced by
film morphology, which can cause variations across different studies. For instance, in SCLC
studies of NPB and Alq3, the opps values vary based on film thickness, ranging from 0.080
to 0.106 eV for NPB and from 0.130 to 0.140 eV for Alq3, as shown in [184]. In that study,
authors suggest that the DOS is affected not only by the interfacial trap states but also by
the molecular arrangement on the surface [184].

The charge extraction by linearly increasing voltage

The charge extraction by linearly increasing voltage (CELIV) technique offers an alternative
method for determining opog [185-189]. In CELIV measurement a linearly increasing voltage
(triangular pulse) extracts thermally generated carriers from the semiconductor film [190].
The mobility can be estimated from:

24 1
 3A121+0.3657
0

Iz (4.3)

where A is the ramp rate (V/s), d is the device thickness, 47/, is the ratio between the
average conduction current of the active layer and the average displacement current due to
the film capacitance, and t is the time of the current transient maximum[190]. Unlike the
TOF technique, which requires thick samples, CELIV measurements can be conducted on
relatively thin samples, typically spin-coated films that are only a few hundred nanometers
thick [185, 190]. In the CELIV method, the extracted charges are intrinsic and assumed to
be in thermal equilibrium [190, 191]. In contrast, in the TOF method, charges are generated
through photoexcitation and subsequently undergo thermally assisted energetic relaxation.
In CELIV experiments, for materials that are devoid of intrinsic charges, a laser pulse or an
electrode-based injection can be utilized to introduce them. Once these carriers are generated
and following a designated delay, they can be extracted from the film. These modified
approaches are typically referred to as photo-CELIV[192] and (metal insulator semiconductor)
MIS-CELIV[193].

CELIV can complement the TOF technique, examining charge mobility at lower fields and
providing a more comprehensive understanding of charge carrier dynamics in wider field
range[44]. For instance, in the case of P3HT (as shown in Table 4.1), the values of o align well
between CELIV[44] and TOF measurements[44]. TOF and CELIV measurements likely have
comparable charge concentrations[44]. However, this premise may not necessarily apply to
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Table 4.1: Determined values of p (prefactor mobility), o (energetic disorder), C' (fit constant), and
¥ (positional disorder parameter) of the disorder formalism obtained by CELIV and time-of-flight (TOF)
techniques for P3HT. From [44].

Material/Sample Method g (cm®> V''s7') o (eV) C [(em V72)1/?] %

1/1 CELIV 4% 1073 0.063 3.6 x 107 3

1/2 CELIV 4% 1073 0.061 36x107%  3.15
1/1 TOF® 1x 1072 0.070 1.5 x 1074 3.4
1/2 TOF® 5 x 1072 0.074 2.1x 1074 3.9

¢Calculated between 310-180 K temperature region.

MIS-CELIV measurements. In such case, injected charge carriers might create a charge sheet
on the insulator surface, and consequently form a Fermi level. Unfortunately in all CELIV
modifications, the main challenge is to observe the extraction peak in current transients,
which in many cases is not discernible [194]. This obscures the analysis and sometimes makes
it unfeasible. Moreover, the field dependence of mobility needed to obtain zero-field mobility

can only be recorded within a limited field range, while the electric field changes continuously
during the extraction[195].
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4.3 Electrochemical impedance spectroscopy

Energy Resolved EIS (ER-EIS) is a relatively new electrochemical method for DOS character-
isation[196]. Unlike the previously discussed methods, the ER-EIS method has a significant
advantage, as it allows for the direct observation of the positions of the HOMO and LUMO
levels, as well as the shape of the DOS. The ER-EIS is conducted in an electrochemical
cell, which consists of a working electrode coated with the material of interest, a reference
electrode to measure the potential, and a supporting (auxiliary) electrode to polarize the
working electrode against the reference electrode (Figure 4.2). The ER-EIS detects the redox
reaction at the liquid-solid interface (Figure 4.2). This redox reaction only takes place when
an external potential (U) adjusts the AOS film’s Fermi level to align with its HOMO or
LUMO levels.

reference

Ag/AgCl electrode
Pt auxiliary electrode wre

working electrode

electrolyte

polymer

glass substrate

Figure 4.2: The scheme of the ER-EIS microcell. Adapted from "Energy resolved electrochemical
impedance spectroscopy for electronic structure mapping in organic semiconductors". By Nadazdy V.,
Schauer F., Gmucova K., Appl. Phys. Lett. 2014; 105 (14): p 142109. https://doi.org/10.1063/1.
4898068 [197]. Reprinted from American Institute of Physics according to the CC BY 4.0 license

To conduct ER-EIS, for each given potential (U), a corresponding output current is measured
at a given frequency [198]. Analysis of the obtained data using a suitable equivalent circuit
provides information about the electrochemical system, including solution resistance, double
layer capacitance, and charge transfer resistance. The DOS as a function of the Fermi energy,
g(EFr), can be related to the charge transfer resistance, R.(U), measured under an applied
voltage U[198]. This relationship is given by:

dn 1 dj(S) 1

9(Er = eU) = del) ~  ekaAlS dU ~  eku[A]SRu (44)

here electron concentration n, in semiconductor surface and [A] the concentration of the redox
(donor/acceptor) pair, e is the elementary charge and ke is the charge-transfer coefficient, S
is the sample surface area [198].

One can draw comparisons between ER-EIS and traditional charge transport DOS measure-
ments. For instance, the ER-EIS value of o for P3HT is 0.067 eV[198], aligning closely with
the 0.069 eV the TOF value reported in [199]. However, discrepancies can also arise. The
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4.3 Electrochemical impedance spectroscopy

analysis of the temperature dependence of the MDMO-PPV hole mobility within the EGDM
reveals the value of oyono = 0.100 €V as outlined in [200], whereas the ER-EIS results
indicate the value of ogomo = 0.173 eV [196, 198].

ER-EIS effectively captures the exponential dependence of DOS tail states[198] it is worth
noting that handling such tails through charge transport measurements can be notably
challenging and it requires the ansatz solution of the drift-diffusion equations.

Utilizing the ER-EIS method to evaluate the DOS in organic semiconductors poses several
challenges. Firstly, the AOS film must be conductive to prevent undesirable ohmic voltage
drops that could distort the observed potential. This effect is particularly pronounced in
organic solvents[201]. Moreover, the accurate determination of the absolute potential in
solutions is not straightforward; hence, an internal standard like Ferrocene is typically used
to calibrate to the absolute energy scale[202]. It is also essential that the oxidation-reduction
reaction is reversible to avoid film degradation[202]. The solvent’s thermodynamic stability
window limits the measurement of HOMO and LUMO levels[202]. For wide-bandgap semi-
conductors, often only one level, either HOMO or LUMO, is accessible. It is essential to
ensure that the semiconductor films are insoluble; otherwise, the solvent might modify or
dissolve the film. Therefore, ER-EIS is predominantly utilized to measure DOS in polymeric
organic semiconductors[196, 198, 203].
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4.4 The Kelvin probe

The Kelvin probe (KP) method, also referred as the Kelvin Probe Force Microscopy (KPFM)
or Surface Potential Microscopy, is an extension of the non-contact atomic force microscopy
(AFM) technique[204]. In KPFM, the contact potential difference (CPD) between the
tip and the sample is determined. The CPD measured in KPFM directly relates to the
amount of injected charge, into the surface layer of the sample[204]. Due to band bending
and nonuniform distribution of charges, the relationship between CPD and Fermi level is
complex[205]. The degree of band bending has been demonstrated to be dependent on
energetic disorder. Specifically, the charge transfer across an interface is influenced by the
relative energy difference between molecules on opposing sides|[71, 204]. Consequently, the
width of the DOS also affects the band bending[71, 206]. The DOS values are then derived
by fitting the potential as a function of distance from the interface using numerical modeling
or available software[206].

In Figure 4.3, one can see the work function fit for PTB7-Th and MEH-PPV films at
different thicknesses [71]. In [71] for MEH-PPV, charge transport measurements revealed
0 =0.124+£0.010 eV and KPFM indicated ¢ = 0.13040.025 eV. These values are comparable
with other studies where the DOS width varies from 0.067 to 0.120 eV, contingent upon the
coating conditions[207]. The Gussian DOS width for P3HT determined through KPFM, was
0.08eV[206], aligns with the results from transport measurements.
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Figure 4.3: Band-bending profiles of a) PTB7-Th and b) MEH-PPV films cast on 70 nm thick Mo0O3
layer. Adapted from "Unifying Energetic Disorder from Charge Transport and Band Bending in Organic
Semiconductors" by A. Karki, G.-J. A. H. Wetzelaer, G. N. M. Reddy et. al. T.-Q. Nguyen, Adv.
Funct. Mater. 2019, 29, p 1901109. https://doi.org/10.1002/adfm.201901109 [71]. Reprinted from
WILEY-VCH Verlag GmbH & Co. KGaA according to the CC BY 4.0 license

A significant limitation of the KPFM is that it is only sensitive to tail states. Consequently,
it is challenging to differentiate between a Gaussian DOS and an exponential DOS solely
based on this analysis [71, 204]. As a result, while the method can provide estimates for the
disorder parameters ¢ in the Gaussian model and E7 in the exponential model, it does not
discern one over the other [71, 204].
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4.5 Ultraviolet photoemission spectroscopy

Ultraviolet photoemission spectroscopy (UPS) is a commonly used technique for direct probing
of the DOS distribution[45, 208-210]. The UPS measures the energy of photoelectrons emitted
due to ultraviolet excitation. The energy of the emitted photoelectrons, according to Einstein’s
photoelectric law, is given by:

E,=hv—1 (4.5)

where E} is the kinetic energy, hv is the photon energy, I is the ionization energy. For
molecular semiconductors that have low electrical conductivity, the application of UPS is
limited to thin films with a thickness on the order of tens of nanometres[46]. This limitation
arises due to the charging of the samples during the measurement process. In a classical
UPS experiment, the kinetic energy spectra of photoelectrons, emitted by molecules upon
absorption of ultraviolet photons, are measured[46]. In principle, UPS offers direct DOS
probing, for example, photoelectrons that are emitted from the HOMO upon UV-irradiation
represent DOS for holes. However, quantitative evaluation of the DOS value (eV ™! cm™)
using UPS presents challenges. At a given photon’s flux, photoelectron intensity is affected by
a variety of factors beyond DOS. These factors include the wave function of the electronic state,
molecular orientation, photon energy, its polarization direction[46]. UPS primarily studies the
central part of the DOS that remains unoccupied in devices, and transport typically occurs
at much lower energies that are currently unreachable by UPS [211]. For instance, HOMO
DOS values derived from UPS measurements tend to be higher than those expected from
transport and impedance measurements. In the case of Y6, Kroh et al. observed the o value
of 0.072 ¢V using EIS [196], whereas UPS measurements indicated a o value of 0.188 eV[45].
Such a disparity is unlikely to be solely attributed to variations in morphology or coating
conditions. A similar scenario is observed for P3HT, where the identified o value of 0.245
eV[45] significantly exceeds the reasonable values of DOS width, a conclusion corroborated
by multiple charge transport studies — 0.060-0.070 eV.

4.6 Theoretical calculations

The width of the DOS can be calculated using several theoretical models [62, 72, 78, 212-218].
The advancement in computational capabilities has enabled the microscopic modeling of
DOS in organic semiconductors. However, even now, such calculations are limited to rela-
tively small systems, encompassing up to 10* molecules [62, 219]. A typical computational
workflow involves determining various molecular properties using first-principles calculations
(62, 219]. For DOS calculations first, for each type of molecule, various properties such as the
potential energy surface, reorganization energy, ionization potential, and electron affinity are
determined [62, 219]. Additionally, distributed multipoles and polarizabilities are calculated.
The derived parameters are then utilized to set up a classical (polarizable) force field, which
is subsequently used to simulate amorphous morphologies [62, 219]. The polarizable force
field is further employed in a perturbative manner to calculate the electrostatic and induction
interactions between a localized charge and its surroundings. [62, 219].The energies of the sites
then are derived from the sum of the individual energy contributions and their interactions
with the polarisable environment. The long-range Coulomb interaction energy is evaluated
using the Ewald summation technique, and the induction interaction energy can be derived
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using the Thole model [62, 219].

Achieving realistic morphologies is important for such calculations [62, 219]. Organic materials
often exhibit polymorphism or a certain degree of order[220], which often causes drastic
changes in energetic landscape within films[221-223]. In amorphous materials, the situation
is somewhat simpler, however, many studies have confirmed the presence of short-range order
even in amorphous films[224]. Another challenge in microscopic modeling is incorporating
the formation of dimeric states. For example, the dimerization of carbazole-based compounds
has been identified as a primary source of charge and exciton trapping|[225-227]. However, a
comprehensive microscopic treatment capturing these effects has not been yet undertaken.

Lattice model

Among different theoretical models a simplified lattice model was particularly useful for
understanding the DOS properties in amorphous materials [228, 229]. The lattice model is a
mathematical representation of a finite physical system arranged on a lattice. For organic
semiconductors this model was developed based on a uniform lattice cubic lattice where sites
are occupied by randomly oriented multipoles [228]. Lattice model can reveal the effect of
multipoles [72], on charge transport dynamics namely: Coulomb interactions [162] , charge
carrier density [171], spatial correlations [57, 73, 100].

Currently, there is a trend to parametrize lattice models using electronic properties of in-
dividual molecules [72]. This approach suggests the prediction of the DOS from quantum
mechanically calculated properties like charge distributions within the molecule, polariz-
abilities, and ionization potentials. Andrienko and co-authors showed that the impact of
multipole moments on the DOS within a lattice model can be approximated by[72]:
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Agqy is the rotationally averaged change of the multipole moment of the carrier site upon
charging, and ¢; is the rotationally averaged moment of the surrounding neutral molecules,
a is the lattice spacing, kj; is a constant of order one which accounts for the topology
of the lattice, e;f > incorporates the effective screening parameterized as a function of
the polarizability of the (surrounding) neutral molecules, «, and ¢ accounts for a possible
fractional filling of the lattice.

The mentioned model can be simplified, particularly when considering materials with equiv-
alent polarizabilities, such as homologous rows or isomers [62]. Thus, by considering only
dipolar o4 or quadripolar o, contributions, and treating other effects as constants. As a
result, the complete DOS is a composition of o4 or/and o, contributions, complemented
by the consistent effects from so-called van der Waals interactions (oyqw ), which account
for all other potential sources of disorder. This approach was widely employed for the
analysis of energy disorder in molecularly doped polymers by Borsenberger and Bassler using
Monte-Carlo simulations [229-232] . The DOS can be deconvoluted into various components,
each representing a distinct physical contribution [229-232]:

o= (02 + aﬁdw)l/z (4.7)
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4.7 Conclusion

Dipolar disorder is typically regarded as the primary contributor to the energy disorder
[229-233]. As a function of dipole moment, the magnitude of the dipolar disorder can be
described as follows[162]:

e-d

04~ 2.35————
E-Ep-a

(4.8)

where ¢y the vacuum permittivity, ¢ the relative dielectric constant of the organic material, a
lattice constant, d static dipole moment. According to Equation 4.8, to minimize dipolar
disorder, one should utilize materials with high dielectric permittivity and a low dipole
moment. However, in several scenarios, a high dipole moment of molecules is required. For
instance, in OLED host materials, the electric field of the dipole can tune the energy of the
excited state of the emitter, subsequently affecting the device’s EQE. This necessitates the
study of factors that can influence DOS, which will be further discussed in the results chapter

4.7 Conclusion

The experimental determination of the DOS width and shape in AOS is quite challenging.
In inorganic semiconductors, this task can be tackled using optical measurements, but in
AQOS, direct optical transitions between HOMO and LUMO levels are weak. As a result,
the DOS is often estimated through charge transport measurements, which can be heavily
influenced by device quality and the theoretical models used. Additionally, many organic
materials exhibit energetic disorder exceeding 100 meV, leading to non-equilibrium charge
transport, whereas most models are developed for equilibrium charge transport conditions.
For example, many TOF measurements suffer from indistinguishable arrival times, leading to
significant uncertainty in the estimated energetic disorder. Multi-parametric fitting of IV
curves often introduces substantial variability in the extracted opog values. Direct probing
techniques, such as UPS, also fall short of providing a completely conclusive picture due to
their limited resolution for tail states.

All the aforementioned problems motivate me to find an alternative approach for measuring
DOS width and shape. I tackled this issue using the TSL technique, which, of course, also
comes with its own set of advantages and limitations.
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5 Thesis Summary

5.1 General overview — thesis structure

One of the key parameters governing charge transport in amorphous organic semiconductors
is the half-width of the density of states (DOS) distribution, commonly referred to as
the energetic disorder (opog). All four papers presented in this thesis focus on the DOS
distribution, using thermally stimulated luminescence (TSL) as a tool to investigate not only
energetic disorder but also charge photogeneration in amorphous organic semiconductors
(AOS).

In general, this thesis aims to provide a deeper understanding of charge transport in AOS
by examining the effects of energetic disorder on low-temperature charge trapping and the
non-equilibrium process of occupied density of states (ODOS) formation. Additionally, I
explored the role of energetic disorder in charge photogeneration at low temperatures. My
dissertation covers these topics in four chapters. Figure 5.1 illustrates the thesis structure.
Papers 1-3 focus on the DOS distribution in AOS, as its shape and width (opog) significantly
impact charge transport. As part of Papers 1-2, I demonstrated that TSL is a versatile and
straightforward technique to probe the width and shape of the DOS distribution. This, in
Paper 1, allows a systematic study of energy disorder in popular OLED materials. According
to Paper 1, the DOS of the studied organic materials adheres to a Gaussian distribution
and is intrinsically large. However, a closer examination in Paper 2 shows that the DOS
distribution in AOS is not always strictly Gaussian. In some AOS, the intrinsic Gaussian
profile is complemented by exponentially decaying tails. To study the ODOS width, in
Paper 1, I further extended the 'Classic TSL’ to 'IR-Cleaned TSL’, using additional IR
irradiaton. By comparing DOS and ODOS distributions for charge carriers, I revealed
previously unreported ODOS narrowing effect at low temperatures. Specifically, I found
a universal ratio between DOS and ODOS widths of 2/3 in all studied OLED materials.
Further, in Paper 1, to elucidate the origin of this phenomenon, I performed kinetic Monte
Carlo (KMC) simulations, which verified that the spectral narrowing is an inherent feature of
nonequilibrium charge transport within a Gaussian DOS. According to my KMC simulations,
charge carrier relaxation in the tail of the DOS distribution are slower than in the center
of the DOS. Thus, at very low temperatures such as 4.2 K, when charge transport occurs
purely through downward hopping, charge carrier package gradually narrows over time.
Among the noteworthy findings of this thesis is that in most OLED materials opog > 100
meV, implying that charge carrier transport remains nonequilibrium and dispersive even at
room temperature. This will most likely be reflected in the low mobility and subsequent
charge accumulation during OLED operation. Therefore, it is important to explore and
discern factors influencing oppg. I addressed this issue in Paper 2 and Paper 3, by comparing
TSL data with theoretical results derived from quantum mechanics (QM) and molecular
mechanics (MM) simulations conducted by Denis Andrienko at the MPIP, Mainz. Specifically,
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I demonstrated in Paper 2 that the energetic disorder is not simply determined by the
static dipole moment, but also by the polarizability of charged molecules (cations or anions).
Consequently, findings in Paper 3 confirm that the broad DOS distributions observed in
Papers 1-3 are due to intrinsic disorder rather than extrinsic traps.

The TSL studies in Papers 1-3 led to an unexpected observation: low-temperature charge
carrier photogeneration upon excitation at the absorption edge in a set of OLED materiasls.
This observation motivated the investigation presented in Paper 4. This paper aims to
address the question: "How is the singlet exciton binding energy, approximately 1 eV for
small-molecule AOS, overcome, allowing the exciton to separate into free charges at such low
temperatures?"'. My investigation of the intrinsic photogeneration in mCBP-CN revealed that
the process originated from a Triplet-Triplet Annihilation (TTA) up-conversion (UC) even at
very low continuous-wave (cw) excitation intensities. Furthermore, Paper 4 highlights the
effect of the energy disorder on each stage of the intrinsic photogeneration process, thereby
connecting it to the research landscape of this thesis.

Figure 5.1: Schematic overview of the contributions of each paper to the overall research question.
Paper 1 Monitoring the Charge-Carrier-Occupied Density of States in Disordered Organic Semiconductors
under Nonequilibrium Conditions Using Thermally Stimulated Luminescence Spectroscopy.

Paper 2 Density of States of OLED Host Materials from Thermally Stimulated Luminescence.

Paper 3 Molecular library of OLED host materials—Evaluating the multiscale simulation workflow.
Paper 4 Charge-carrier photogeneration in single-component organic carbazole-based semiconductors via
low excitation power triplet-triplet annihilation.
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5.2 Individual publications and their contribution to the
thesis aim

5.2.1 Charge-Carrier-Occupied Density of States in Disordered Organic
Semiconductors under Nonequilibrium Conditions Using Thermally
Stimulated Luminescence Spectroscopy

Paper 1 presents a theoretical and experimental investigation of low-temperature charge
trapping phenomena, specifically the nonequilibrium process of ODOS formation in neat
AOS. The experimental determination of the width and shape of DOS is not straightforward
(for details see Chapter 4). In contrast to inorganic semiconductors, optical studies of the
DOS in neat AOS are hindered by strong excitonic transitions that overlap with the weak
direct transitions between the HOMO and LUMO levels. However, Paper 1 demonstrated
that DOS and ODOS distributions can be experimentally probed using a purely optical
technique — thermally stimulated luminescence (TSL). Consequently, interface/contact effects
are eliminated, and DOS measurements can be performed in materials with low charge carrier
mobilities.

Firstly, the paper describes DOS width measurements and the low-temperature ODOS
formation process. Charge carriers photogenerated at low temperatures in TSL experiments
are expected to form long-range geminate pairs [234]. In AOS, the distances between
charges in geminate pairs vary as a result of energetic and positional disorder. Short-range
geminate pairs are inherently unstable and rapidly recombine (most charges recombine
within 10 minutes at 5K). In contrast, long-range geminate pairs can evade recombination by
undergoing energetic relaxation into the tail states of the DOS distribution. These charges
remain trapped in intrinsic states until they are thermally released during heating. This
relaxation process shapes the energy distribution of localized carriers, commonly referred to
as the occupied DOS (ODOS) distribution. Thus, the TSL glow curves provide a qualitative
view of the ODOS distribution.

Typical TSL glow curves and oppg values are shown in Figure 5.2a. The DOS width can
be determined from the TSL glow curves (Figure 5.2a), as was discussed in introduction
part (see. page 38). Specifically, the high-temperature wing of the TSL glow curve always
follows the DOS distribution[157] and thus yields the effective DOS width (schematically
illustrated in Figure 5.2¢ red and green curves. Therefore, the DOS width (6pos) can be
determined from the high-temperature wing of the TSL curve using Gaussian analysis [62].
This procedure will be referred to as "Classical TSL" and used to evaluate oppg parameter.
"Classical TSL" has been widely used to study DOS widths [62, 109, 156-158, 234-237]. My
study found that in most OLED materials opps>100 meV, implying that charge carrier
transport remains nonequilibrium and dispersive even at room temperature. This will lead to
low charge mobility and subsequent charge accumulation during OLED operation. Although
the TSL signal reflects low-temperature ODOS, the presence of kinetically trapped geminate
pairs with intermediate distances between countercharges complicates the analysis of the
entire band profile of the TSL glow curve. As shown in Figure 5.2a, these pairs with reduced
activation energy often create an additional peak on the TSL curve, typically near 40-50 K,
obstructing the determination of the ODOS width.
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Figure 5.2: a) Normalized TSL intensity (I75z,) curves measured in NPB, TPD, mCBP, and NBPhen
films (curve 1, 2, 3, and 4, respectively). Inset shows opog values obtained by TSL; b) Effect of "IR-
cleansing' on the TSL curve profile of NPB, CBP, mCBP and NBPhen (curve 1, 2, 3, 4 respectively).
The inset shows the width of the TSL band, cppos, determined for these compounds. c) Schematic
illustration of the available DOS distribution (green curve), the classical TSL band formed after low-
temperature energy relaxation (red curve), and the TSL band formed after "IR-cleansing' (purple
curve). Note that the intensity of the TSL signal, proportional to the occupied density of states, is
strongly enlarged for ease of illustration. Reproduced from Paper 1.

However, I found that this low-temperature TSL feature can be effectively eliminated by
exposing the UV-excited samples to additional infrared (IR) irradiation at 5 K for typically
several minutes (Figure 5.2b). Such an IR irradiation stimulates charges trapped in inter-
mediate local minima to advance further in the relaxation process, thus accelerating the
relaxation process at cryogenic temperatures. TSL curves after "IR-cleansing" become rela-
tively symmetrical and represent the ODOS distribution of the charge carriers, as illustrated
by the purple curve in Figure 5.2c. To estimate the width of the ODOS (copos), I fitted
the "IR-cleansed" TSL curves (Figure 5.3), obtained after converting temperature scale to
the energy scale using Equation 3.10, with the following Gaussian function:

(E— Em)j

(5.1)
ZO%DOS

Irsp(E) ~ exp l—

where F,, is the activation energy at the TSL peak maximum.
Using this approach, I investigated the low-temperature ODOS of 18 common low-molecular-
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weight OLED materials. Figure 5.3 presents the results of ODOS fitting using Equation 5.1.
A striking observation was revealed when comparing ocopos values estimated from the
"IR-cleansed TSL" and the opps parameters obtained from the "classical TSL analysis".
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Figure 5.3: The TSL curves of different organic semiconductor films obtained after "'IR-cleansing".
Symbols show experimental data, and the solid lines are the fitted Gaussians. Reproduced from Paper 1.
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I found that oppog is narrower thanopog. The phenomenon is common to all amorphous
organic semiconductor films I have measured so far, with a mean value of 0pos/spos =
0.64 &+ 0,04. Fundamentally, the measured ratio suggests a "spectral narrowing" of the
charge-ODOS' at low temperatures. I further conducted ct-KMC simulations to provide
further insight into the mechanisms behind the spectral narrowing observed in my TSL

studies.

Previous KMC studies [238] have manifested that, for equilibrium charge transport, copos
equals oppg. Building upon this established knowledge and the TSL results, my KMC studies
investigate both equilibrium and nonequilibrium ODOS formation process.
The Figure 5.4a demonstrates the dynamics of the energetic distribution of charge carriers in

the regime of equilibrium transport & = %= = 1.93[238] (6=50meV and T'=300K).

kT ~—

L L
Equilibrium transport

Oopos = Opos

T T
Non-equilibrium transport

Oopos < Opos

Figure 5.4: Schematic representation of the temporal evolution of the charge carrier ensemble for a)
equilibrium transport and b) non-equilibrium transport for selected time intervals. The initial distribution
is indicted throughout by the dotted line for reference. Reproduced from Paper 1.
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Initially at (t=0) lattice is populated uniformly with charge carriers, implying Ae = 0
and opos = oopos- As can be seen in the Figure 5.4a, after initial ODOS narrowing
due to the prevalence of downward hopping, ODOS begins to broaden over time. And
once thermal equilibrium with the lattice is established, implying that the average energy
(e) (t » 00) = —,;iT, copos becomes equal to opos.

However, at low temperatures, which are typical of TSL photogeneration process, charge
carriers fail to reach thermal equilibrium with the environment. As a result, the charges
continuously relax in energy toward DOS tail states. In a Gaussian DOS, the number of
available hopping sites for such relaxation decreases very steeply. Therefore, charge carriers
at relatively higher energy sites, having more available hopping neighbors, relax faster than
those at lower energy. Consequently, cppos of the charge-carrier ensemble narrows over time
(Figure 5.4b). My ct-KMC studies captured both equilibrium and nonequilibrium charge
transport scenarios (Figure 5.4), reinforcing the idea that nonequilibrium transport leads to
the ODOS narrowing.

The experimental and theoretical observation of the spectral narrowing is one of the major
findings of this thesis. The observation of the ODOS narrowing offers new practical insights
into charge transport mechanisms in disordered organic semiconductors.
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5.2.2 Density of States of OLED Host Materials from Thermally
Stimulated Luminescence

In Paper 2, I focus on understanding the charge transport properties of OLED materials, with
a specific emphasis on two key aspects of the density of states (DOS): the precise shape of
the DOS and the material parameters that influence energetic disorder, such as polarizability
and dipole moment. Dipolar disorder has traditionally been considered to be the main
source of energetic disorder in materials with high static dipole moment [239, 240]. Dipolar
disorder arises from interactions between charge carriers and randomly aligned dipoles. It
is complemented by consistent contribution from "so-called" van der Waals disorder (o qw ),
which accounts for other potential sources of disorder [239, 240].

The exact shape of the DOS is another crucial factor in determining charge transport proper-
ties. While the DOS in AOS is typically described by a Gaussian distribution, the shape of the
DOS—especially in the tail states, where charge transport predominantly occurs—remains
a subject of ongoing debate. For instance, there are experimental evidence [64-66] that in
some cases, Gaussian distribution is complemented by an exponential distribution in the tail
states.

To address these issues, I conducted a series of TSL studies, corroborated by theoretical calcu-
lations. My TSL studies focused on two series of OLED host materials: (i) carbazole-biphenyl
derivatives, CBP, mCBP, and mCBP-CN, and phenyl derivatives mCP and mCP-CN (for
structural formula see Figure 3.1). Both CBP and CP derivatives share similar cores but
differ in polarity (from 0 to 6 D), thus providing a system to investigate the impact of dipole
moment on the DOS shape and to establish a structure-property relationship.

mCP and CBP derivatives (see Figure 5.5a and Figure 5.6a) exhibited strong TSL signals,
allowing for the identification of the DOS shape in the tail state region.
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Figure 5.5: Normalized TSL glow curves measured in CBP, mCBP and mCBP-CN films (curve 1, 2, 3,
respectively) (a); Gaussian analysis of high-temperature wings of TSL curves shown in (a) (see Papers 1
and 2 for details). Curves are shifted with respect to each other for clarity (b). Reproduced from Paper 2.

To estimate DOS width, the high-temperature wing of the TSL curves was analyzed using
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Gaussian analysis, as described in my Papers 1 and 2 and on page 38. According to the
Gaussian analysis (see Figure 5.5b and Figure 5.6b), the intrinsic DOS of CP and CBP
derivatives exhibited a Gaussian DOS profile, with deep exponential tails observed in CBP
and mCBP films. To quantify these tails, I used an exponential distribution g (€) exp(k_—TZ),
where Tj is the width of the exponential distribution (for energies € < 0). By fitting the
slower-decaying tails, I determined Ty values of 716 K for CBP films and 673 K for mCBP
films. While according to Figure 5.6b CP derivatives exhibit an exclusively Gaussian profile
of the DOS.

Further, I address the effect of dipole moment on DOS in CBP derivatives. For CBP deriva-
tives, the DOS broadens with increasing dipole moment, ranging from 0.125 eV for non-polar
CBP (p=0D) to 0.131 eV for mCBP (p =2.15 D) and 0.151 eV for mCBP-CN (p = 4.6 D)
(see Figure 5.5b). Results of the TSL studies are summarized in (Table 5.1). Furthermore,
the same correlation was revealed between the magnitude of the dipole moments and the
energetic disorder for the mCP derivatives (Figure 5.6a). The values of opps increases
from 0.140 €V in moderately polar mCP (p=1.35 D) to 0.177 €V in strongly polar mCP-CN
(p=6 D). Interestingly, mCBP, with a higher dipole moment (p=2.15 D), exhibits lower
energetic disorder than mCP (p=1.35 D), suggesting that CP derivatives are inherently
more disordered. Analysis of energetic disorder within the dipolar disorder model [232, 233,

Table 5.1: Dipole moment (D), polarizability of neutral molecule (cpeutr), polarizability of cation

Qeation), Width of Gaussian DOS (055 .) evaluated by TSL and (0$%¢.) by computer simulations,
DOS DOS

dipolar disorder component (c5,75), and width of superimposed exponential low-energy tail (Tp K).

0hbs opFe and Ty K were measured by me. Queutr, Qeation, 05545 were calculated by Dr. Denis

Andrienko, MPI fiir Polymerforschung Mainz.

Material ~ Dipole moment p  Qpeutr Qeation  Opdg  Opip Ty  o%k,
(D) (Bohr®) (Bohr®) (eV) (eV) (K) (eV)

CBP 0.04 670 3200 0.125 0 716 K 0.10
mCBP 2.15 600 3000 0.131 0.039 673 K 0.12
mCBP-CN 4.6 600 3000 0.151 0.085 - 0.20
mCP 1.35 450 1500 0.140 0.024 - 0.16
mCP-CN 6 540 1500 0.177 0.111 - 0.24

239-241] revealed that CP derivatives exhibit o4y = 0.138 eV, which is significantly larger
than the o, = 0.125 €V determined for the CBP-derivatives.

To gain a deeper insight into the origin of the intrinsically larger non-dipolar disorder
component in CP derivatives, Dr. Denis Andrienko from the Max Planck Institute for
Polymer Research in Mainz performed computer simulations of the energetic disorder. The
calculations confirmed that the energetic disorder increases with the dipole moment due to
stronger charge-dipole interactions, which contribute to a larger electrostatic component of
the disorder. However, it was also demonstrated that in materials with high polarizability
of cations or anions, induced dipoles screen the charge more effectively than in materials
with smaller polarizability. Since energetic disorder arises from variations in the local electric
field near a localized charge, the lower interaction energy with neighboring molecules due to
such screening results in a narrower DOS. Therefore, the differences in o,4 between CP and
CBP derivatives are attributed to variations in the screening of electrostatic disorder between
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the derivatives. For instance, mCP has a significantly smaller cation polarizability but higher
disorder (~1500 (Bohr®) and 160 meV) compared to mCBP ( ~3000 (Bohr?) and 120 meV),
see Table 5.1).

The main results of this study are, firstly, that the effect of dipole moment on the DOS in
OLED host materials is well captured by the dipolar disorder model, albeit only for materials
that possess similar polarizability of cations and neutral molecules. In addition, I observe the
deep exponential tails in the CBP and mCBP films.
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Figure 5.6: Normalized TSL glow curve measured in mCB and mCP-CN film (curve 1 and 2, respectively)
(a). Curves 1" and 1" represent deconvolution of the TSL curve of mCP (curve 1) into two Gaussian
peaks; Gaussian analysis of high temperature wing of the corresponding TSL curves(b) shown in (a).
Reproduced from Paper 2.
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5.2.3 Molecular Library of OLED Host Materials—Evaluating the
Multiscale Simulation workflow

Paper 3 centred around predictive calculations of the bulk properties of AOS, such as
DOS distribution and charge mobility. In this paper Dr. Denis Andreinko introduced a
multiscale simulation workflow that combines Quantum Mechanical and Molecular Mechanics
calculations to predict the properties of AOS. This workflow was used to estimate the charge
mobility in a set of popular OLED materials.

According to the simulation results, despite variations in reorganization energies and electronic
coupling elements that affect the simulated mobility, energetic disorder remains the most
critical parameter that governs charge transport. Therefore, the accurate determination of
the DOS width was a central focus of this thesis. Paper 3 provides deeper insight into the
material parameters that influence the DOS and contributes to the research topic of this
thesis. Specifically, it establishes a connection between the molecular structure (a microscopic
parameter) and the DOS width (a macroscopic parameter). The calculated DOS values
independently validate the results of TSL studies on the DOS.

As I pointed out in Chapter 2.3, shallow trap states can significantly broaden the DOS
distribution even with a small amount of impurity. It is thus challenging to distinguish
whether the TSL measurement reflects the intrinsic DOS or the trap-affected DOS distribution.
For instance, DOS width scales linearly with static dipole moment. However, certain TSL
results were surprising. Notably, despite having a lower dipole moment of 2.91D [118], BCP
exhibited a larger energy disorder (opos = 0.226 €V') than mCBP-CN, which has a dipole
moment of 4.5D [118] and an energy disorder of opps = 0.155 eV. Nevertheless, the DOS
widths obtained using T'SL techniques align well with computational predictions, as shown in
Table 5.2. For instance, TSL DOS for above mentioned BCP agrees well with the calculated
value of 0.19 eV (Table 5.2. This underscores the intrinsic nature of the broad DOS widths
observed experimentally in most OLED materials, which range from opog = 0.088 to 0.226
meV, as detailed in Table 5.2. Implying that TSL characterizes the intrinsic DOS, i.e., the
DOS of a chemically pure disordered material, rather than impurity-related traps.
Measured materials can still have some extrinsic trapping. As it was recently discovered
that for molecules within the trap-free window, when ionization energies (IEs) exceed 6.0
eV and electron affinities (EAs) are below 3.6 €V, one could anticipate the absence of water
and oxygen-induced traps [112]. Notably, the ionization energies of most of the materials
measured in this study are less than, or around 6 eV [62, 77, 118]. This suggests that their
hole DOS might remain unaffected by extrinsic traps since their IE values are within this
trap-free window. Conversely, materials with ionization energies surpassing 6 eV are likely to
experience trap-limited hole transport [112]. Similarly, an electron affinity under 3.6 eV can
result in electron trapping, which in turn limits electron transport. The electron affinities of
the materials in this study are significantly below 3.6 eV (Table 5.2), which suggests that
electron transport in these systems may be hindered by electron traps (as oxygen-related
traps) [112]. Considering that all samples were exposed to air before TSL measurements,
resulting in relatively deep electron traps, the TSL measurements probe the hole DOS of
these materials [62, 77, 118]. The IE of both CBP and mCBP slightly exceeds the 6 eV
threshold of the trap-free window [62]. Therefore, some extrinsic hole trapping may be
present. This phenomenon may account for the larger energetic disorder parameters indicated
by the TSL measurements for these materials compared to the values obtained from QM /MM
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calculations. The presence of water-induced traps can also explain the deviation between the
experimental and theoretical energetic disorder observed for BCP. The ionization energy (IE)
of BCP is 6.52 eV, which significantly exceeds the trap-free window, indicating that the hole
trapping is likely [62].

Table 5.2: Comparison of QM /MD calculated energetic disorder for hole and electron transport with
experimental values (in eV) obtained from SCLC (space charge limited current) and TSL methods. Note:
Data pertains to selected materials where both TSL and Ea results are available. The data | measured
are the TSL DOS values; all other values are from the literature. Comprises data from (a) [118], (b)
[62], (c) [77]

Electrons Holes
System otle  Eafle otle o9 TSL/SCLC IE&C TE;P PESA/UPS
NPB® 0.098 0.83  0.087 0.088/0.09 5.28 5.47/5.4
Spiro-TAD®*  0.102 1.05  0.09 0.110/0.09 5.28 5.50/—

TCTA®? 0.109 1.90 0.122 0.110/0.10 5.62 5.71/5.7

CBP® 0.118 1.37  0.096 0.125/0.10 6.37 6.07/6.1

mCPP 0.145 0.61 0.127 0.14/7 6.14 5.98/5.9
mCBPP 0.151 1.21  0.122 ().131/— 6.34 6.07/6.1

BCP¢ 0.192 1.14  0.19 0.226/— 6.31 6.52/6.5
NBPhen® 0.2 1.58 0.194 0.167/— 5.86 -/5.80

Paper 4 also compares opos values determined by the SCLC and the TSL techniques.
According to SCLC measurements yield a shallower DOS than TSL measurements. However,
the values obtained by both methods remain within the same range. These small discrepancies
in the DOS width are expected, as both types of measurements have different charge carrier
densities. In SCLC measurements, the injected charges partially fill the tail states of the
DOS, which can lead to an underestimation of the energetic disorder.

In light of my research, Paper 3 verified that the TSL measurement characterizes the intrinsic
DOS by comparing the oppog values obtained by TSL measurements with data derived from
QM/MD calculationsand theDOS widthextractedfrom SCLCmeasurements.
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5.2.4 Charge-Carrier Photogeneration in Single-Component Organic
Carbazole-based Semiconductors via Low Excitation Power
Triplet-Triplet Annihilation

In my TSL studies of OLED materials, I observed an unusual phenomenon: low-temperature
intrinsic charge photogeneration when a sample was excited at the absorption edge. This
behavior contrasts with the conventional understanding of the photogeneration process, where
exciton dissociation typically requires overcoming the exciton binding energy (approximately
1 eV for small molecules) [242]. Notably, this "anomalous charge photogeneration" was
observed only in phosphorescent materials . This observation served as the motivation for
the investigation presented in Paper 4.

To explore this phenomenon further, I compared the photogeneration in two materials:
the phosphorescent mCBP-CN (see Figure 5.7a) and the non-phosphorescent P3HT (see
Figure 5.7b). According to the TSL action spectra and photocurrent (PC) action spectra of

( ) Wavelength (nm) (b) Wavelength (nm)
500 400 300 700 600 500 400 300
T T T g T T T T
o.7p Tm2TieV mCBP-CN /- _15L aS;=20ev rr-P3HT
06l ] £ 0
2 s |
T oosp ik N
s oal M i s 1.0: -
S : i
S o3 g |
S 02§ 8 0.5 B
© o1l
(C) 0.0 c (d) 0.0 1 1 ] L]
0.7 - [ ]
0.6 L el o ] 2'0-_ =
g} L | ] 2 I TSL,” ]
5 05F A ] S 15F -
£ 04f [ . g P
= 03l [ ] < 10k / 3
e 1 ! ] S R _— B
7 oozl i o 4 SO J L/ ]
2 04l ! ] @ 051 3
L I 4 i = r )“‘ ]
00 7y spmponenipa® 0.0 e T a1 ]
25 3.0 35 4.0 4.5 15 2.0 2.5 3.0 35 4.0
Photon energy (V) Photon energy (eV)

(e) 12 e (f) [} L L S R B R B B
% 10l Excitation light: ] = | Excitation light: |
T | ——274 nm = 4L —~—313nm |
> L —-o-313nm | > L ; ——365nm |
o 8 o
5 L —0—365nm 5 3k ——405nm |
E 405 nm E L —=—436nm |
2 —o—436 nm B ol £ —~—546nm |
2 - s | ——578 nm |
c =
O o 1k -
1% 1 %]

[ [ [
OB ORI 38 3 0 o : PROSSreca oS
100 150 200 250 300 0 50 100 150 200
Temperature (K) Temperature (K)

Figure 5.7: (a) Absorption (orange solid line), low-temperature steady-state PL (blue solid line) and
delayed emission (blue dashed line) of a mCBP-CN film measured at 77K; (b) Absorption (orange solid
line) and steady-state PL measured at 77 K (blue solid line) of a rr-P3HT film; (c) Dependence of
the integral TSL intensity upon the photon energy of excitation (red symbols) and photocurrent (PC)
action spectra (green symbols) of a mCBP-CN film. (d) Action spectrum of TSL (red symbols) and PC
(green circles) of rr-P3HT film. (e) TSL glow curves of mCBP-CN film and of (f) a rr-P3HT film, both
measured after excitation at 5 K with different photon energies. Reproduced from Paper 4.
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rr-P3HT exhibited distinct behavior compared to mCBP-CN. As one can see on Figure 5.7
d, f both the TSL and PC for P3HT shifted toward higher energies by 0.6-0.7 eV relative
to the 0-0 S transition (Figure 5.7b ). It should be noted that the process of the charge
photogeneration in P3HT follows the generally accepted model, where it is necessary to
overcome the exciton binding energy in order to generate charges. In contrast, mCBP-CN’s
TSL intensity and PC increased sharply as the excitation wavelength reaches the absorbtion
band (see Figure 5.7c and f). These differences in photogeneration are unambiguously linked
to triplet excitations, which on contrast to mCBP-CN, do not observed in rr-P3HT films, as
shown in Figure 5.7a and b.

To demonstrate that triplet excitations are responsible for the generation of highly excited
states, I first examined the influence of excitation intensity I.. on phosphorescence (Ph)
and delayed fluorescence (DF). According to Figure 5.8a, the delayed fluorescence intensity
has a quadratic dependence on the phosphorescence intensity (Ipr ~ I3,), showing that
triplet-triplet annihilation (TTA) is the main channel for triplet reservoir depletion in neat
mCBP-CN films. Therefore, delayed fluorescence (DF) at low temperatures is only caused
by triplet excitation decay via TTA. To further establish the connection between TTA and
photogeneration, I measured the temperature dependence of cw-PC and DF. The correlation
between the temperature dependence of the PC J,, and delayed fluorescence (Ipp) (see
Figure 5.8b) provides compelling evidence that the charge photogeneration is dominated by
the triplet-triplet annihilation upconversion (TTA-UC) process. Additionally, the bimolecular
process of photogeneration was confirmed by the supralinear dependence of photocurrent
PC (Jpn) on cw-excitation power (see Figure 5.8¢). Specifically, J,, o< I, where m = 1.5 as
measured in the range 0.016 < I < 0.54 mW/ch.

Building on these findings, I propose a mechanism for charge-carrier generation via triplet-
triplet annihilation upconversion (TTA-UC) as show in Figure 5.8 d. Following S; pho-
toexcitation and efficient intersystem crossing (ISC), 77 triplet states are populated. The
high energy of T ensures long enough lifetimes, sustaining a high population of the triplet
reservoir. This facilitates an efficient TTA process, generating states with energies up to 5.42
eV — sufficient to overcome the exciton binding energy. These highly excited states further
undergo autoionization and charge separation, producing charge-separated pairs.
Clarification of the photogeneration process in the neat mCBP-CN at low temperatures is
the main result of Paper 4. Remarkably, both the TTA and charge dissociation processes are
strongly influenced by energetic disorder. TTA is enhanced by excitonic energetic disorder due
to the increased encounter probability of triplet states, while energetic disorder for charges
enables geminate-pairs dissociation at low temperatures.
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Figure 5.8: (a) Dependence of spectrally integrated phosphorescence (Ph) and delayed fluorescence (DF)
intensity on laser pump intensity at 5 K; (b) Intensity of spectrally integrated Ph, DF, and photocurrent
versus temperature. (c) Double-logarithmic plot of the photocurrent (J,;) vs. cw-excitation intensity.
(d) Proposed mechanism of the charge photogeneration. Reproduced from Paper 4.
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5.3 Conclusions

My thesis focuses on charge transport in AOS. Variations in reorganization energies and
electronic coupling elements influence the charge transport in AOS, but the simulation results
presented in Paper 2 indicate that the energetic disorder, commonly referred to as o, is the
most critical factor governing charge transport. Therefore this thesis places emphasis on the
density of states (DOS) distribution in AOS. Specifically, it explores the non-equilibrium
processes of occupational density of states (ODOS) formation and the effect of opos on
charge trapping and low-temperature charge photogeneration. I addressed these issues both
experimentally and theoretically, enabling a deeper insight into the spatial and energetic
distribution of charge transport states, along with the material parameters governing the
DOS width.

In Papers 1-3, I showed that TSL is a versatile and straightforward technique for exploring
the DOS in AOS. This subsequently allows for a systematic study of energetic disorder in a
set of popular OLED materials. I concluded that the DOS of the studied organic materials
follows a Gaussian distribution and is intrinsically large. To advance the TSL technique, In
Paper 1, I introduced an infrared push-pulse method called "IR-cleansing". This method
enables simultaneous optical probing of both cppos and opog of charge carriers. Through
this, I captured a previously overlooked phenomenon of ODOS narrowing at low temperatures,
a feature that was shown to be generic across all studied materials. In particular, I identified
a linear relationship between oppos and oppg that is 2/3. According to my in-depth KMC
studies, such "ODOS narrowing" is an unambiguous signature of non-equilibrium charge
transport in the Gaussian DOS, as described in Paper 1. I further emphasized the role of
spatial energetic correlations in corroboration of the experimentally observed ratio between
oopos and opos. The insights gained from Paper 1 reveals the presence of spatial energy
correlations even in non-polar materials, contrary to the usual expectation.

While Paper 1 focuses on the DOS shape and the dispersive charge transport, In Papers 2
and 3, I quantified the material parameters that affect energy disorder. Using comprehensive
TSL studies, complemented by multiscale computer simulations, I explored the impact of the
static dipole moment and the polarizability of charged molecules on the energetic disorder.
The insights obtained suggest that despite the linear relationship between oppg and the
static dipole moment, the energetic disorder is reduced in materials with high cation or anion
polarizability. This high polarizability leads to a reduction in charge-dipole interactions, and
consequently reduces energy disorder.

In Paper 4, I employed a combination of TSL, time-resolved spectroscopy, and photocurrent
spectroscopy measurement to unveil the origin of the anomalous intrinsic charge photogen-
eration process under excitation at the absorption edge. By performing a case study of
mCBP-CN, I identified that this process originated from a Triplet-Triplet Annihilation (TTA)
up-conversion (UC). I demonstrated that, the TTA results in the formation of "hot'-excited
states with energies exceeding 5eV, which consequently autoionize. Additionally, Paper 4
highlights the role of energetic disorder in the charge photogeneration process: for charges at
low temperatures, it enhances the charge separation, while for triplets, it facilitates the TTA.
In light of the studies presented in Paper 1, it would be intriguing to extend the DOS and
ODOS TSL studies not only to neat OLED materials but also host-guest systems with
more sophisticated energy landscapes, as well as to inorganic amorphous semiconductors
and hybrid organic-inorganic perovskites. Papers 2 and 3 shows that the DOS width can be
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5.3 Conclusions

tuned by choosing materials with highly polarizable cations or anions. This insight enables
the design of materials with high static dipole moments without sacrificing charge transport
properties. Beyond focusing solely on molecular structure, attention can also be directed
toward the film structure; for instance, local dipole ordering can significantly affect the DOS
width. This approach could allow the use of established materials with high dipole moments
while preserving the charge transport properties of their non-polar counterparts.
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The dynamics of charge carriers in disordered organic semiconductors is inherently difficult to probe
by spectroscopic methods. Thermally stimulated luminescence (TSL) is an approach that detects the lumi-
nescence resulting from the recombination of spatially-well-separated geminate charge pairs, usually at
low temperature. In this way, the density of states (DOS) for charges can be determined. In this study,
we demonstrate that TSL can also be used for probing an occupied density of states formed by a low-
temperature energetic relaxation of photogenerated charges. Another approach used to gain an insight into
the charge-relaxation process is kinetic Monte Carlo (KMC) simulations. Here, we use both techniques to
determine the energetic distribution of charges at low temperatures. We find that the charge dynamics is
frustrated, yet this frustration can be overcome in TSL by using an infrared (IR) push pulse, and in KMC
simulations by a long simulation time that allows for long-range tunneling. Applying the IR-push TSL to
pristine amorphous films of 18 commonly used low-molecular-weight organic light-emitting diode mate-
rials, we find that the width of the occupied DOS amounts to about 2/3 of the available DOS. The same
result is obtained in KMC simulations that consider spatial correlations between site energies. Without
the explicit consideration of energetic correlations, the experimental values cannot be reproduced, which

testifies to the importance of spatial correlations for charges.

DOI: 10.1103/PhysRevApplied.19.054007

I. INTRODUCTION

The operation of organic light-emitting diodes (OLEDs)
and organic solar cells (OSCs) depends on the motion
of charges. A correct description of charge transport is
therefore essential if one wishes to model and predict the
performance of OLEDs and OSCs. Contemporary model-
ing approaches include drift-diffusion simulations, kinetic
Monte Carlo (KMC) simulations, and master-equation
approaches [1-5]. In disordered organic semiconductors,
charge transport involves energetic relaxation in a broad
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distribution of localized states, usually assumed to be
well described by a Gaussian distribution characterized
by width opog [6,7]. For thermal equilibrium conditions,
this relaxation process is well understood. Charges that are
injected or photogenerated at a random energy site in the
available density of states (DOS) proceed by a sequence
of energetically downward or upward hops to form an
occupied density of states (ODOS). This ODOS is placed
around an equilibrium energy (g¢q = _‘7[2>os /kgT) below
the center of the DOS with a width, oopos, equal to the
width of the DOS (opps) [6-8].

The active semiconductor layer in typical disordered
OLEDs or OSCs is frequently less than 100 nm thick. This
implies that charges injected or photogenerated at room
temperature in a DOS with oppos 2 85 meV do not reach
the thermal equilibrium transport regime prior to being

© 2023 American Physical Society
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extracted or recombined [9]. The energy and width of the
DOS fraction they occupy, i.e., the ODOS, differs from that
under equilibrium conditions. Despite its importance for
the realistic modeling of charge transport, little is known
about the nature of the ODOS under nonequilibrium con-
ditions. This study is concerned with the question of which
part of the DOS is visited by charges under nonequilibrium
transport.

The ODOS determines charge transport in amorphous
organic semiconductor films. Yet, since charges do not
emit light, they are difficult to study by direct spectro-
scopic means, though they can be accessed indirectly. One
method to study the energetic relaxation process within the
DOS consists of analyzing the decay of the time-of-flight
signal. By this approach, the transition from a nondisper-
sive to a dispersive transport regime is empirically found
to occur at a critical disorder parameter (opos/kgT)cr that
depends on the length, L, of the sample, according to
(opos/ksT)e> = 44.8 + 6.7 log,,L, with L being given in
cm [6,10].

Furthermore, triplet excitations are used as probe
particles to charge transport, as triplets can be mon-
itored spectroscopically and are transported via short-
range exchange interactions, similar to charge carri-
ers [6,8,11,12]. There are limitations to this approach.
Triplets are neutral unlike charges, and therefore, less
susceptible to polarization-induced or dipolar energetic
disorder (implying a smaller opps). Triplets are also
more localized, so that they are often associated with a
stronger distortion of the molecular backbone, and there-
fore, larger reorganization energy, A [11]. Furthermore,
triplets have a finite lifetime, unlike charges, which have
an infinite lifetime if recombination is excluded. Nev-
ertheless, a number of findings can be transferred, at
least qualitatively, and triplet energetic relaxation has
been extensively studied in the last decades [11-15].
Notably, below a characteristic temperature, the triplet
energetic relaxation is found to become not only dis-
persive, but also progressively frustrated with a further
decrease in temperature. Thermally activated jumps that
otherwise promote spectral diffusion are frozen out, so
that triplets remain kinetically trapped in local energy
minima [12].

The nature of the energy landscape of the charge-carrier
DOS was studied by Coehoorn and co-workers [16,17].
They analyzed the /-V characteristics in sandwich-type
devices based on amorphous small-molecule organic semi-
conductors, measured for different layer thicknesses and
temperatures, and concluded that site energies for charges
were spatially correlated in these materials. Thus, it will
not suffice to consider only the width of the DOS, but
the degree of energetic correlation also needs to be taken
into account, in particular, when describing the observed
Poole-Frenkel-type field dependence of charge mobility
[16-21].

Here, we employ two approaches to study the relax-
ation of charge carriers in the nonequilibrium regime.
Experimentally, we use the technique of thermally stim-
ulated luminescence (TSL) measurements. TSL is com-
monly employed to determine the width of the avail-
able DOS distribution [22-29]. Here, we advance the
method by using an infrared (IR) push pulse that stimu-
lates frustrated charges stuck in intermediate local minima
to advance further in the relaxation process, thus accelerat-
ing the relaxation process at cryogenic temperatures. With
this approach, we investigate 18 common low-molecular-
weight OLED materials. The resulting Gaussian distribu-
tion of relaxed carriers is found to have a width org, &
(2/3)opos that we associate with the width of the ODOS
in the nonequilibrium regime.

Our second approach consists of simulating the ener-
getic relaxation of charges in the DOS with the kinetic
Monte Carlo technique for the two cases of random ener-
getic disorder and spatially correlated site energies [3].
As expected, our simulations confirm oopos = opos for
hopping transport at equilibrium. However, for both types
of energetic disorder, our simulations also demonstrate
that the narrowing of the ODOS is a genuine feature
for charge transport in the nonequilibrium regime. In the
case of assuming correlated disorder, we obtain oopos =
(2/3)opos, which matches the experimental value of orrg .
In contrast, for random disorder, a narrower ogpos results.

On the basis of the TSL and KMC results, we con-
clude that, for amorphous low-molecular-weight organic
semiconductor films, a value of oopos = (2/3)opos is rep-
resentative for the width of the nonequilibrium ODOS at
5 K and that the due consideration of energetic correla-
tion is essential for an accurate quantitative description of
charge-carrier relaxation in the DOS.

II. EXPERIMENT
A. Materials

For our study, we use the OLED small organic molecule
materials, the chemical structures of which are shown in
Fig. 1 along with their abbreviated names. These com-
pounds are purchased from Sigma-Aldrich, Lumtec Tai-
wan, with the exception of DMAC-py-TRZ, which is
provided by Eli Zysman-Colman from the University of
St Andrews, UK. Three materials, referred to as HTM-2,
ETM-1, and TMM-1, are provided by Merck, and they
denote a hole-transport, electron-transport, and triplet-
matrix material, respectively. All materials are used as
received, without any further purification. Thin films of the
above compounds are spin coated from 20 mg/ml chloro-
form or toluene solutions onto cleaned quartz substrates
(1000 rpm, 30 s) that result in typically 50-nm-thick layers.
Subsequently, the deposited films are dried in an oven at
40 °C for 10 min and then under vacuum for 2 h to remove
residual solvent.
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FIG. 1. Molecular structures of the compounds used in this study. Full names are given in Note S1 of the Supplemental Material [30].
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B. TSL techniques

TSL is the phenomenon of light emission arising after
the removal of excitation (UV light, in our case) under
conditions of increasing temperature. Generally, in the
TSL method, the trapping states—in the case of pris-
tine amorphous semiconductor films, for example, extrin-
sic impurity-related traps or the tail states of a DOS
distribution—are first populated by the photogenerated
charge carriers, usually at low temperatures. After termi-
nating the excitation, the trapped charge carriers can be
released by heating the sample, and the luminescence due
to charge recombination is recorded as a function of tem-
perature [I1sy (7)]. It is important to note that, in the case of
amorphous organic semiconductors, the temperature scale
corresponds directly to the activation energy, E,, for the
release of carriers, as detailed further in Note S2 and Fig.
S1(b) within the Supplemental Material [30] and also in
Refs. [22-27]. For the organic materials studied in the
present work, the (E,) (T) dependence, as determined by
the fractional (or partial) heating TSL technique [31,32],
is found to be described reasonably well by the following
empirical relationship [see Fig. S1(b) of the Supplemental
Material [30]]:

(E) (T) = 3.2m7€V % T — 91 meV. (1)

TSL measurements are carried out over a temperature
range from 5 to 300 K using an optical temperature-
regulating helium cryostat. The following text summarizes
the methodology adopted for the two different regimes of
TSL measurements presented in this study. Please refer to
Notes S2 and S3 of the Supplemental Material [30] for a
more extensive description of the experiment and its anal-
ysis used to determine the width of the available DOS,

ODOS-

1. Classical TSL

In “classical TSL” experiments, samples are cooled to
5 K and excited at 313 nm (cw excitation) for 3 min. The
excitation wavelength (Aexc=313 nm) is selected from a
high-pressure mercury (Hg) lamp spectrum with the help
of an appropriate set of cutoff filters. After that, the sam-
ples are kept in the dark at a constant temperature (5 K)
during a certain dwell time, typically 1020 min, before
the TSL heating run is started to allow the long isother-
mal afterglow (arising due to isothermal recombination of
short-range geminate pairs) to decay to a negligible value.
Then, TSL measurements are started upon heating the sam-
ple from 5 to 300 K with a linear heating ramp (at a
constant heating rate, § =0.15 K/s). TSL emission (due
to the thermally activated recombination of long-range
geminate pairs) is detected with a cooled photomulti-
plier tube operating in photon-counting mode, which is
mounted adjacent to the cryostat window. The measured

TSL signals are very weak, typically ranging from several
hundred to several thousand counts per second at the TSL
peak maximum, depending on the material being mea-
sured. Therefore, we are not able to resolve TSL spectrally.
However, using glass cutoff filters, we roughly estimate
that TSL emission is mostly dominated by the intrinsic
phosphorescence of the materials, while a much weaker
fluorescence component is also present in TSL.

2. IR-cleansed TSL

After exciting the samples with Aexe=313 nm (like in
the classical TSL method), samples are additionally irradi-
ated with IR photons for 30 min at 5 K. IR irradiation is
selected by using an IR filter with a transparency band of
9004500 nm from the emission spectrum of the same Hg
lamp. It should be noted that no sample heating occurs in
the process, and the sample is immersed in liquid helium.
After that, the TSL glow curve is recorded upon linear
heating, just as in the case of classical TSL. We find that,
as a result of such additional IR irradiation (i.e., a long IR-
push pulse), the TSL curve acquires a more symmetrical
profile. Hereafter, such a procedure is referred to as “/R
cleansing,” and a possible origin of the effect is discussed
in Sec. II C.

C. Experimental results

Figure 2(a) shows the normalized TSL glow curves for
a few exemplary organic semiconductor materials, namely,
NPB, TPD, mCBP, and NBPhen, obtained under identical
conditions using the “classical” TSL technique. The clas-
sical TSL glow curve of each material shown in Fig. 2(a)
represents a broad band, the position of which on the tem-
perature scale is material specific. In particular, the peak
of the TSL glow curve shifts to higher temperatures as
the TSL band profile broadens. Upon closer inspection of
the TSL band profile, an additional shoulderlike feature
becomes evident on the low-temperature side, typically at
around 40 K. The relative intensity of this low-temperature
component is dependent on the material (in some materi-
als, it is observed as an additional TSL peak). Recalling
that the temperature scale corresponds linearly to an acti-
vation energy for carrier release, we provisionally ascribe
the low-temperature feature to the release of geminate pairs
with intermediate distance, e.g., those captured by shallow
low-energy sites. On the other hand, there is a possibility
that a double-peak TSL curve may also be indicative of the
presence of local energetic ordering in an organic film due
to spatial energy correlations. As a result, one can imag-
ine two scenarios in which a geminate charge pair might
be located either within the same energy-correlated valley
(if it is spatially well extended) or the sibling electrons and
holes are separated between adjacent valleys. In the first
case, TSL primarily probes a greatly reduced local energy
disorder within an individual energy-corelated domain,
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FIG. 2. (a) Normalized TSL intensity (/1sp) curves measured
at a constant heating rate of 0.15 K/s after excitation with 313-
nm light for 3 min at 5 K in NPB, TPD, mCBP, and NBPhen
films. Inset shows opps values obtained by classical TSL. (b)
Effect of IR cleansing on the TSL curve profile of NPB, CBP,
mCBP, and NBPhen. Inset shows the width of the TSL band,
otsL, determined for these materials. (c) Schematic illustra-
tion of the available DOS distribution (purple curve), classical
TSL band formed after low-temperature energy relaxation (dark
cyan curve), and TSL band formed after IR cleansing (orange
curve). Note that the intensity of the TSL signal, proportional
to the occupied density of states, is greatly enlarged for ease
of illustration. This is because the concentration of trapped car-
riers active in TSL is many orders of magnitude smaller than
the density of available localized states (DOS) in the system.
Therefore, we magnified the TSL signal to demonstrate that its
high-temperature part matches the DOS profile.

which results in a very-low-temperature TSL feature. In
the latter case, TSL characterizes the distribution of energy
barriers between the different energy-correlated valleys,
which carriers have to overcome to recombine with their
countercharges, and the main TSL peak is therefore rele-
vant to the global energy disorder controlling macroscopic
charge transport in a material. This might naturally yield
two different TSL peaks. Nevertheless, the precise ori-
gin of the low-temperature TSL feature requires further
investigation and is beyond the scope of this paper. The
key point here is that, by irradiating the sample at 5 K with
the 30-min IR-push pulse (IR cleansing), this shoulder-
like feature becomes eliminated (effect of IR cleansing),
giving rise to a symmetrical TSL peak profile. This is
demonstrated in Fig. 2(b). Generally, the IR photons are
absorbed by some polaronic states (radical ions) accumu-
lated after the preceding UV excitation, and the absorbed
energy is sufficient to release carriers from relatively shal-
low trapping states active in our TSL measurements. The
latter can either recombine with their countercharges or
relax towards deeper localized states. A consequence of
the additional IR irradiation is that the IR-cleansed TSL
peak clearly shifts to a slightly higher temperature, in com-
parison to the classical TSL, and it is accompanied by a
decrease in intensity.

Our interpretation of these data is summarized in
Fig. 2(c). In an amorphous thin film, the available density
of states can be reasonably well approximated by a Gaus-
sian distribution with standard deviation opps. The low
dielectric constant, and consequently, large Coulomb cap-
ture radius in the organic materials (for ¢ = 3.5, this radius
is as large as 10° nm at T=35 K), precludes the genera-
tion of free charge carriers upon photoexcitation under the
zero-electric-field condition relevant to TSL experiments
[7,33]. Therefore, after photogeneration at low tempera-
tures, charge carriers are produced in the form of geminate
pairs of opposite charges [33], even if they are loosely
bound charge pairs. The separation distance between the
charges in photogenerated geminate pairs is subject to dis-
tribution. Short-range geminate pairs are rather unstable
and recombine by charge tunneling at a constant tem-
perature, giving rise to a delayed fluorescence emission
[34-36] and long isothermal afterglow [23]. On the other
hand, the long-range geminate pairs can avoid recom-
bination at low temperatures (such as 5 K, relevant to
TSL experiments) within a finite time. They relax to low-
energy sites in the available DOS, where they shall only be
released, and subsequently recombine, upon heating to ele-
vated temperatures. They are therefore responsible for TSL
in organic materials, as indicated by the dark cyan curve
in Fig. 2(c). Consequently, the high-temperature edge of
the TSL glow curve reflects the deep-energy tail of the
available DOS, as proven by analytical theory of TSL
in a random-hopping system [23,27]. Note, the Coulomb
interaction between charges constituting such long-range
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geminate pairs is assumed to be insignificant in compar-
ison to the energy disorder in the system, and therefore,
is neglected. An analysis of this high-temperature edge,
in terms of Gaussian coordinates (see Note S3 of the
Supplemental Material [30] for more details), therefore
yields the standard deviation of the available DOS, opos,
and the values obtained are indicated in Fig. 2(a). The
entire band profile of the TSL glow curve itself cannot be
analyzed, as it includes the contribution from kinetically
trapped intermediate-range geminate pairs. The applica-
tion of the IR-cleansing long IR-push pulse removes this
frustration, so that the charge carriers relax deeply [37,38].
The TSL curve after IR cleansing thus represents the
ODOS distribution of the relaxed charge carriers, as illus-
trated by the orange curve in Fig. 2(c). To estimate the
width of the bell-shaped TSL band, (orsp), we convert
the temperature scale to an energy scale using Eq. (1), as
detailed in Note S2 within the Supplemental Material [30].
Then we fit the IR-cleansed TSL curve with a Gaussian
function and determine its standard deviation as orsp. As
discussed further below, we consider that ors;. = oopos.

The approach illustrated in detail for the four com-
pounds of Fig. 2 is subsequently extended to a wider set
of materials. Figure 3 shows the IR-cleansed TSL glow
curves for all 18 organic materials used in this study, and
Table I compares orgp derived from the IR-cleansed data
and opps parameters obtained from the classical TSL anal-
ysis. From such a comparison, we find that orgy scales
linearly with opos and that the ratio orsr/opos =~ 2/3.
Surprisingly, this turns out to be a general effect for
all amorphous organic semiconductor films we measure
so far, with a mean value of org/opos = 0.64 £ 0.04.
For comparison, computed opops values, as obtained from
quantum mechanics (QM) and molecular mechanics (MM)
molecular dynamics simulations [22,28,30,39,40] are also
listed in Table I. The DOS width (opps) obtained from
classical TSL measurements are in reasonable quantitative
agreement with the computed opps. This proves that ener-
getic disorder values observed experimentally, including
the large energetic disorder ranging from opos = 125 to
above 200 meV (Table I), characterize the intrinsic DOS,
i.e., the DOS of a chemically pure disordered material,
rather than that affected by impurity-related traps.

A noteworthy observation is that for all compounds,
except HTM-2, opogs exceeds the value of 85 meV, above
which charge transport in 100-nm-thick films will not
reach equilibrium at room temperature prior to extraction
[6,10]. Thus, the nonequilibrium ODOS deserves con-
sideration for the description of transport in correspond-
ing devices. Furthermore, there are two important con-
sequences of the finding that orsy /opos =~ 2/3. (i) From
a practical perspective, this suggests a useful methodol-
ogy for determining the DOS width. Experimentally, it is
straightforward to estimate org, by Gaussian fitting of the
whole TSL curve (“ODOS assessment”) measured after

IR cleansing, and then to account for the factor 2/3 for
obtaining opos. (ii)) From a fundamental point of view,
the observed ratio of ors/opos & 2/3 implies a kind
of “spectral-narrowing” effect occurring for the ODOS
at low temperatures. This experimental finding obviously
requires a theoretical justification. Therefore, we further
carry out a KMC-simulation-based study to gain a deeper
insight into charge-carrier energetic relaxation phenomena
at low temperatures.

III. KINETIC MONTE CARLO SIMULATIONS

A. Simulation techniques

The energetic relaxation of charges in a disordered
organic solid is studied by using a grid-based KMC sim-
ulation method to monitor the motion of charge carriers
as hopping events. The KMC simulations are done by
employing an isotropic three-dimensional simulation box
(100 x 100 x 100 lattice sites) with a lattice constant of
a = 1.5 nm [41,42]. We consider both random- and spa-
tially correlated energetic disorder. For the simulations
with uncorrelated disorder, the lattice sites are assigned a
random energy drawn from a Gaussian distribution g(¢)
with a standard deviation oppg centered at zero energy:

N 1/ & \?
Omexp |:_E<UDOS> :| . @)

For systems with correlated disorder, the energy corre-
lations between the lattice sites are modeled using the
approach suggested by Bobbert and co-workers [3]. The
energy at site i is taken to be equal to the electrostatic
energy resulting from permanent random dipoles, ;l-, of
equal magnitude, d, but with random orientations on all
the other organic sites, j # i. The resulting DOS is a
Gaussian, with a width, opgs, proportional to d [19]. The
on-site energy, E;, is then evaluated by using the Ewald
summation method:

gle) =

E=-Y b0 3)
i corlr; =il

with the sum over all sites j in a large cubic box of
30 lattice sites (in each direction) around site i; e is the
unit charge, &y is the vacuum permittivity, and ¢, is the
material’s relative permittivity. As pointed out by Bobbert
and co-workers [3], with increasing the dimension of the
box used for calculating the sum in Eq. (3), charge-dipole
interactions can be considered in a progressively accurate
manner. In this study, to obtain a fair compromise between
accuracy and computation time, we take the sum over all
sites j in a large cubic box of 30 lattice sites (in each direc-
tion) around site 7. In this study, we take &, = 3 for all sim-
ulations. The resulting disorder strength is then given by
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TABLE I.

Comparison between the DOS width (opos), energy width of the TSL peak (ors), and the orsp./opos ratio for a set of

amorphous organic semiconductors. The last column shows the theoretical opos parameter derived from QM-MM calculations.

Material opos (meV) orsL (meV) OTSL/0DOS Theoretical o pos (meV)
1 NPB 88 61 0.69 87 [28]
2 Spiro-TAD 110 69 0.63 90 [28]
3 TPD 110 69 0.63 —
4 DMAC-TRZ 110 66 0.60 1292
5 CBP 125 77 0.62 100 [22]
6 mCBP 131 85 0.65 122 [28]
7 mCP 140 99 0.70 160 [28],157 [39]
8 DMAC-py-TRZ 151 99 0.66 —
9 mCBP-CN 151 102 0.68 200 [22]
10 2CzPN 161 100 0.62 —
11 NBPhen 167 114 0.68 194 [28]
12 Alg3 177 99 0.56 150 [40]
13 mCP-CN 177 115 0.65 240 [22]
14 4CzIPN 213 125 0.59 2202
15 BCP 226 147 0.65 190 [28]
16 HTM-2 73 49 0.67 792
17 ETM-1 103 65 0.63 1272
18 TMM-1 132 90 0.68 1402
Mean 0.64 £0.04

2See the Appendix for a theoretical method of opps computation.

opos & 2.35(ed/e,0a®). Figures 4(a) and 4(b) illustrate
the impact of spatial correlations on the energy landscape
in an arbitrary X -Y plane (two-dimensional cross section)
of the simulation box. In the case of a system with ran-
dom disorder [Fig. 4(a)], the position of energetic peaks
and valleys is found to be completely uncorrelated. On
the contrary, in the case of a system with correlated dis-
order, the sites of higher (lower) energy depicted with blue
(red) color [Fig. 4(b)] are found to be in the vicinity of
other higher (lower) energy sites. The spatial correlation
function, C(7;), which quantifies the degree of correlation
between sites at a separation of 7; from each other can be
expressed as

(i —(E) (B — (E)))

= Em = e

; “4)

where E; and E; are the energies of sites i and j separated
by a distance r;;, and {. . .) represents the expectation value.
C(ry) is 1 if E; and E; are fully correlated and 0 if they are
uncorrelated. The spatial correlation function evaluated for
the energy sites of the X-Y plane in Figs. 4(a) and 4(b) is
shown in Figs. 4(c) and 4(d), respectively. While C(r;)
is found to be 0 for the system with random disorder, it
exhibits a 1/r; dependence for the system with randomly
oriented site dipoles, as expected from the interaction of a
charge with the long-range-dipole electrostatic potential of
a three-dimensional ensemble of uncorrelated dipoles [19].

Hopping transitions in our system are described using
Miller-Abrahams hopping rates between an initial site of

energy ¢; and a final site of energy ¢;:

& — & g — &;
Wy = vo exp(=2y Ry Jexp [—' s el + G o] |

2ksT
®)

where R;; is the hopping distance and y is the inverse local-
ization radius. vy is the attempt-to-escape frequency, which
is usually close to an intermolecular phonon frequency;
kp is the Boltzmann constant; and 7 is temperature. The
parameter y is assumed to be isotropic in all directions.
Unless otherwise specified, y is chosen as 2 nm~! (such
that 2ya = 6), as this value is a representative value
commonly utilized in theoretical modeling of hopping-
charge transport in amorphous organic semiconductors.
To consider transitions of carriers to non-nearest hopping
sites, we implement variable-range hopping in the KMC
simulations by allowing long-distance jumps up to the
tenth-nearest neighbor. The probabilities of such jumps are
determined by the carrier localization parameter (2y a).
Furthermore, both variable-time-step (VT) KMC and
constant-time-step (CT) KMC approaches are utilized to
solve the master equation. For VT KMC simulations, the
following procedure is employed. At the beginning of the
simulation, t=0, a charge carrier is generated randomly
at one of the lattice sites. At each kinetic step, the charge
can hop to any of the nearest-neighbor sites. In the case
of KMC simulations in the VRH regime, a charge carrier
is also allowed to access non-nearest hopping sites. Every
permissible hop is treated as an event, and for each event,
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i, the rate, W}, is calculated. For the selection of an event,
first, for each event i, the partial sum, S; = Z}=1 Wiy, is
calculated. A random number, ¢, is drawn from the interval
(0, 1] and from all possible events; the event i for which
Si-1 < @Wr < S holds is selected, with W7 = Y X<
and N, being the total number of events (permissible
hops). The selected event is executed and the simulation
time (7) is updated by the waiting time, t,, = —In(X)/Wr,
where X is a random number between 0 and 1.

In the CT KMC simulations, total number of hopping
neighbors, N, is defined within a cube consisting of
5 x 5 x 5 lattice sites. A hopping event from state i to a
generic state j (i #j) is sampled uniformly from N;
hopping neighbors, and rate Wj; is calculated. The event
is accepted if the associated hopping probability f; =
(Wi Jvg) > n, where n is a uniform number between 0 and
1, and v is the rate in a lattice without disorder. Sim-
ulation time (¢) is updated by At = (1/ voNy)In(1/X),
where X is a random number, such that X € (0, 1]. If the
event is accepted, event i — j is executed and charge-
carrier coordinates are updated. The timescale is defined
by fo = 1/(voNeot).

Here, the CT KMC simulation method is used to gain an
insight into the charge-carrier energy relaxation in short
and intermediate time regimes. As the charge carriers
relax within the DOS, the hopping rates, Wj; (and Wr),
can decrease abruptly (by orders of magnitude), even if
the number of hopping sites remains constant. Thus, the
majority of CT KMC simulation trials are rejected, leading

to computationally intensive simulations. On the other
hand, in VT KMC simulations, the time step is evaluated
as the inverse of W7, which leads to a nonlinear increase
in the time step as the charge carriers relax in energy. As
a result, we lose temporal resolution, and hence, the VT
KMC simulation results will be parametrized in terms of
the number of hops. However, this allows us to examine
the long-time limit of the charge-carrier relaxation pro-
cess at a reasonable computational cost using the VT KMC
simulation method.

B. Simulation results

As mentioned in Sec. II, the TSL curve itself is expected
to map a distribution of charge carriers localized within
the lower-energy states of the DOS distribution, i.e., the
ODOS distribution, formed because of the downward hop-
ping of charges within the DOS at 5 K. For comparison
with the TSL experiments, we are therefore interested
in the long-time limit of the energetic relaxation of the
charges, and hence, we consider VI KMC simulation
results. The selected simulation temperature (7= 5 K) cor-
responds to a “nonactivated relaxation” mode [10], often
termed the regime of purely downward hopping motion.
In contrast, at a moderate degree of disorder (and high
enough temperature), charge carriers enter the regime of
“activated relaxation” after a critical time (known as the
segregation time) [14]. As in previous theoretical studies of
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low-temperature energy relaxation and TSL in a random-
hopping system [23,27], we assume a very weak inter-
action between charges within long-range loosely bound
geminate pairs responsible for TSL, and therefore, disre-
gard the Coulomb contribution to the difference in energies
of neighboring localized sites and to the jump rate. Thus,
the energy-relaxation process in TSL is treated the same as
that for noninteracting charge carriers.

The evolution of the distribution of charge carriers in a
system with random disorder of the DOS width, opos =
50 meV, is depicted in Fig. 5(a). Data illustrated are the
Gaussian fit results of the energy distribution of charges
obtained after a certain number of hops. As shown and
discussed further below [see also Fig. S3(a) within the
Supplemental Material [30]], the actual distribution of
occupied sites after a few hops is not fully symmetric.
While the low-energy part, being limited by the number
of available neighbors, follows the Gaussian distribution,
the high-energy part falls off more steeply. The Gaussian
fits to the overall shape are, however, sufficient to capture
the general features of the evolution.

In particular, we observe that, with an increasing num-
ber of hops, the energy distribution of charges moves to
deeper localized states and narrows. The mean energy ((¢))
and width (o) of the charge-carrier ensemble, both nor-
malized by the DOS width (opos), are plotted in Fig. 5(b)
as a function of number of hops. A significant initial drop
in the mean energy is observed, followed by a decrease
in the relaxation rate. The largest shift in mean energy

({e) ® —2.5 opps) 1s observed within the first 20 hops
[Figs. 5(a) and 5(b)]. This is because only the newly vis-
ited sites contribute to the shift in the mean energy, (¢)
[8,14,43], and as the charges relax to deeper localized
states, the availability of suitable energy sites decreases.
In other words, once a charge is captured by a deep trap, it
oscillates infinitely and never leaves the local minima. This
feature is also captured in the VT KMC simulations. As
shown further in Fig. S2 within the Supplemental Material
[30], the number of newly visited sites increases signifi-
cantly within the first 20 hops followed by a slow increase
for a higher number of hops. It is to be noted that even
after 10° hops the number of newly visited sites remains
less than 10, in agreement with previous reports [8,14,43].

Analogous to the evolution of the mean energy, a con-
siderable initial narrowing of the energy distribution of the
charges is followed by an almost constant o as the number
of hops is increased further. Since dynamic equilibrium is
unattainable at 5 K, the charge packet evolves infinitely
with simulation time. However, a further increase in sim-
ulation time should not drastically affect the distribution
of charges oscillating in the vicinity of local minima, and
hence, the charge ensemble after 10° hops can be con-
sidered as the ODOS distribution of the charges. We are
particularly interested in the distribution of the ODOS.

In the original Gaussian disorder model (GDM) [6], any
spatial correlations between the energies of the hopping
sites are disregarded. The inclusion of correlations between
the energies of adjacent sites in the correlated disorder

(a) (c) FIG. 5. VT KMC simulation
results. Evolution of charge dis-
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: - 1(; :"ps E — 133 :095 getic disorder. Data illustrated are
- M— ops - — ops .
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model is crucial in predicting the Poole-Frenkel mobility
field dependence over a broad field range [16—19,21]; how-
ever, the impact of correlation has never been considered in
the context of the energetic relaxation of charges. Since the
materials used in this study are polar materials [22,28,44]
and the TSL measurements are performed at zero fields, we
now turn our attention to the results obtained for charge-
carrier relaxation in an energy-correlated medium. Like
the system with random energetic disorder [Fig. 5(a)], the
charge ensemble shifts to lower energy and narrows in
the case of correlated disorder system as well [Fig. 5(c)].
However, unlike the uncorrelated disorder system, the nar-
rowing effect is considerably weaker in the system with
spatially correlated disorder. We surmise that for random
disorder all hops to the new sites dominantly contribute to
narrowing; in contrast, hops among correlated sites with
almost the same energies cause only limited energy loss.
It can be seen from Fig. 5(d) that, within the span of
the first 20 hops, the width of the energy distribution of
the charges reduces to 0.42 opog for random disorder ver-
sus 0.67 opps for correlated disorder, leading eventually
to a larger ODOS width of O0DOS = 0.64 x ODOS [Flg
S3(b) in the Supplemental Material [30]]. (e) is set to
0 prior to the first hop. It decreases significantly within
the course of first 20 hops followed by a slow logarith-
mic dependence on the number of hops [Fig. 5(d)]. The
shift in mean energy after 10° hops is almost equal for
the systems with correlated ((¢) &~ —2.6 opps) or random
disorder ((¢) &~ —2.7 opos). In general, the nonactivated
relaxation of carriers clearly takes place at such low tem-
peratures and the average rate of distribution narrowing
decreases with increasing number of hops. Accounting for
the spatial energy correlations, which are indeed present

in organic media, allows experimentally obtained values
for the ODOS width to be reproduced, i.e., the calculated
oopos In a correlated system is approximately equal to
orsL evaluated experimentally.

Finally, it is worth mentioning that the ratio of
oopos/opos = 0.64 obtained for correlated disorder
shows virtually no dependence on either dielectric per-
mittivity, &,, or the amount of dipolar disorder ranging
from 50 to 150 meV, implying that the effect does not
depend on the polarity of the materials and the DOS width.
We observe a very small impact of the 2ya factor, var-
ied between 1.5 and 12, on the above ratio. On the other
hand, since the lattice constant, a, and the inverse localiza-
tion radius, y, are not expected to differ significantly for
the low-molecular-weight materials considered herein, it
is therefore not surprising that the experimentally obtained
2/3 ratio is common to all of them.

1. Temperature and time dependence

So far, we focus on the nonactivated relaxation process,
i.e., carrier jumps can only take place to lower-energy sites.
We next take thermal activation into account for both a
system with random disorder and with correlated disorder
(opos = 50 meV), as shown in Figs. 6(a) and 6(b), respec-
tively. We use the CT KMC simulation approach to obtain
a dependence in the hopping time rather than in the num-
ber of hops. This allows for precise temporal tracking of
charge-carrier relaxation.

A significant drop of mean energy is observed for ¢ <
104y, indicating fast initial energy dissipation for all simu-
lated temperatures. This is followed by a slower dissipation
process at longer times. A particular notable feature of
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the temperature dependence of charge-carrier relaxation is
that the mean energy (at t = 107¢y) decreases upon cooling
from 500 to 150 K but then increases when the temper-
ature is further reduced to 4 K. This phenomenon can
be explained by the concept of frustrated spectral diffu-
sion. The key idea is the following. The charges relax in
the DOS by executing jumps to neighboring sites. These
jumps may be downhill in energy or uphill, provided
there is sufficient thermal energy for uphill jumps. As
the temperature reduces, uphill jumps become less likely
and are eventually frozen out. However, to get to lower-
energy sites via nearest-neighbor-jumps, occasional uphill
jumps may be required. Their freezing out can therefore
frustrate the overall relaxation process, so that the carri-
ers remain in a local energy minimum. The occurrence
of this frustrated spectral diffusion is observed experi-
mentally for triplet excitations [11]. KMC simulations by
Athanasopoulos et al. demonstrate that frustration can be
lifted if more neighboring sites are available or if jumps
can occur to sites further away [12]. The top panels of
Figs. 6(a) and 6(b) thus illustrate the impact that falling
out of thermal equilibrium—here below 150 K (corre-
sponding to kzT/opos < 0.26)—has on the mean energy
of the charges. The bottom panels of Figs. 6(a) and 6(b)
focus on the effect of energy relaxation on the ODOS
width. For t < 10%*,, the width reduces with increasing
time. At longer times, this reduction continues for temper-
atures below 150 K. In contrast, for higher temperatures,
the width increases as time proceeds. This effect occurs
in a similar manner for both random and correlated dis-
order, yet the overall reduction of the width is significantly
reduced when correlated disorder is considered.

IV. DISCUSSION AND CONCLUSIONS

In amorphous organic semiconductor films, energetic
relaxation of excitations occurs by a sequence of random
hops. The condition of finding a low-energy hopping site
is easily met in the center of the DOS, so that downhill
hops are fast. Yet, for the hopping sites in the tail of the
DOS, suitable hopping sites are further apart, which slows
down the transfer. As a result, the excitations generated
in the center (or high-energy part) of the DOS distribu-
tion relax faster than the ones generated in the tail of the
DOS. Figure 7(a) demonstrates the temporal evolution of
the energy distribution of the charge carriers generated uni-
formly over the DOS at high temperatures (7)) and/or low
0Dpos, 1.€., in the regime of equilibrium transport. The dis-
tribution shows some narrowing at earlier times because of
the domination of downwards hops in such a time domain.
However, as time progresses, the carrier distribution starts
to broaden, as the carriers in lower part of the DOS
start relaxing at later times via executing upward hops.
Such a nonmonotonous temporal evolution of relaxed

carrier distributions [Fig. 7(a)] is obtained because the car-
rier’s capture by local energetic minima is much faster
than its release. Eventually, thermal equilibrium is estab-
lished, and ODOS is formed around the equilibrium energy
(8eq = _01:2>os /kgT) with a width, opopos, equal to the
width of the DOS (opps) [6]. On the contrary, at low
temperatures, and consequently in the regime of nonequi-
librium dispersive transport (opos/ksT > 1; high oppg or
low 7), the thermal equilibrium is unattainable. There-
fore, at low temperatures, the photogenerated excitations
hop towards the lower-energy sites until they reach the
DOS tail [Fig. 7(b)]. At any instance in time, irrespective
of the mean energy of the relaxed charge-carrier ensem-
ble, the excitations at relatively higher-energy sites within
the DOS still relax faster than the excitations at relatively
deeper energy sites. As a result, the width (oppos) of the
relaxed charge-carrier ensemble decreases monotonously
with increasing time [Fig. 7(b)]. These two scenarios are
well reproduced in the CT KMC simulation results pre-
sented in Fig. 6, which clearly demonstrate that ODOS
narrowing is a consequence of nonequilibrium transport.
This is also corroborated by previous reports, which sug-
gest that in the regime of equilibrium transport such a
narrowing is absent [6,14]. The observation that an ODOS
smaller than the full DOS width is a result of the nonequi-
librium nature of the transport has not been made before.
It is a significant result of our study.

As briefly mentioned in Secs. I and III, the energetic
relaxation has already been extensively studied for singlet
and triplet excitations and is manifested as spectral diffu-
sion in this context [45]. Experimentally, spectral diffusion
is visualized as the bathochromic shift of fluorescence and
phosphorescence with temperature for many conjugated
systems, such as poly(p-phenylenevinylene) [46], poly(p-
phenylene) [11-13], and polyfluorenes [12,47], as well as
for small-molecule materials, such as thermally activated
delayed fluorescence emitters [48] and dendrimers [49].
It is also crucial in analyzing the photocurrent and pho-
toluminescence spectra of charge-transfer states in donor-
acceptor blends, commonly used as an active layer in
organic solar cells [50-53]. Although a lot of attention
is given to the shift in the mean energy of the relaxed
excitation ensemble as spectral diffusion progresses, spec-
tral narrowing is often not analyzed nor discussed [12,47].
Recently, Kahle ef al. [54] pointed out that the exper-
imentally observed fluorescence linewidths were signifi-
cantly lower than those of absorption. This implies that the
radiative decay of excitations occurs before spectral dif-
fusion attains equilibrium, and thus, further illustrates the
importance of spectral narrowing studies in the regime of
nonequilibrium transport.

While the migration of singlet and triplet excitations
can be examined spectroscopically, it is difficult to mon-
itor the diffusion of charges. Though the charge-carrier
relaxation dynamics process cannot be probed with TSL,
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the latter technique allows us to investigate the ODOS
distribution formed as a result of the charge-carrier relax-
ation process. As shown in the KMC simulation results
of Figs. 5 and 6, relaxation never achieves equilibrium at
low temperatures. Although the rate of relaxation is fast
at earlier times, it slows down as time progresses. At long
delay times after excitation, the mean energy and energetic
width of the charge-carrier ensemble virtually saturates. It
is therefore important to point out that, since the process
of photogeneration and relaxation of excitations take place
at liquid-helium temperature in TSL experiments, the TSL
experiments probe a quasistationary ODOS distribution.
Thus, as theoretically illustrated by Arkhipov et al. [27],

the TSL experiments can serve as a direct optical probe of
the energetic disorder of the organic semiconductor films.

In summary, the TSL technique can be used to probe
the distribution of relaxed charge carriers trapped within
the DOS formed as a result of energetic relaxation of
charges within the DOS at low temperatures. The high-
temperature wing of the classical TSL curve is an exact
replica of the deeper portion of the DOS distribution, and
thus, its Gaussian analysis yields the available DOS width,
opos. Moreover, a Gaussian fit of the IR-cleansed TSL
curve (orsr) allows us to determine the ODOS width.
TSL experiments conducted on pristine amorphous films
of 18 low-molecular-weight organic materials commonly
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used in the fabrication of OLEDs lead to the observa-
tion that the ODOS distribution formed at low tempera-
tures is narrower than that of the DOS, with a universal
ratio of o'rsr. /0pos = 0opos/opos ~ 2/3. To gain a deeper
insight into this effect, we perform KMC simulations of
the charge-carrier energetic relaxation process within the
DOS. The KMC-simulation-based study illustrates that the
spectral narrowing effect, as observed in TSL experiments,
is a genuine property of carrier relaxation within the Gaus-
sian DOS at low temperature and that spatial correlations
among the energy of the hopping sites significantly reduce
this narrowing effect. The results obtained within this study
contribute to a better understanding of the properties of
organic charge-transporting layers in both OLEDs and
hybrid perovskite-based light-emitting devices. The find-
ing of ODOS narrowing under a nonequilibrium transport
regime should be considered by established hopping trans-
port theories and might also be incorporated into device
simulation tools.
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APPENDIX: THEORETICAL METHOD OF opos
COMPUTATION

For morphology simulations, we adapt the Optimized
Potentials for Liquid Simulations—All Atom force field
(OPLS-AA) [55-57]. All Lennard-Jones parameters are
taken from this force field, and we use the OPLS com-
bination rules and a fudge factor of 0.5 for 1-4 inter-
actions. Atomic partial charges are computed via the
Merz-Kolmann method by fitting the electrostatic poten-
tial of the electron density for DFT calculations performed
at the B3LYP/6-31G(d) level [58]. For parametrization
of dihedral potentials the molecules are partitioned into
rigid fragments [59]. By fitting fixed values of the dihe-
dral angle between rigid fragments, molecular geometry
is optimized using xTB version 6.2. [60]. The resulting
potential energy surface is then fitted to the Ryckaert-
Belleman polynomial, Vrg(0) = Zi:o (cos 6)". The long-
range electrostatic interactions are treated by using the

smooth-particle-mesh Ewald technique. A cutoff of 1.3 nm
is used for nonbonded interactions. The equations of
motion are integrated with a time step of 0.002 ps. All
molecular dynamics simulations are performed in the NPT
ensemble using the canonical velocity-rescaling thermostat
[61] and the Berendsen barostat [62], as implemented in
the GROMACS simulation package [63,64].

To obtain the amorphous morphology, systems of 243,
256, and 175 molecules for TMM-1, ETM-1, and HTM-
2, respectively, are randomly inserted into the simulation
box using packmol to give an isotropic cubic simulation
box [65]. These systems are then simulated in the NPT
ensemble at 7= 700 K, P = 1 bar for 1 ns before cool-
ing to 300 K during at a rate of 10 K/ns. Fast cooling
freezes the isotropic orientation of the high-temperature
liquid, leading to an amorphous molecular ordering.

Using the molecular dynamics trajectories, we evalu-
ate the anion, cation, and neutral-state energies for each
molecule in a morphology using a perturbative approach
[66—68]. In this approach, the total energy is a sum of
the gas-phase, electrostatic, and induction contributions,
Eepn = ESy, + ES3 + ENY To evaluate the electrostatic
contribution, we calculate the Coulombic sums of dis-
tributed atomic multipoles up to the fourth order. The
induction contributions to site energies are calculated self-
consistently using the Thole mode [69,70], on the basis
of the atomic polarizabilities and distributed multipoles
obtained by using the Gaussian Distributed Multipole
Analysis parametrization scheme for a cation, anion, and
neutral molecule. All calculations are performed using the
aperiodic Ewald summation scheme [71], as implemented
in the in-house-developed VOTCA package [72].
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Note S1: Full names of the compounds used in this study.
The full names of the molecular structures presented in Figure 1 of the main text are as follows:

N,N’-Di(1-naphthyl) -N,N’-diphenyl-(1,1"-biphenyl)-4,4’-diamine (NPB), N,N’-Di(1-naphthyl)-N,N’-
diphenyl-(1,1'-biphenyl)-4,4'-diamine (Spiro-TAD), N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine
(TPD), 10-(4-(4,6-Diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (DMAC-TRZ),
4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP), 3,3'-(di(9H-carbazol-9-yl)-1,1'-biphenyl (mCBP), 1,3-Bis(N-
carbazolyl)benzene (mCP), 10-(4-(4,6-Diphenyl-1,3,5-triazin-2-yl) pyridin-3-yl)-9,9-dimethyl-9,10-
dihydroacridine (DMAC-py-TRZ), 3',5-di(9H-carbazol-9-yl)-[1,1'-biphenyl]-3- carbonitrile (mCBP-CN),
4,5-Bis(carbazol-9-yl)-1,2-dicyanobenzene (2CzPN), 2,9-Dinaphthalen-2-yl-4,7-diphenyl-1,10-
phenanthroline (NBPhen), Tris(8-hydroxyquinoline)aluminum (Alg3), 9-(3-(9H-Carbazol-9-yl)phenyl)-
9H-carbazole-3-carbonitrile (mCP-CN), 1,2,3,5-Tetrakis (carbazol-9-yl)-4,6-dicyanobenzene, 2,4,5,6-
Tetrakis(9H-carbazol-9-yl)  isophthalonitrile  (4CzIPN) and 2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP).

Note S2: Fractional thermally stimulated luminescence (TSL) methodology.

Fractional heating of TSL is widely used for quantifying the energies of the trapping states in solids.
The TSL glow curve, I, (T), of disordered organic solids typically display broad and unstructured
bands due to a complicated convolution of contributions from quasi-continuous distribution of
localized states and traps with different energies. Therefore, additional TSL measurements in
‘fractional heating’ regime must be performed to extract the information about the trap energetics
and distribution [31,32]. In the fractional (or partial) heating TSL technique [31], which is basically an
extension of the “initial rise method”, we apply a temperature-cycling program in which many small
heating/cooling cycles are superimposed on a constant heating ramp. This allows determining the
activation energies ((E,)) of the traps with high accuracy. This technique is especially useful when
different groups of traps are not well separated in energy or are continuously distributed in energy

[31-33].

The main idea of fractional TSL technique is the following: during each heating cycle i, the sample is
heated from an initial temperature T; = T, + (i — 1)AT; (Ty = 5K, AT; =3 K) to the final temperature

Tr; = T; + AT, (AT, = 10...20 K) using a constant heating rate f (for schematic illustration, see Figure
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Sl1a). The emitted light intensity, I5, (T), is recorded during the heating process, as shown in Figure
S1b. The sample is then cooled down to the initial temperature. The sample is further heated to a
higher temperature T;,; using the same constant heating rate and then cooled down again. During
the subsequent heating/cooling cycles, deeper and deeper traps are emptied, and the consecutive
activation energy (E,); for each heating cycle is calculated (as demonstrated in Figure Slc) by

performing an Arrhenius analysis of the fractional TSL data:

d[lnI )]
(Ep); = _#lf;;)); at f = const (S1)

where I (T) is the intensity of the TSL, T is the temperature, kj is the Boltzmann constant. The
whole spectrum of activation energies can be scanned by an incremental increase of AT;. Obviously,
the higher is the temperature of a measuring cycle the deeper localized states can be emptied. The
calculated activation energies can then be plotted against the mean temperature of the heating cycle
for which a given (E,) value was obtained [31,32]. Therefore, the (E,)(T) dependence is the main
outcome of the fractional TSL measurements. We found that, for the organic materials studied in the
present work, (E,) increases linearly with temperature (Figure S2) and can be described reasonably

well by the following empirical relation:

mevV
K

(EX(T) =3.2 X T —91 meV (S2)

In this work, this empirical calibration, Eq. (S2), is used to convert the temperature scale to a trap
energy scale for the analysis of our TSL data. It is worth emphasizing that such kind of linear relation
for (E,)(T) has also been justified for disordered organic semiconductors by analytical variable range

hopping calculations [27] and has also been observed in our previous experimental studies [22-26].

A trap distribution function, H(E), is then determined in arbitrary units as follows [31]:

I(E)
H(E) o o (S3)

where I(E ) is TSL curve after converting the temperature scale to the energy scale by means of
empirically accessible (E,)(T) dependence obtained by Eq. (S1). As one can see from Eq.(S3), in the
case when (E)(T) is a linear function (e.g., as given by Eq.(S2)), the TSL intensity dependence I(T) is

an exact replica of populated trap distribution function H(E), that was also predicted in Ref. [27].

More details of the fractional TSL measurements have been described elsewhere [22] .
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Note S3: Determination of DOS width, s, by TSL.

An important aspect of applying low-temperature TSL to organic disordered solids is that it allows
direct determination of the DOS distribution, in particular the opys parameter. As demonstrated by
Arkhipov et al. [27] using variable-range hopping (VRH) calculations, a specific feature of the low-
temperature energy relaxation of charge-carriers in such amorphous materials is that the shape of
high-temperature wing of the TSL glow curve always follows the DOS distribution [23,27] and thus
yields the effective DOS width. This is due to the energy distribution of carriers localized bellow the
demarcation energy is found to be determined solely by the DOS distribution rather than the
probability of site occupancy [27]. This forms the basis for the methodology of determining the DOS
width, opps, by analyzing the shape of high-temperature (and thus high activation energy) wing of
the TSL curve, which has been experimentally demonstrated before for different organic
semiconducting polymers and small-molecule systems [22-27]. Hereafter, this method will be
referred as “DOS assessment” TSL analysis method. In brief, it can be summarized as follows: First,
one has to convert the temperature scale of a TSL curve to an energy scale using Eq.(S2) (Figure S1c).
As described in Note S2, it is obtained by employing TSL measurements in ‘fractional heating’ regime.
Such empirical calibration Eq.(S2) is then used to translate the temperature scale in Figure Slato a
trap energy scale ((E,)). Subsequently, the logarithm of TSL intensity (I1s;) is plotted against (E,)?
(Figure S3b). The high-(E,) part of the plot in Figure S3b reveals a Gaussian dependence (In(Irg,) =
—(E,)?/205,s) for all samples and the slope of the straight line yields the width of the DOS (opgs)-
The energetic disorder parameters inferred from TSL of the above OLED host materials from 88 meV
to 176 meV (inset of Fig.S1b) for the least disordered NPB and the most disordered NBPhen,
respectively. The “DOS assessment” method of TSL analysis has been extensively applied by the
Kadashchuk group to a great variety of small molecules and conjugated polymers [22-28] and the
determined opgg values were found to be in good agreement with that obtained from charge

transport measurements and from molecular dynamics simulations [28].
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Figure S1: a) Normalized ‘classical TSL’ glow curves (Irs;) measured at a constant heating rate after
313nm-light excitation with at 5 K in NPB, TPD, mCBP and NBPhen films (curve 1, 2, 3, and 4,
respectively); b) The temperature dependence of the mean activation energy < E, > as obtained by
fractional TSL (symbols) for organic semiconductor materials studied in this paper and extrapolation
by an empirical expression, Eq. (S2) (solid line); c) Gaussian analysis of the high temperature wings of
the TSL curves shown in (a) by the TSL “DOS assessment” method; namely, the logarithm of Ig; is
plotted against (E,)? after the temperature scale is converted to the energy scale using the empirical
< E, > (T) dependence shown in (b). The slope of the straight lines is a measure of the DOS width
(o0pos), and the extracted s -parameters are indicated in the Inset. Note that some films also
revealed a more slowly decaying deep exponential tail at the lowest portion of the DOS, following on
from the Gaussian distribution. This slower decaying feature can be of a multiple origin, as described

in our previous work [22], and is beyond the scope of the present study.
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The electronic density of states (DOS) plays a central role in controlling the charge-carrier trans-
port in amorphous organic semiconductors, while its accurate determination is still a challenging task.
We apply the low-temperature fractional thermally stimulated luminescence (TSL) technique to deter-
mine the DOS of pristine amorphous films of organic light-emitting diode (OLED) host materials.
The DOS width is determined for two series of hosts, namely, (i) carbazole-biphenyl derivatives, 4,4'-
bis(N-carbazolyl)-1,1’-biphenyl (CBP), 3,3’-di(9H -carbazol-9-yl)-1,1’-biphenyl (mCBP), and 3',5-di(9H -
carbazol-9-yl)-[1,1’-biphenyl]-3-carbonitrile (mCBP-CN), and (ii) carbazole-phenyl (CP) derivatives,
1,3-bis(N-carbazolyl)benzene (mCP) and 9-[3-(9H-carbazol-9-yl)phenyl]-9H -carbazole-3-carbonitrile
(mCP-CN). TSL originates from radiative recombination of charge carriers thermally released from the
lower-energy part of the intrinsic DOS that causes charge trapping at very low temperatures. We find that
the intrinsic DOS can be approximated by a Gaussian distribution, with a deep exponential tail accom-
panying this distribution in CBP and mCBP films. The DOS profile broadens with increasing molecular
dipole moments, varying from 0 to 6 D, in a similar manner within each series, in line with the dipolar dis-
order model. The same molecular dipole moment, however, leads to a broader DOS of CP compared with
CBP derivatives. Using computer simulations, we attribute the difference between the series to a smaller
polarizability of cations in CP derivatives, leading to weaker screening of the electrostatic disorder by
induction. These results demonstrate that the low-temperature TSL technique can be used as an efficient

experimental tool for probing the DOS in small-molecule OLED materials.

DOI: 10.1103/PhysRevApplied.15.044050

I. INTRODUCTION

Determination of the electronic density of states (DOS)
in disordered organic solids is of fundamental importance
for the accurate physical understanding and modeling of
charge-carrier transport in organic functional semiconduc-
tors and electronic devices. A Gaussian shape, g(g)
exp[—1/2(¢/0)?*], where o is the width of the DOS,
is a common approximation used for neat disordered
organic solids [ 1-3], such as low-molecular-weight glasses
and semiconducting polymers. Nondispersive photocur-
rent transients observed in amorphous organic materials
[3] unambiguously support the notion of a Gaussian shape,
rather than an exponential DOS [4,5]. The point is that,
in the case of an exponential DOS, the time-of-flight

*kadash@jiop kiev.ua

2331-7019/21/15(4)/044050(14)
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(TOF) transients should always be dispersive because they
would never equilibrate during the transit time at small
carrier concentrations and should follow a dispersive trans-
port model. The Gaussian DOS is also predicted by the
central limit theorem, since the interaction energy of a
charged molecule embedded in a random polarizable envi-
ronment depends on a large number of neighboring neutral
molecules [1,2].

Despite the success of the Gaussian disorder formal-
ism, particularly for neat organic semiconductor films, the
exact shape of the DOS can deviate from a Gaussian shape,
for instance, in the far tail region of the DOS [6] or in
doped organic films where the DOS is distorted by ionized
dopants [7]. Consequently, charge-transport characteristics
in sandwich-type diodes are often modeled by assuming
that the DOS is a superposition of Gaussian and expo-
nentially distributed trap states [8]. Recently, May et al.

© 2021 American Physical Society
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[9] showed that deep exponential tails could develop for
molecules with large changes in molecular polarizability
upon charging. Several direct experimental measurements
of the DOS shape also demonstrate that the center of the
DOS distribution is indeed Gaussian, but the tails can have
a more complex structure [10,11].

The experimental determination of the DOS profile,
however, is far from trivial. In contrast to inorganic semi-
conductors, the DOS of organic systems is not amenable
to optical probing, because the direct optical transitions
between the valence and conduction states are weak and
masked by strong exciton transitions [12,13]. A number
of experimental techniques are used to probe the DOS
of organic films, such as temperature-dependent space-
charge-limited-current spectroscopy [14], ultraviolet pho-
toelectron spectroscopy (UPS) [15], inverse photoemission
spectroscopy (IPS) [16], Kelvin probe force microscopy
(KPFM) [10,11], the electrochemically gated transistor
approach [17], as well as thermally stimulated lumines-
cence (TSL) [18]. A clear advantage of TSL is that it is
a purely optical and electrode-free technique. This helps to
eliminate interface or contact effects, and it allows DOS
measurements in materials with low charge-carrier mobil-
ities and in systems with large energy disorder where
charge transport is very dispersive.

TSL is the phenomenon of luminescent emission after
removal of excitation (UV light in our case) under con-
ditions of increasing temperature. First, photogenerated
charge carriers populate trap states, usually at very low
temperatures. Once the sample is heated, typically with
a linear temperature ramp, trapped charge carriers are
released and then recombine, producing luminescence
emission. Technically, TSL is a relatively simple tech-
nique with straightforward data analysis. However, it
should be noted that the mechanism of TSL in amorphous
organic semiconductors with a broad energy distribution of
strongly localized states differs from the mechanism com-
monly accepted for crystalline materials with band-type
transport, where a discrete trapping-level model is applica-
ble. A specific feature of amorphous solids is that localized
states within the lower energy part of the intrinsic DOS
distribution can give rise to shallow charge trapping at
very low temperatures, and, as a consequence, TSL can
be observed even in materials where the “trap-free limit”
is postulated. Since TSL measurements are normally per-
formed after a long dwell time after photoexcitation, the
initial energy distribution of localized carriers is formed
after low-temperature energy relaxation of photogener-
ated carriers within a Gaussian distribution of DOS and,
therefore, the first thermally assisted jumps of relaxed car-
riers are considered as the rate-limiting steps determining
TSL. This is in contrast to thermally stimulated conduc-
tivity, which is believed to be governed by the interplay
between trapping and detrapping processes [4]. The theo-
retical background for the application of TSL for probing

the DOS distribution in disordered organic systems has
been developed [18,19] using a variable-range hopping
formalism and the concept of thermally stimulated carrier
random walk within a positionally and energetically ran-
dom system of hopping sites. The theory proves that the
high-temperature wing of the TSL curve in such amor-
phous materials should be an exact replica of the deeper
portion of the DOS distribution [18,19] and yields the
effective DOS width.

TSL is particularly suitable for probing the DOS and
extrinsic traps in luminescent organic materials, such
as m- and o-conjugated polymers [18,20-26], molecu-
larly doped polymers [27,28], oligomers [29], and hybrid
organic-inorganic perovskite films [30]. Here, we use TSL
to characterize the DOS in spin-coated films of two series
of organic semiconducting materials of different polar-
ity, based on small-molecule carbazole-biphenyl (CBP)
derivatives, CBP, mCBP, and mCBP-CN (series 1), and
carbazole-phenyl (CP) derivatives, mCP and mCP-CN
(series 2), the chemical structures of which are shown in
Fig. 1. These materials are widely used as hosts for blue
triplet emitters or for emitters based on thermally activated
delayed fluorescence (TADF) in organic light-emitting
diodes (OLEDs), due to their wide band gaps and high
triplet energies. They are also used as charge-transporting
layers in both OLED and hybrid perovskite-based light-
emitting devices. A suitable polarity of these materials is
important for optimizing the performance of TADF-based
OLED devices.

In our study, the TSL data are analyzed using the Gaus-
sian disorder formalism, based on a thermal release of
charge carriers from the lower-energy part of the intrinsic
DOS distribution. We find that, for materials with similar
core chemical structures, the DOS broadens with increas-
ing dipole moment, in essentially the same manner for both
series of CBP and CP derivatives, in agreement with the
dipolar disorder model. Systematic differences in the DOS
widths are observed between these two different series of
derivatives. This is attributed to different nonpolar contri-
butions to the DOS of these materials, which are analyzed
using a theoretical approach based on the distributed elec-
trostatic model. Large DOS widths are found in strongly
polar hosts, and good agreement between experimental and
computational results proves the intrinsic character of the
large energy disorder in these materials. TSL measure-
ments also show that the Gaussian-shaped DOS of CBP
and mCBP are both accompanied by a deep exponential
tail.

II. EXPERIMENT

A. Materials

CBP, mCBP, mCBP-CN, mCP, and mCP-CN are pur-
chased from Lumtec Corp. and used as received. Thin
films of the above compounds are spin-coated from
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Molecular structures of compounds used in this study. CBP derivatives, 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP); 3,3'-

di(9H -carbazol-9-yl)-1,1’-biphenyl (mCBP); and 3',5-di(9H -carbazol-9-yl)-[1,1’-biphenyl]-3-carbonitrile (mCBP-CN). CP deriva-
tives, 1,3-bis(N-carbazolyl)benzene (mCP) and 9-[3-(9H -carbazol-9-yl)phenyl]-9H -carbazole-3-carbonitrile (mCP-CN).

20 mg/ml chloroform solutions onto cleaned quartz sub-
strates (1000 rpm, 30 s) that result in typically 150-nm-
thick layers. Subsequently, the deposited films are dried in
an oven at 40 °C for 10 m and then under vacuum for 2 h
to remove residual solvent.

B. TSL technique

TSL measurements are carried out over a temperature
range from 4.2 to 300 K with an accuracy better than 0.1 K
using an optical temperature-regulating liquid-helium bath
cryostat designed and fabricated by the Cryogenic Tech-
nologies Laboratory [77] at the Institute of Physics of
National Academy of Sciences of Ukraine. In this type
of cryostat, the sample is attached to the end of a sample
manipulator and is suspended in a helium heat-transfer gas
environment inside the inner sample chamber. The sample
temperature is controlled by the temperature controller unit
in a twofold manner: (i) via two separate heating elements
(one is integrated into the sample holder, directly heating
the sample, and the second one is mounted in the sample
chamber, heating the heat-transfer gas), and (ii) by regu-
lating the helium flow between the helium bath and the
sample chamber via control of the He gas pressure in the
sample chamber.

In TSL experiment, samples are cooled to 4.2 K and
irradiated for 30 s with Aee =313 nm light (cw excita-
tion, light power density is about 5 mW/cm?) selected
by appropriate set of cutoff filters from a high-pressure
250 W Hg lamp. No sample heating occurs during UV-
light illumination and the sample is immersed in liquid

helium. The studied organic films do not exhibit any
notable photodegradation during the measurements. TSL
measurements are done as follows: first, after terminating
photoexcitation, the samples are kept in the dark at a con-
stant temperature, 7=4.2 K, during a certain dwell time
(typically for 10 min) to allow all isothermal emission pro-
cesses, like phosphoresce and isothermal recombination of
short-range geminate charge-carrier pairs, to decay to a
negligible level. Then TSL is detected upon heating the
sample, and TSL emission is detected in photon-counting
mode with a cooled photomultiplier positioned next to the
cryostat window.

TSL measurements are performed in two different
regimes: uniform heating at a constant heating rate 8 of
0.15 K/s and under the fractional heating regime. Details of
the TSL measurements are described elsewhere [21,22,27].
The method of fractional TSL avoids the disadvantages
of common glow curve methods based on the constant
heating rate — it is characterized by greater accuracy and
a high resolving power, and it does not require knowl-
edge of the frequency factors and retrapping probabilities
[31,32]. The low-temperature fractional TSL is extensively
applied by our group to investigate charge-carrier trap-
ping in a great variety of organic semiconductor materials.
The fractional heating TSL technique (also called the frac-
tional glow technique), originally proposed by Gobrecht
and Hofmann [32] is an extension of the initial rise method
and is based on cycling the sample with a large num-
ber of small temperature oscillations superimposed on a
uniform heating ramp. The main reason for applying this
method is that the usual quantitative evaluation of the
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TSL glow curves is very inaccurate, or even impossible,
if the traps are continuously distributed in energy or if
there are several types of traps with discrete but very close
lying activation energies. In this case, the glow peaks fuse
together, and individual glow maxima may not be dis-
cernible. The mean activation energy, E, is determined
during each temperature cycle with a temperature change,
AT, as

By = DI g const, AT < T, n < n,
d(1/kT)
(1)

where I (7) is the intensity of the TSL, T'is the temperature,
and £ is the Boltzmann constant. Here, n is the number of
charge carriers released during each temperature cycle, and
ot 18 the total number of carriers trapped by the same sort
of traps. These conditions determine the so-called “initial
rise method,” which is actually the basis for Eq. (1). Since
a temperature oscillation, A7, is usually much less than
the mean value of 7, E can be assumed to equal E(7), the
activation energy of traps emptied at temperature 7. A trap
distribution function, H (E), can be determined in arbitrary
units as [31-33]

1(E)

HE) < g ar

@)

where I(E ) is TSL after converting the temperature scale
to the energy scale by means of empirically accessible
E(T) dependence obtained by Eq. (1). As one can see from
Eq. (2), in the case when E(T) is a linear function, the TSL
intensity dependence, /(7), is an exact replica of the pop-
ulated trap distribution function [19]. The frequency factor
at the maximum of TSL peak, S, is given by

S = EnfB/kT exp (En/kT,) 3)

where T, and E,, are the temperature and activation energy
of the maximum of the TSL peak, respectively. All mea-
surements are done under a helium atmosphere.

C. Computer simulations

For morphology simulations, we adapt the all-atom opti-
mized potentials for liquid simulations (OPLS-AA) force
field [34-36]. All Lennard-Jones parameters are taken
from this force field and we use the OPLS combina-
tion rules and the fudge factor of 0.5 for 1-4 interac-
tions. Atomic partial charges are computed via the charges
from electrostatic potentials using a Grid-based method
(CHELPG) scheme [37]. We partition the molecules into
rigid fragments: carbazoles and bridge groups in between.
These rigid fragments are orientated with respect to one
another, such that conformers exhibit different energies,

as a result of different electrostatic interactions. The dihe-
dral interaction potentials that connect these fragments
are parameterized as described elsewhere [38]: for each
fixed value of the dihedral angle, the geometry is opti-
mized at the m06-2x/6-311g(d,p) level. The potential dif-
ference is then fitted to the Ryckaert-Belleman polynomial,
Vep(0) = Y0_, (cos 0)".

The long-range electrostatic interactions are treated by
using the smooth-particle-mesh Ewald technique. A cut-
off of 1.3 nm is used for the nonbonded interactions.
The equations of motion are integrated with a time step
of 0.002 ps. All molecular dynamics (MD) simulations
are performed in the NPT ensemble using the canoni-
cal velocity-rescaling thermostat [39] and the Berendsen
barostat [40], as implemented in the GROMACS simulation
package [41,42].

To obtain the amorphous morphology, 3000 molecules
are prearranged on a lattice and compressed (anisotropic
NPT barostat) at 7=3800 K for 1 ns. The system is then
cooled to 300 K during a 1 ns run. Fast cooling freezes
the isotropic orientation of the high-temperature liquid,
leading to amorphous molecular ordering.

Using the molecular dynamics trajectories, we evalu-
ate the anion, cation, and neutral-state energies for each
molecule in a morphology using a perturbative approach
[43—45]. In this approach, the total energy is a sum of
the gas-phase, electrostatic, and induction contributions,
Eopn = Ef;f’n + EZ‘Z‘,! + E;“;}n To evaluate the electrostatic
contribution, we use distributed atomic multipoles up to
the fourth order. The induction contributions to site ener-
gies are calculated self-consistently using the Thole mode
[46,47] on the basis of the atomic polarizabilities and
distributed multipoles obtained by using the GDMA pro-
gram [48] for a cation, anion, and a neutral molecule.
All calculations are performed using the aperiodic Ewald
summation scheme [45], as implemented in the in-house-
developed vOTCA package [49].

II1. RESULTS
A. DOS probing by TSL measurements

Surprisingly, strong thermoluminescence signals induced
by UV radiation at liquid-helium temperature are observed
in neat thin films made of both CBP and CP deriva-
tives studied in the present work. First, we consider TSL
measurements in thin films of CBP derivatives. A typi-
cal TSL glow curve of a mCBP-CN film measured after
photoexcitation with 313 nm at 4.2 K is presented in
Fig. 2(a) and it reveals a broad slightly asymmetric band,
with the maximum at 7, = 93 K. The asymmetric shape
of the TSL band might be due to overlapping of the
main high-temperature peak at 93 K, with a weaker low-
temperature peak at around 40 K, as depicted by curves
1" and 1” in Fig. 2(a). The TSL signal is observed imme-
diately upon heating the sample and extends to about
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(a) Spectrally integrated TSL glow curve measured after excitation with 313 nm light for 3 min at 4.2 K for mCBP-CN

film. Curves 1" and 1” represent deconvolution of the TSL band (curve 1) into two Gaussians. Inset shows schematic DOS distri-
bution together with the distribution of trapped charge carriers at liquid-helium temperature after energy relaxation. (b) Temperature
dependence of the mean activation energy (E,) as obtained by fractional TSL (symbols) and extrapolation by an empirical expression,
Eq. (4) (solid line). Inset shows schematic picture to illustrate principle of fractional TSL regime, when temperature oscillations are
superimposed on uniform heating. (c) Gaussian analysis of the high-energy part of the TSL curve. (d) Same data as in (c) but plotted

in exponential representation.

220 K, as expected for a disordered material devoid of
deep charge-carrier traps. It is qualitatively similar to TSL
phenomena observed in other organic disordered systems
studied before [18—23] and can be ascribed to detrapping
of charge carriers from the localized states that occupy
the lower-energy part of the intrinsic DOS distribution,
as schematically shown in the inset of Fig. 2(a). The
fact that TSL in mCBP-CN films extends to moderately
high temperatures is evidence of relatively strong energy
disorder in this material, compared, for instance, with
conventional semiconducting polymers, such as a methyl-
substituted ladder-type poly(para-phenylene) [18] and a
polyfluorene derivative [20] with reduced energy disorder.
Yet, it is closer to the TSL peak observed before in TSL of
vacuum-deposited films of AlQ; [50].

Similar to previously studied photoconducting poly-
mers [18-22,27], the mCBP-CN film is characterized by
a quasicontinuous trap distribution, with a mean activa-
tion energy, E,, that is linearly increasing with temperature
[Fig. 2(b)], as revealed by fractional TSL measurements

(see the Experiment Section II B for details). The temper-
ature dependence of E, (in eV) can be described by the
following empirical relation:

E.(T) =0.0032T — 0.091. 4)

The empirical expression given by Eq. (4) supports the
basic formula of Simmons-Taylor theory [51] for a ther-
mally stimulated current (TSC), which predicts a qual-
itatively similar linear temperature dependence of the
apparent activation energy. It is worth noting that such
kinds of linear relationship for E,(7) are also justified
by analytically variable range-hopping calculations for
disordered organic semiconductors [18,19]. The mean
activation energy and frequency-to-escape factor at the
maxima of the TSL peak, 7,,~93 K, are £, = 0.2 eV
and (S) =2.7 x 10° s7!, respectively. The meaning of the
frequency-to-escape factor in disordered solids will be
discussed in more detail in Sec. IV B.
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TABLE I

Dipole moment (p), polarizability of a neutral molecule (@neyr.), polarizability of a cation (tcation.), and width of the

Gaussian DOS (o) evaluated by TSL and computer simulations; dipolar disorder component (og;,) estimated from TSL data; and
width of superimposed exponential low-energy tail (7) evaluated from TSL data.

DOS width
Dipole DOS width (simulations) o
Material moment, p (D) peurr. (Bohr®)  tcation(Bohr?) (TSL) o (eV) oapeV) Ty, (K) (eV)
CBP 0.04 670° 3200° 0.125 0 716 0.10
mCBP 2.15 600° 3000° 0.131 0.039 673 0.12
mCBP-CN 4.6 600° 3000° 0.151 0.085 - 0.20
mCP 1.35 450P 1500° 0.140 0.024 — 0.16
mCP-CN 6* 540° 1500° 0.177 0.111 - 0.24

#Calculated by using the M062X functional in density-functional theory.
bCalculated using a perturbative approach, as implemented in the Gaussian 09 package (opt = polar) keyword [78].

Using an empirical calibration of Eq. (4) to convert the
temperature scale to a trap-energy scale, and then plotting
the high-temperature part of the TSL signal intensity log-
arithmically either against £, or E,, allows for a “Gaus-
sian” or an “Exponential analysis,” respectively, as shown
in Figs. 2(c) and 2(d). It proves that the high-temperature
part of a TSL curve becomes a straight line when plotting
In(Jrs) versus E,2 [Fig. 2(c)]. It is remarkable to see an
almost perfect Gaussian fit of the high-temperature part of
the measured curve observed over three decades of TSL
intensity variation [Fig. 2(c)], whereas the same data plot-
ted in the log(/rsp) versus E, representation show a clear
deviation from an exponential dependence [Fig. 2(d)]. This
observation provides strong support for a Gaussian shape
of'the DOS profile in this material. The slope of the straight
line in Fig. 2(c) is a measure of the DOS width. The
energy disorder parameter o =0.151 eV is obtained for
the mCBP-CN film, which is very close to the disorder
parameter o =0.15 eV estimated for AlQ; films [52] by
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FIG. 3.

charge-transport measurements. Such a relatively strong
energy disorder is expected for polar materials — the dipole
moments for AlQ; [52] and mCBP-CN are 4.9 and 4.6 D,
respectively (Table I). It is worth noting that the above
Gaussian analysis used here is conceptually similar to that
earlier employed by Béssler [53] and Eiermann et al. [54]
using the TSC technique for studying the width of the DOS
distribution in disordered tetracene layers, by analyzing the
shape of the high-energy part of a TSC peak.

Figure 3(a) compares normalized TSL curves mea-
sured for CBP, mCBP, and mCBP-CN films under the
same conditions. All of these host materials reveal a
characteristic TSL peak, which features a clear shift and
progressive broadening towards higher temperatures with
increasing molecular dipole moment [Fig. 3(a)]. The TSL
peak maximum [depicted by arrows in Fig. 3(a)] also
shifts from 7,, = 72 K for CBP to T,, = 78 and 93 K for
mCBP and mCBP-CN films, respectively (Table I). The
latter effect is a clear sign of increasing energy disorder
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~

o N

|
N

In(/,, ) (arb. units)
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(a) Normalized TSL glow curves measured after excitation with 313 nm light for 3 min at 4.2 K for CBP, mCBP, and mCBP-

CN films (curves 1, 2, and 3, respectively); (b) Gaussian analysis of high-temperature parts of TSL curves shown in (a). Curves are

vertically shifted with respect to each other for clarity.
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in this sequence of host materials from the same series
of CBP derivatives. The shift is a consequence of the
fact that the mean activation energy, which carriers reach
in the course of their downward hopping relaxation at
very low temperature within a Gaussian DOS, is directly
proportional to energy-disorder parameter o [55].

A Gaussian analysis of the high-temperature parts of
TSL curves for CBP, mCBP, and mCBP-CN films, using
Eq. (4), as described above, is shown in Fig. 3(b). The
plot reveals a Gaussian dependence in all samples—its
slope yields the width of the DOS, which increases with
increasing dipole moment from 0.125 eV for virtually non-
polar CBP (p =0 D) to 0.131 and 0.151 eV for mCBP
(p =2.15 D) and mCBP-CN (p = 4.6 D), respectively (cf.
Table I). This points to an important role of the dipolar-
disorder effects on the increase of the energy disorder
in this series of CBP derivatives, with increasing dipole
moments of constituent molecules. The disorder parame-
ter o =0.112 eV [56] is inferred for evaporated CBP films
from charge-transport measurements, which is compara-
ble to the value of 0 =0.125 eV we obtain here for the
spin-coated CBP film.

A remarkable observation of this study is that CBP and
mCBP films also reveal slower-decaying deep exponential
tails at the lowest portion of the DOS, following the Gaus-
sian distribution. Fitting the deep tail with exponential
distribution g(¢) o exp(e/kTy), where Ty is the charac-
teristic width of the exponential distribution (for energies
e < 0), yields 716 and 673 K, for CBP and mCBP films,
respectively (Table I).

Next, we compare the TSL properties of the above CBP
derivatives with another series of host materials, based
on CP derivatives. TSL glow curves measured under the
same conditions for mCP and mCP-CN films are shown
in Fig. 4(a) (curves 1 and 2, respectively). Although these
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films exhibit a TSL signal within a similar temperature
range, from 4.2 to about 200 K, to that of the CBP deriva-
tives [cf. Fig. 3(a)], the shapes of their TSL curves are
significantly different. The TSL curve of mCP clearly con-
sists of two overlapping peaks with 7, at 25 and 65 K,
respectively, as shown by deconvolution of the measured
TSL curve into two Gaussian peaks (curves 1’ and 1”
in Fig. 4). It is noteworthy that the low-temperature fea-
ture with 7, =25 K dominates in intensity. A similarly
shaped TSL is found in the strongly polar mCP-CN film
(p =6 D) [Fig. 4(a), curve 2], which also consists of two
overlapping peaks, but are shifted towards higher temper-
atures with 7, at 33 and 78 K. We should, however, note
that a low-temperature feature is also noticeable in TSL
curves of mCBP and mCBP-CN films, but it is signifi-
cantly weaker and seen as just a weak shoulder [cf. curve 1’
in Fig. 2(a)]. Our complementary studies demonstrate that
the low-temperature TSL feature in these materials arises
due to frustrated energy relaxation [57] of charge carriers
photogenerated at 5 K, and therefore, some of them get
stuck in the upper portion of the DOS; this effect will be
explored in greater detail in future works of the authors.
Since only the deeper portion of the DOS profile controls
charge transport in amorphous organic semiconductors, the
high-temperature TSL feature, peaking at 65 and 78 K in
mCP and mCP-CN, respectively, is expected to be of prac-
tical relevance (we refer to it as the “main TSL peak™), and
thus, is analyzed below.

The mean activation energy E, is measured in mCP and
mCP-CN films as a function of temperature by fractional
TSL and in both materials it exhibits a similar tempera-
ture dependence to that given by Eq. (4). Gaussian analysis
of the high-temperature parts of TSL curves for mCP and
mCP-CN films is done as described above for other host
materials and is presented in Fig. 4(b) as curves 1 and 2,
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(a) Normalized TSL glow curve measured after excitation with 313 nm light for 3 min at 4.2 K for mCB and mCP-CN films

(curves 1 and 2, respectively). Curves 1’ and 1” represent deconvolution of the TSL curve of mCP (curve 1) into two Gaussian peaks;
(b) Gaussian analysis of high-temperature part of the corresponding TSL curves shown in (a).
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respectively. The energy-disorder parameter, o, in these
materials is inferred from the slope of the high-temperature
part of TSL curves plotted in a Gaussian representation:
In(f1s.) versus E,>. Both materials show a nice Gaus-
sian fitting of the high-temperature parts of the measured
curves over several decades of TSL intensity variation.
Since the TSL signal in the mCP-CN film is significantly
stronger than that in mCP, we are able to extend its Gaus-
sian analysis towards deeper energies [Fig. 4(b), curve 2].
The results in Fig. 4(b) demonstrate a clear impact of the
magnitude of the dipole moments on the width of the DOS,
which increases from o =0.140 eV for moderately polar
mCB (p =1.35 D) to 0.177 eV in strongly polar mCP-
CN (p=06 D). This suggests a rather significant energy
disorder that is inherent in CB derivatives.

B. Computation of the DOS distribution

To provide deeper insights into the DOS structure and
independent verification of the DOS parameters probed
by the TSL technique in the above OLED host materi-
als, we carry out computer simulations. To evaluate the
DOS distribution of the amorphous systems, we initially
employ atomistic MD simulations to generate the amor-
phous morphologies, as described in Sec. II C. We then use
quantum chemical calculations and polarizable force fields
to compute site energies. Using the simulated amorphous
morphologies, site energies of all molecules are evaluated
by using the parameterized (see the Sec. II C) polarizable
force fields. The corresponding DOS, shown in Fig. 5, have
Gaussian shapes with variances o.

The DOS widths o inferred from the simulation results
are listed in Table I. Despite the similarity in chemical
structures of CBP derivatives, the energy disorder varies
over a broad range in these materials from 0.10 eV to 0.12
and 0.20 eV for CBP, mCBP, and mCBP-CN, respectively.
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FIG. 5. DOS distributions calculated for CBP, mCBP, mCBP-

CN, and mCP (curves 1, 2, 3, and 4, respectively) employing
molecular dynamics simulations. Solid lines depict Gaussian fits
to data.

As expected, the smallest energy disorder is found in CBP
films and this can be readily explained by the symmet-
ric molecular structure: its ground-state dipole moment is
virtually zero. As a result, the first nonvanishing electro-
static contribution is due to the interaction of the charge
carrier and the quadrupole moments of the surrounding
molecules. Since this contribution is much smaller than the
charge-dipole interaction, the energetic disorder of these
compounds is relatively small, in the order of 0.1 eV. The
shift of the ionization potential in a solid state is mostly
due to induction stabilization, and the shape of the den-
sity of states is Gaussian. The dipole moment increases
sequentially in mCBP and mCBP-CN molecules, which
gives rise to the increase of charge-dipole integration and
hence to a larger electrostatic contribution to the ener-
getic disorder in these materials. This verifies that dipolar
disorder is responsible for the significant increase in the
energy disorder within the series of CBP derivatives. Such
a conclusion is, however, valid for compounds of the same
family, in our case, with similar molecular polarizabilities.
Indeed, the DOS simulations confirm that the CBP, mCBP,
and mCBP-CN family has similar polarizability of cations
and neutral molecules (see Table I), and hence, their DOS
width increases with the molecular dipole moment. mCP
has a significantly smaller polarizability of the cation com-
pared with mCBP (~1500 vs ~3000 Bohr?, see Table I).
Therefore, screening of the electrostatic disorder by the
induction interactions is smaller than that for mCBP, giv-
ing rise to a DOS width of 0.16 eV for mCP.

It is pertinent to note that dipole moments can vary
considerably with molecular conformations. Different
conformers lead to variations in the molecular dipole
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FIG. 6. Estimated disorder parameter versus dipole moment
for two series of OLED host materials: CBP and CP derivatives
(solid circles and triangles, respectively). Solid lines are results
of fitting of experimental data with Eqgs. (5) and (6) using ¢ =1
and ¢ =3.13 [71].
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moment in the amorphous morphologies. The distribu-
tion of dipole moments in the morphology inferred from
MD simulations normally features a fairly broad peak [75]
around a certain value that can, to a certain extent, be used
as the “average” dipole moment. We are not claiming that
this trend is universal for all organic semiconductors, espe-
cially taking into account that the distributions of dihedral
angles are sensitive to the deposition protocols. However,
in our host materials, the average dipole moments inferred
from MD simulations [75] are found to correlate well
with those shown in Table I and are used for the analysis
depicted in Fig. 6.

IV. DISCUSSION

The DOS widths determined by the TSL techniques are
in reasonable agreement with the computation results (cf.
Table I), predicting a significant variation in energy dis-
order among the considered host materials. Although the
obtained experimental values somewhat deviate from the
simulated o values, mostly in systems with strong energy
disorder, they do demonstrate a remarkably similar trend
in the variation of energetic disorder among these materi-
als. The reason for the discrepancy between the widths of
the DOS probed by TSL and that obtained by computer
simulations should be a subject of further research.

A comparison of the DOS parameters determined by
TSL and by computer simulations (Fig. 5) has two impor-
tant implications: (i) It confirms that the large energetic
disorder observed experimentally (ranging from o =0.125
to 0.177 eV) characterizes the intrinsic DOS, i.e., the DOS
of a chemically pure disordered material, rather than that
affected by impurity-related traps. Therefore, charge trans-
port in such OLED hosts is expected to be inherently very
dispersive. (ii) It reveals the utmost importance of the
polarizability of the cation for the DOS width, which is
a key finding in the present study. As attested by computer
simulations, the physical reason for the enlarged energetic
disorder in CP derivatives compared with CBP ones can
be attributed to much smaller polarizability of their cation
states, owing to the more rigid chemical structure of these
molecules, and thus, smaller screening effect.

The calculated DOS distributions in Fig. 5 yield not
only the variances, o, of their Gaussian shapes, but also
the energy positions of the HOMO levels. On the other
hand, methods based on thermally activated spectroscopy,
like TSL or TSC, use thermal energy generated by heat to
probe localized states occupied by charge carriers within
intrinsic (or extrinsic) DOS. Since such an energy is much
less than that of the energy corresponding to the HOMO-
LUMO gap, it can only characterize the DOS parameters.
Nonetheless, in host-guest compositions, TSL can poten-
tially yield the energy difference between corresponding
HOMO or LUMO levels of host and guest materials, if

guest molecules create a hole or an electron trap, respec-
tively, in the host material.

A. Effect of dipole moments

Next, we discuss the effect of the dipole moments, of
the materials studied here, on the width of the DOS evalu-
ated by the TSL technique. As it has long been suggested,
the total width o in a polar amorphous organic solid can
be decomposed into a dipolar component, ogip, and a so-
called van der Waals component, oyqw [3,58]. If different
energy-disorder contributions are independent and follow
Gaussian statistics, then the total width is

2 2 2
o = GVdW + adip‘ (5)

The term oygw in Eq. (5) is used here to describe the
whole nondipolar disorder component, despite its physical
origin being solely attributed to the variation of the interac-
tion of a charged molecule with induced dipole moments
in the molecular environment [59,60]. Borsenberger and
Weiss [3] proposed that fluctuations of relative orientations
and intermolecular distances between the hopping site and
surrounding molecules created fluctuations of the induced
dipolar cloud in nearby molecules, which made the major
contribution to oygw. Subsequently, it is recognized that
quadrupole moments can be sufficiently high in nonpolar
materials with zero dipole moment, and hence, variation of
charge-quadrupole interactions can also contribute to the
energy disorder [9,61]. Therefore, to adhere to established
terminology, we imply here that oqw encompasses contri-
butions from all sources of energy disorder, excluding the
dipolar contribution. In other words, it describes the total
energy disorder in a nonpolar system.

The dipolar disorder, ogip, contributes strongly to the
overall energy disorder in polar organic solids, and it leads
to a stronger DOS broadening compared with the charge-
quadrupole interaction [61]. og;p arises due to randomly
oriented permanent molecular dipoles that generate fluc-
tuation in the electrostatic potential due to charge-dipole
interactions, in addition to the disorder that is already
present in nonpolar systems, which leads to DOS broad-
ening [3]. Dieckmann et al. [58] originally obtained an
expression for the dipolar component using Monte-Carlo
numerical calculations. Subsequent analytical calculation
by Young [62] has confirmed the Gaussian form of the
DOS in polar systems and the relation for oy;, is derived as

7.04 .
oip = ——c'’p (ineV) (6)

where a is the intersite distance (lattice constant) in
Angstrom, ¢ is the dielectric constant, ¢ is the fraction
of the lattice occupied by dipoles (in our case ¢ = 1), and
p is the dipole moment in debye. Although, as recently
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recognized [63], accounting for the individual molecu-
lar polarizabilities and nearest-neighbor interactions might
lead to deviation from the suggested 1/e dependence in
Eq. (6), the dipolar disorder oy;, is predicted to scale lin-
early with dipole moment. An analysis based on Eq. (6),
in conjunction with Eq. (1), is widely used to evalu-
ate the dipolar-disorder contribution to the overall energy
disorder from charge-transport measurements in small-
molecule organic glasses [3,64—66] and molecularly doped
polymers, [3,60,67—69] with different dipole moments and
dipole concentration, which justifies the applicability of
Eq. (6).

Assuming the o,qw component is a constant for materi-
als within the same series of derivatives, Egs. (2) and (3)
provide a means for analyzing the effect of the dipole
moments of different compounds on the total width, by
plotting o versus p2. Figure 6 (curve 1) clearly shows
the predicted linear relationship for the CPB derivatives,
CBP, mCBP, and mCBP-CN (solid circles), indicating
the justification for the analysis. The nonpolar component
ovaw for this series of derivatives is equal to the DOS
width, 0 =0.125 eV, obtained for a nonpolar CBP film.
Using oy w = 0.125 eV, Eq. (5) yields the dipolar com-
ponent oy, = 0.039 and 0.085 meV, for polar mCBP and
mCBP-CN, respectively (Table I). The intersite distance,
a=11 A, may be estimated from the slope of solid line
1 in Fig. 6 using Eq. (6). It agrees well with the effective
lattice constant @ = 12 A estimated recently for CBP films
from charge-transport measurements [70].

A qualitatively similar trend with increasing dipole
moment is found for a series of CP derivatives (Fig. 6,
curve 2), although only two host materials (mCP and
mCP-CN) of this series are available to us. The energy-
disorder parameter demonstrates a strong increase with
increasing dipole moment from 1.35 to 6 D for mCP
and mCP-CN, respectively (Fig. 6, solid triangles). It is
remarkable that this dependence in the o2 versus p? rep-
resentation features almost the same slope (curves 2 in
Fig. 6) as that of the linear dependence obtained for
the above CBP derivatives (curve 1), but is offset with
respect to the latter. These observations suggest that the
dipolar-disorder component increases in a similar manner
with increasing dipole moments for both series of mate-
rials, while the nonpolar o,qw disorder component differs
significantly for them. The value of oygw = 0.138 eV is
determined for mCP and mCP-CN from the p? =0 inter-
cept of curve 2 (Fig. 6), which turns out to be significantly
larger than the value of oygw = 0.125 eV determined for
the above series of CBP derivatives. Using the above
ovaw value, Eq. (5) yields ogip = 0.024 and 0.111 meV,
for mCB and mCB-CN films, respectively (Table I). The
above findings suggest that the enlarged energy disorder
in CP, compared with CBP, derivatives, mostly relates to
the intrinsically larger nondipolar component of energy
disorder.

The correlation of the observed dipole effect on DOS
width, as determined by the TSL technique, with the
prediction of the dipolar disorder model [62], is strik-
ing. It implies that the OLED host materials considered
here behave similarly to conventional amorphous organic
photoconductors, as previously studied by the TOF tech-
nique in the form of neat molecular glasses [3,64—66]
or as charge-transporting molecules in molecularly doped
polymers [3,60,67—69]. It should be noted that the dipolar-
disorder model given by Eq. (6) does not consider varia-
tions in the molecular dipole moment caused by different
conformers in the amorphous morphologies. However,
despite the simplification, we believe that this model can
provide a good first-order approximation for a descrip-
tion of the dipolar-induced DOS broadening in our OLED
hosts. Notably, the dependence presented in Fig. 6 and con-
comitant analysis is generally not a surprising result for
the class of organic semiconducting materials. There are
numerous similar findings in the literature for the width of
the DOS inferred from charge-mobility measurements in
different polar systems. The key result of the present work
is that the same effects are observed using a purely optical
experimental approach.

Finally, it worth mentioning that Hoffmann et al. [76]
have recently demonstrated that, in contrast to small-
molecule organic materials, the inhomogeneous broaden-
ing of the DOS for holes and neutral excitons can be
remarkably similar in the case of conjugated polymers.
This is suggested to be a characteristic feature of conju-
gated polymers, in which disorder results predominantly
from the statistical variation of the lengths of the conju-
gated segments, rather than from van der Waals coupling
among the chains and can be used for the prediction of
the DOS for holes from simple optical spectroscopy. This
effect is observed for a series of conjugated alternating
phenanthrene indenofluorene copolymers [76] and proba-
bly more research is needed to confirm such a correlation
by involving more copolymer materials.

B. DOS shapes

Another interesting finding of this study is (i) direct
observation, using an optical method (TSL), of a pro-
nounced deep exponential tail that follows a Gaussian
distribution; and (ii) that this effect turns out to be mate-
rial dependent—it is seen in CBP and mCBP films,
while mCBP-CN, mCP, and mCP-CN host materials fea-
ture solely a Gaussian profile with a negligible, if any,
exponential tail [cf. Figs. 3(b) and 4(b)]. The origin of
such qualitatively different DOS distributions in organic
solids deserves more thorough investigation, involving
more amorphous organic semiconducting materials, going
beyond the scope of the present study. However, a deep
exponential tail in disordered organic semiconductors is
not a surprising result, but has previously been reported
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using different methods. In a series of publications by Van
Mensfoort et al. [8,72,73], they claimed that their drift-
diffusion device model provided a much better description
of the experimental temperature-dependent 7V characteris-
tics measured in some amorphous organic semiconductor
(AOS) materials, if one assumes a combination of a Gaus-
sian density of transport states plus superimposed expo-
nential density of trap states. They assume that the charge
traps can be responsible for the exponential tail and sug-
gest the following cumulative DOS in realistic organic
semiconducting materials [8,72,73]:

(&) N i 4 Yoo e (£ @)
= X N X R
£ V2mo? P kT P kTy )’

202

where o and N, are the Gaussian DOS width and the den-
sity of transport sites, respectively. Ty and N, are the
characteristic width of the exponential distribution (for
energies ¢ < 0) and the density of trap sites, respectively.
This idea was supported by Hulea et al. [17], who scanned
the DOS distribution of a poly(p-phenylene vinylene) film
over a wide energy range using an electrochemically gated
transistor and found an almost exponential trap distribution
at the deep tail superimposed onto an intrinsic Gaus-
sian DOS distribution. Moreover, several KPFM studies
[10,11] provide direct evidence that AOS materials exhibit
both a central Gaussian DOS and an exponential tail.
Several theoretical explanations are suggested for the
complex DOS distribution observed in AOS. May ef al.
[9] demonstrate that, in a material with molecular dipole
moments, exponential tails can develop if negatively or
positively charged sites are strongly polarizable. This
results in large induced dipoles on these charged sites and
thereby increases their interaction with the polar environ-
ment. Such nonlinear effects of dipolar fields give rise to
strong potential fluctuation and thereby lead to the appear-
ance of an exponential tail. Additionally, the same group
has recently found that a HOMO level position below 6 eV
and LUMO above 3.6 eV, in organic semiconductors, can
facilitate hole and electron trapping, respectively [74].
Interestingly, our observations seem to be consistent
with the above prediction for a trap-free energy window:
virtually no exponential tail is observed for mCP films [cf.
Fig. 4(b)], where the HOMO level is at 5.9 eV, i.e., within a
“trap-free energy window,” inside which organic semicon-
ductors normally do not experience charge trapping [74].
The above concept implies that materials with an ioniza-
tion energy lower than 6 eV will not exhibit trap-limited
hole transport, similarly, an electron affinity above 3.6 eV
will not cause electron trapping to limit electron transport
[74]. We also find a similar picture in 10-[4-(4,6-diphenyl-
1,3,5-triazin-2-yl)phenyl]-9,9-dimethylacridine films fea-
turing no deep exponential tail (not shown here) and where
the HOMO level is at 5.8 eV, which is consistent with
trap-free conditions. Therefore, we assume that the pure

Gaussian distribution observed over a wide energy range
might be related to the absence of a significant number of
extrinsic traps in this material. On the other hand, mCBP
has a HOMO at 6.1 eV, which should facilitate extrinsic
charge (hole) trapping, correlated with a very pronounced
exponential tail observed by TSL [curve 2 in Fig. 3(b)].
In the case of mCBP-CN and mCP-CN, extrinsic traps
are expected, as suggested by consideration of the posi-
tion of the HOMO-LUMO level. However, we hypothesize
that significantly stronger molecular dipole moments in
mCBP-CN and mCP-CN might dampen the field variations
due to induced dipoles, which give rise predominantly to
the Gaussian distribution observed in our experiments [cf.
curves 3 and 2 in Figs. 3(b) and 4(b), respectively]. These
issues definitely require thorough investigation, which
goes beyond the scope of the present study.

Finally, we discuss the implication of the “frequency-to-
escape” factor, (S) =2.7 x 10° s7!, estimated at the maxi-
mum of the TSL peak (cf. Fig. 2). Since both the TSL and
the hopping charge-transport process in disordered organic
semiconductors are controlled by thermally assisted jumps
of relaxed carriers, the mechanisms of which are suc-
cessfully described in terms of the Miller-Abrahams jump
rates [1], it is highly likely that the “frequency-of-escape
frequency” has the same meaning in both cases. For dis-
ordered semiconductors, it presents the probability of a
charge-carrier hop, i.e., tunnels, when energetic resonance
occurs. This probability decreases exponentially with the
hopping distance, p, and is usually described in terms of a
homogenous lattice gas (also called the lattice gas model

[3]) as
v = vg exp(—2p/p0), (3

where pg is a wave function decay parameter and vy
is a frequency factor, which is typically assumed to be
equal to the vibrational frequency of about 103 s~!. The
lattice gas model is based on the assumption that the
hopping distance can be described as p = (M /A4cs)'/3,
where M is the molecular weight, 4 is the Avogadro num-
ber, and § is the sample density. The model ignores the
distribution of hopping distances and the distribution of
hopping-site energies. Eq. (8) is a key relationship that
describes the dependence of charge mobility on the con-
centration of charge-transporting molecules in molecularly
doped polymers [3]. Assuming that the hopping distance,
p, in mCBP-CN films is equal to the average lattice
constant, a=11 10\, as estimated above for this material,
and that the estimated TSL frequency-to-escape factor,
(8)=2.7x 10° s7!, can be described by the lattice gas
model, Eq. (8) yields the wave-function decay parame-
ter, po = 2.68 A. This parameter coincides very well with
that reported in the literature [3] for conventional charge-
transporting molecules, which is typically within a range of
1-2 A and less often approaches 3 A. Thus, the relatively
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large wave-function decay parameter implies an enhanced
intermolecular electronic coupling, which should promote
good transport behavior in this material. This is in line with
recent simulation results [70] that predict a large average
coupling in CBP due to the specific shape of its electronic
orbitals, which are uniformly distributed over the periph-
ery of the molecule. This facilitates the overlap of states
participating in charge transport and, as a result, leads to a
fairly large mobility prefactor of po = 0.8 cm?*V~'s7! in
this material.

V. CONCLUSIONS

We demonstrate that the DOS distribution in neat
OLED host materials can be well determined by the
low-temperature fractional TSL technique. This is proven
by comparison of the TSL results with DOS parameters
obtained by computer simulations, as carried out in the
present study, and from available charge-transport mea-
surements. We perform comparative TSL studies of two
series of OLED host materials possessing different polar-
ities: (i) CBP, mCBP, and mCBP-CN; and (ii) mCP and
mCP-CN. Their dipole moments vary from almost zero
for nonpolar CBP to 6 D in strongly polar mCP-CN.
We find that the DOS distribution broadens significantly
with increasing molecular dipole moments, which can be
well described by the dipolar-disorder model, but only
for materials belonging to the same series of derivatives
that possess similar polarizability of cations and neutral
molecules. We find that the DOS widths of these two
series of materials are offset by a constant amount, with
a broader DOS for CP derivatives, compared with CBP-
based compounds at equivalent polarity. This is confirmed
by simulations that demonstrate a similar trend in the vari-
ation of DOS. Larger energetic disorder in CP derivatives
is attributed to smaller polarizability of both their neutral
and cation states. Therefore, the electrostatic disorder of
CP derivatives is not screened by induction as much as
the disorder of CBP derivatives. Additionally, the signif-
icant nonpolar component of the disorder observed in CP
derivatives is consistent with the theoretical prediction.
The dipolar energy-disorder component of the DOS, as
extracted from the TSL experiment, demonstrates a sim-
ilar increase with the magnitude of the molecular dipole
moment for all materials considered in this work, implying
that the dipolar-disorder model is applicable to such OLED
host materials. Such behavior is expected if the intersite
distance is similar in these systems. Finally, we find that a
deep exponential tail accompanies a Gaussian distribution
in CBP and mCBP films. The origin of this effect will be
the subject of further investigation by the authors.
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ABSTRACT

Amorphous small-molecule organic materials are utilized in organic light emitting diodes (OLEDs), with device performance relying on
appropriate chemical design. Due to the vast number of contending materials, a symbiotic experimental and simulation approach would
be greatly beneficial in linking chemical structure to macroscopic material properties. We review simulation approaches proposed for
predicting macroscopic properties. We then present a library of OLED hosts, containing input files, results of simulations, and experi-
mentally measured references of quantities relevant to OLED materials. We find that there is a linear proportionality between simulated
and measured glass transition temperatures, despite a quantitative disagreement. Computed ionization energies are in excellent agree-
ment with the ultraviolet photoelectron and photoemission spectroscopy in air measurements. We also observe a linear correlation
between calculated electron affinities and ionization energies and cyclic voltammetry measurements. Computed energetic disorder corre-
lates well with thermally stimulated luminescence measurements and charge mobilities agree remarkably well with space charge-limited
current measurements. For the studied host materials, we find that the energetic disorder has the greatest impact on the charge carrier
mobility. Our library helps to swiftly evaluate properties of new OLED materials by providing well-defined structural building blocks.
The library is public and open for improvements. We envision the library expanding and the workflow providing guidance for future
OLED material design.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0049513
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INTRODUCTION

In recent years, display and lighting technologies based on
organic light emitting diodes (OLEDs) have steadily increased in pop-
ularity, from the automotive industry to smart phones and televisions.
Not only do they offer improved image quality via a greater contrast
ratio when compared with the liquid crystal display (LCD) technology,
but the flexible and transparent possibilities of OLEDs make them an
innovative choice in a competitive market. OLEDs usually comprise
multiple layers of small organic molecules, sandwiched between two
electrodes. Each layer is tailored for a specific functionality to facilitate
balanced charge carrier injection and transport to the emissive layer,
where the charge carriers recombine to form excitons and conse-
quently photons, achieving a desirable wavelength of emission.'

One of the major advantages of using organic molecules is the
possibility of manipulating chemical composition to target specific
properties, such as emission color and charge carrier transport abili-
ties. The aim of OLED material design is to achieve an optimal bal-
ance between stability, efficiency, operational driving voltage, and
color coordinate of the device. However, molecular design often
relies on chemical intuition and with a vast number of potential can-
didates for each of the layers, this approach is inherently flawed.
Therefore, in order to optimize design a systematic approach which
links chemical structure to macroscopic properties would be greatly
beneficial.*” Ideally, this would focus solely on in silico prescreening,
prior to synthesis. Predictive computational modeling is, however,
not yet sufficiently accurate for this task exclusively” and with experi-
mental prescreening being an extensive and costly procedure, a col-
lective experimental and in silico approach presents a favorable
alternative.

The in silico evaluation of organic materials involves accurate
prediction of device characteristics from the corresponding molecular
building blocks, which requires simulations over a broad range of

Molecular structure

~A ~10 nm, 3000 molecules

Amorphous morphology

REVIEW scitation.org/journal/cpr

length and timescales. The multiscale simulation techniques, as
depicted in Fig. 1, help us to establish links between microscopic and
macroscopic material properties. Here, quantum chemical calculations
are used to obtain gas-phase geometries of a neutral molecule, its cat-
ion and anion, as well as jonization energies and electron affinities.
The material morphology is then simulated by molecular dynamics
(MD), with classical force fields describing atomistic interactions.
Polarizable force fields are then used to account for electrostatic effects
upon charge/exciton transfer. Kinetic Monte Carlo (KMC) is then
used to perform charge transport simulations, whereby it is possible to
extract macroscopic observables, such as charge carrier mobilities, by
solving the master equation.”” "

It is clear that the morphology is an integral part of the simula-
tions, and it is often a challenge to generate morphologies representa-
tive of experimental systems. For this task, both the classical force
fields and the more computationally demanding polarizable force
fields have to be parameterized. Experimental input at this stage
ensures the accuracy of the structural predictions using the classical
force fields, while polarizable force fields can be parametrized from the
first principles. The parametrization of these force fields is a tedious
task and impossible for the vast number of organic compounds
required for prescreening.*"'° To overcome this, it is possible to use
the similarities among the molecules most likely to be experimentally
investigated, in order to create molecular fragments or building blocks,
including the force field parameters. The concept of an extendable
molecular library containing these well-defined building blocks
required to generate realistic morphologies would then permit the
swift characterization of new systems.

For this concept to be brought to a realization, a well-defined
simulation workflow capable of predicting relevant system properties
from the chemical structure, must first be approved. Therefore, the
accuracy and reliability of the various simulation techniques of this
workflow, is the subject of the present work. To establish a starting
point, simulation results for 12 small organic molecules are summa-
rized, the molecular structures of which are shown in Fig. 2. The indi-
vidual steps of the simulation workflow are scrutinized and directly
compared to experimental results for the glass transition temperature,

Device Pixels
~100 nm ~um

j‘ q

9e:vl:¥L G20Z Aenuer 60

Ground state properties
Atomistic and polarisable force fields

Charge transport rates
Master equation and kinetic Monte Carlo

FIG. 1. OLED modeling multiscale simulation workflow. Starting from the first principles calculations of an isolated molecule, combined with atomistic force fields to generate
the amorphous morphology, with the use of molecular dynamics. Polarizable force fields are used to account for the environmental effects on the density of states. Site ener-
gies, reorganization energies, and electronic coupling elements are computed, followed by the charge transfer rates. Kinetic Monte Carlo is used to solve the master equation,
to study charge dynamics (e.g., carrier mobilities), giving macroscopic device characteristics.
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FIG. 2. Chemical structures of the 12 small organic molecules investigated for the OLED material library: BCP, CBP, mCBP, mCP, MTDATA, NBPhen, NPB, TCTA, TMBT,

TPBi, Spiro-TAD, and 2-TNATA.

energetic disorder, ionization energy in the solid-state, and charge car-
rier mobilities. By doing so, the outlined simulation workflow and the
force fields used can be validated, allowing for the expansion of the
library and further structures to be investigated.

While this review focuses on one multiscale simulation proce-
dure, it is worth emphasizing that there are several different computa-
tional approaches for the consideration of organic semiconductors.
One such method highlights the importance of using a fully quantum
mechanical approach for charge dynamics to improve on semiclassical
Marcus rates.'” Quantum chemical methods can also be used for eval-
uating ground and excited state properties of organic electronic mate-
rials. However, standard DFT functionals can lead to errors
surrounding localization and delocalization of electron and hole
densities, prompting the use of tuned long-range corrected hybrid
functionals."® Excited state properties have also been evaluated using
many-body Green’s function theory and GW approximation with the
Bethe-Salpeter equation (GW-BSE).'”*" In terms of charge transport,
KMC has been used to study degradation and the sensitivity of OLED
device lifetime and efficiency, in relation to material-specific parame-
ters, to aid with design strategies with regard to energy levels.”
Additionally, KMC models with molecular-level resolution have been
developed for investigating organic field-effect transistors (OFETs).”
Computational methods have also been used to investigate chiral com-
position-dependent charge mobilities, helping to link variations of
molecular chirality to charge transport properties.”” Multiscale simula-
tions have also aided with the study of photoluminescence quenching
mechanisms in phosphorescent OLEDs.”* Therefore, it is clear that
predictive multiscale protocols are essential in the search and the
design of novel materials for organic electronic devices."

GLASS TRANSITION TEMPERATURE

In addition to electronic properties, the thermal stability of an
organic material is essential in determining its suitability to be used in
OLED devices. To enhance the device’s lifetime, materials which are
less susceptible to thermal degradation are targeted, particularly mak-
ing use of materials with a high glass transition temperature, Tg.
When the device is operational, the flow of current results in Ohmic
heating within the organic layers and due to this local heating, materi-
als Wthh have a low T experience a higher degree of molecular vibra-
tions” and chemlcal decomposition, resulting in lower stability.
Furthermore, high T, also prevents morphology changes during post-
processing of devices, like unwanted partial re-crystallization.
Therefore, accurate predictions of the Ty value for OLED materials
can serve as a method of screening thermally stable candidates. The T
for the 12 organic materials was obtained by MD simulations, as out-
lined in the Methods section, the values are listed in Table I, and the
comparison to experimental values is shown in Fig. 3. The experimen-
tal values are listed as referenced values from previous studies, or as
new experimental values obtained by differential scanning calorimetry
(DSC), as outlined in the Methods section.

The simulation results show a systematic overestimation of T, for
all systems, in comparison to the experimental values, except for
TMBT. This overestimation is expected as the process of obtaining the
simulated morphologies, outlined in the Methods section, involves
thermal annealing above Ty, followed by a fast-cooling process. The
simulated morphologies often disagree with experiment, as the cooling
rates are much faster in simulation compared to experiment and
reproducing the realistic molecular packing requires long simulation
times. Additionally, the relaxation times of typical OLED depositions

9€¥LivL G20z Aenuer g0
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TABLE |I. Glass transition temperature (Ty): Comparison between simulation and
experiment, including referenced literature (experimental) values for the 12 systems.
For BCP, the T, was not detectable (ND) experimentally, as there was no significant
kink in calorimetric measurements.

T, (°C)
System Simulation Experiment Literature
BCP 143.6 ND 89"
CBP 133.0 115 109”’
mCBP 155.3 93.1 977!
mCP 140.3 66 607
MTDATA 164.7 78 75%
NBPhen 2382 .. 1057
NPB 166.9 99.5 987
Spiro-TAD 217.6 135 1337
TCTA 184.7 154 1517
TMBT 68.5 57 95%°
TPBi 204.8 .. 1277
2-TNATA 2122 .. 1107

cannot be achieved by the slow molecular dynamics close to Tg.
Furthermore, the deposition conditions can have a significant impact
on molecular orientation,””"’ such that experimental T, values may
also show variation, particularly for systems with low T, for example
TMBT or also BCP, where T, was not detectable (as there was no sig-
nificant kink in calorimetric measurements, described in the Methods
section) despite a previously reported value in the literature.”’ For
some of the compounds, such as TMBT, it is known that vacuum
deposition leads to molecular alignment, i.e., molecular orientations
are not random. This effect is not accounted for in our outlined proto-
col, as it is difficult to reproduce in simulations; large timescales are

250
230 NBPhen—a Spiro-TAD
2-TNATA TPB //Spiro-TAD
2104 MrDaTA o \'
19 NPB
. MTDATA NPB )
€ 170] TCTA 3
e mCP mCP
i - TCTA” __--~
= 1507 \. I
S -
T 1809 .. )
& 1104
T™MBT et
907 m Literature
TMBT
709 It - B Experiment
50327 . . . . .
50 70 90 110 130 150 170

Experiment Ty (°C)

FIG. 3. Comparison of simulation and experiment Ty values (blue) with linear corre-
lation (blue dashed line) R> = 0.53. Experimental values found in the literature are
also compared (red) with linear correlation (red dashed line) R? = 0.22. The linear
relationship (x = ) is shown by the black dashed line.

REVIEW scitation.org/journal/cpr

necessary to cover the diffusion process of evaporated materials, mim-
icking experimental film-growth rates of 1 A/s.””*"*

In order to accurately predict the glass transition temperature
from the morphology, it is clear that slower deposition rates must be
employed, for example with simulation methods such as coarse grain-

2% An alternative to predict T, for OLED materials is a quantita-
tive structure-property relationship approach,” with the use of
topological indices”” and various descriptors. However, this only
allows to interpolate within known chemical space. Despite the inaccu-
rate prediction of the T, values, the proceeding simulation results will
show that this does not have a significant impact on the charge trans-
port simulations and mobilities for the materials in this study.

CHARGE TRANSPORT

In disordered organic materials, due to weak intermolecular cou-
pling™ and relatively large energetic disorder, the charges are localized
and propagate by a successive hopping process from one molecule in
the system to the next. The hopping rate between two sites in a mate-
rial is characterized as a thermally activated transport process, where
the rate can be expressed in terms of the Marcus rate equation,”

» 21 ]5 . (AE; — 25)*
= Xp | — .
v h 1/ 47'E)»,‘jkBT P 4;~ijkBT

Here T is the temperature, kg is Boltzmann’s constant, /; is the reor-
ganization energy, Jj is the electronic coupling matrix element, and
AE;; = E; — Ej is the driving force or site energy difference between
two neighboring sites, where E; is the site energy of molecule i.”’ The
site energy includes the internal molecular energy (Ei") and interac-
tion with the environment, including the electrostatic (Eflec) and
induction (EI"®) contributions. It is calculated as E; = E" + E¢ke
+ EM 4 gF - r;, where q is the hopping carrier charge, F is an applied
external field, and r; is the center-of-mass of molecule i.” For computa-
tional efficiency, here we use the Marcus rate expression; the entire
scheme can be also adapted to the quantum treatment of vibrational
modes."” The microscopic quantities, such as reorganization energy,
electronic coupling, etc., are computed from first principles and serve
as an input to the master equation, the solution of which gives charge
carrier mobilities.”"””

The methodology of obtaining the reorganization energies and
electronic coupling elements is described in the Methods section. The
reorganization energies for each material are listed in Table S1 and
electronic coupling elements are shown in Fig. S1, of the supplemen-
tary material. Even though the variations of the reorganization ener-
gies and electronic coupling elements lead to variations in the
simulated mobility, u, the most significant parameter is the distribu-
tion of site energies E; within the system, characterized by the ener-
getic disorder ¢. To a certain extent, this is anticipated, as the mobility
is exceptionally sensitive to changes in the width of the disorder distri-
bution, for example, y o exp[—C (kgil)z]" ** The energetic disorder
stems from the disorder on the local electronic states which, as we will
see in Fig. 4, is Gaussian-distributed.

DENSITY OF STATES

To evaluate the site energies of holes and electrons in the 12
systems, a perturbative scheme was used, as outlined in the Methods
section. The distributions of the on-site energy differences, i.e., the dif-
ferences between the energies of the system when a selected molecule

1
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FIG. 4. The density of states (distribution of site energies) in the amorphous materials for (a) anion, with solid-state electron affinity (EAt) shown by the black dashed lines,
and (b) cation, with solid-state ionization energy (IE) shown by the black dashed lines. Experimental reference lines for ionization energy (IEc,) are shown as red dashed
lines. Gas-phase ionization energy (IEy) values obtained by M062X/6-311+-g(d,p) level of theory are shown using blue dashed lines.

is in the anionic/cationic or neutral state, including the constant inter-
nal contribution due to the gas-phase electron affinity/ionization
potential, are displayed in Figs. 4(a) and 4(b) for electrons and holes,
respectively.

The corresponding energetic disorder (widths of site energy
distributions) are summarized in Table II. In amorphous organic
materials, the energetic disorder is predominantly electrostatic;
such electrostatic interaction originates from the potential exerted
on a molecule from its specific environment. Therefore, the disor-
der is governed by the molecular static multipoles, as well as the
positional and conformational order in a given material. On the
other hand, the induction contribution stemming from the interac-
tion of microscopic dipoles (the distributions of the electrostatic
potential in the ground state are shown in Fig. S2 of the supple-
mentary material) with the localized charge carrier, reduces the
energetic disorder.'””® The electrostatic and induction contribu-
tions for each system, for both electrons and holes, are listed in
Table I

Apart from energy distributions, the long-range electrostatic
interactions of a charge with molecular dipoles can lead to spatial

55

correlations of site energies. 7 To unveil such spatial correlations, we
computed these correlations for holes and electrons, which are shown
in Fig. S3 of the supplementary material. We found that the hole and
electron site energy correlations extend up to 2-3 nm. The correlations
exhibit a decay profile with distance, approximately following the r™'
signature expected for the random dipolar disorder.”” Therefore, all of
these materials possess a correlated disorder even though their ground
state dipole moments are small for a large set of molecules. We now
analyze in more detail ionization energies, electron affinities, and the
widths of the DOSs, which we consider to be the most important
parameters for charge transport.

ELECTRON AFFINITY AND IONIZATION ENERGY

The gas-phase electron affinities (EA,) and ionization energies
(IEo) were calculated using density functional theory at the M062X/
6-311g(d,p) as well as IP/EA-EOM-DLPNO-CCSD/aug-cc-pVTZ
level of theories, as described in the Methods section and in the
supplementary material. The comparison of EA, and IE, obtained at
various levels of theory is shown in Figs. S$4-S6 (see also Table S2) of the
supplementary material. In inverse photoemission spectroscopy (IPS)

9€¥LivL G20z Aenuer g0

Chem. Phys. Rev. 2, 031304 (2021); doi: 10.1063/5.0049513 2,031304-5

© Author(s) 2021

149



Chemical Physics Reviews REVIEW

scitation.org/journal/cpr

TABLE II. (Top) energetic disorder (o, eV) for electron transport and electronic affinities (EA, eV) and (bottom) energetic disorder (o, eV) for hole transport with experimental
values (eV) and ionization energies (IE, eV) in the studied amorphous materials, with experimental values (eV) and references, where available. SCLC: space charge-limited
current, TSL: thermally stimulated luminescence, UPS: ultraviolet photoelectron spectroscopy, PESA: photoemission spectroscopy in air.

EAsim

System gsim EA, EAclec EAing EAo
BCP 0.192 0.39 —0.30 0.66 1.14
CBP 0.118 0.45 0.003 0.68 1.37
mCBP 0.151 0.41 —0.19 0.69 121
mCP 0.145 —0.27 —0.22 0.80 0.61
MTDATA 0.109 —0.11 —0.12 0.95 0.93
NBPhen 0.200 1.04 —0.43 0.58 1.58
NPB 0.098 0.12 —0.21 0.73 0.83
Spiro-TAD 0.102 0.29 —0.13 0.69 1.05
TCTA 0.189 0.08 0.01 1.43 1.90
TMBT 0.159 0.98 —0.36 0.70 1.64
TPBi 0.125 0.59 —0.18 0.69 1.35
2-TNATA 0.187 0.16 —0.10 1.04 1.47

IEsim
System asim o IE, IEgiec IEina IE ot IEexp
BCP 0.190 7.57 0.29 0.59 6.31 6.52/6.5 PESA/UPS™® "
CBP 0.096 0.125/0.10 TSL/SCLC"! 7.10 —0.05 0.59 6.37 6.07/6.1 PESA/UPS*” ¢
mCBP 0.122 0.131 TSL 7.32 0.09 0.65 6.34 6.07/6.1 PESA/UPS"”
mCP 0.127 0.140 TSL 7.38 0.21 0.77 6.14 5.98/5.9 PESA/UPS®’
MTDATA 0.079 5.70 0.12 0.54 4.88 5.13 PESA
NBPhen 0.194 0.167 TSL 7.23 0.43 0.55 5.86 5.8 UpPs®™
NPB 0.087 0.088/0.09 TSL/SCLC®" 6.25 0.20 0.60 5.28 5.47/5.4 PESA/UPS™ %
Spiro-TAD 0.090 0.110/0.09 TSL/SCLC"! 6.23 0.15 0.62 5.28 5.50 PESA
TCTA 0.122 0.110/0.10 TSL/SCLC"' 6.63 —0.02 0.79 5.62 5.71/5.7 PESA/UPS®>%°
TMBT 0.141 8.06 0.35 0.77 6.66 6.41 PESA
TPBi 0.134 0.150 TSL 7.40 0.17 0.66 6.30 6.2 Ups®*
2-TNATA 0.097 0.10 SCLC"! 5.72 0.09 0.50 4.94 5.0 ups®”

and ultraviolet photoelectron spectroscopy (UPS), the electron
affinity and ionization energy are measured as an onset of the
spectra. In simulations, to account for the finite width of the den-
sity of states (o), the solid-state electron affinities (EA,,) and ioni-
zation energies (IE.,;) were shifted by 20, such that EA = o + 2¢
or IE = a — 20, where « represents the mean of the DOS for elec-
trons or holes, respectively. The EA,, and IE,, values are summa-
rized in Table II for each material. Experimental ionization
energies are also listed in the table and shown in Fig. 4(b), for
comparison. Further to this, the comparison of solid-state IE val-
ues to the corresponding experimental values are shown in Fig. 5.
The method of obtaining IE values by photoelectron yield spec-
troscopy in air (PESA) is described in the Methods section, the
UPS values are taken from the literature, with references included
in Table II. Both gas-phase and solid-state ionization energies are
compared to PESA and UPS values in the supplementary material,

shown in Fig. S7. Additionally, the gas-phase and solid-state ioni-
zation energies and electron affinities are compared to experimen-
tal cyclic voltammetry (CV) data, shown in Fig. S8 of the
supplementary material, where the experimental method is also
described.

The IE values obtained from the DOS of the various materials
are in good agreement with the experimental IE values, as depicted
in Fig. 4(b) for the individual systems and Fig. 5 as the total corre-
lation. The computed IE,,, values are a combination of the gas-
phase IE, as well as the electrostatic and induction contributions.
This is necessary as the gas-phase IE is for a single isolated mole-
cule and does not account for the solid-state effects required to
accurately determine electronic properties. Interestingly, as shown
in Fig. S7 of the supplementary material, the linear correlation to
experimental solid-state values is already reproduced from the gas-
phase simulations, however, with a proportionality coefficient
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FIG. 5. Simulated solid-state ionization energies (IEy,) compared to experimental
values obtained by UPS: R? = 0.898 (blue) and PESA: R? = 0.900 (green). The
linear relationship (x = y) is shown by the dashed line.

different from unity. The agreement of the computed (IE,,) and
experimental IE values signifies a reasonable degree of accuracy of
the polarizable force fields.

The method deployed in the present work also enables the dis-
tinction of different contributions to the EA and IE, e.g., gas-phase,
electrostatic, and induction, shown in Table II. For all compounds, the
stabilization due to induction (Ej,q) contributes around 0.5-0.8 eV
and 0.6-1.4 eV for holes and electrons, respectively. On the other
hand, the electrostatic contribution (E.) varies from one system to
another (0.01-0.4 eV for both holes and electrons) governed by the
distribution of molecular dipoles in a given system. A closer scan of
the numbers in electrostatic contribution (Eg.. in Table 1I) reflects a
salient correlation between energetic disorder and electrostatic interac-
tions for molecules such as NBPhen, TMBT, and BCP possessing large
charge-dipole interaction. Here, the magnitudes of Ej are almost two
times higher than the rest of the materials, as well as the higher ¢ val-
ues, shown for both holes and electrons.

The energetic disorder for hole transport for each material is
taken as the width of the DOS in simulations. These values are directly
compared in Fig. 6 to experimental values from previously reported
space charge-limited current (SCLC) measurements,”’ and/or newly
carried out thermally stimulated luminescence (TSL) measurements.
Details of the SCLC measurements can be found in Ref. 61, and the
TSL measurements are described in the Methods section. The simula-
tions predict a significant variation of the energetic disorder among
these materials which features an almost twofold change spanning
from ¢ =0.09eV observed for a weakly disordered NPB, to
o = 0.19 eV obtained for highly disordered NBPhen. The experimen-
tal results demonstrate a remarkably similar trend (Fig. 6), which testi-
fies to the intrinsic nature of the large width of the DOS (¢ > 0.1 eV)
observed experimentally in most of these OLED materials, implying
the DOS of a chemically pure disordered material rather than being
significantly affected by impurity-related traps. The energetic disorder
inferred from TSL normally provides the DOS of shallower trapped
carriers, which are thermally released and recombine with the more

REVIEW scitation.org/journal/cpr
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FIG. 6. Simulated and experimental energetic disorder (eV) values for the studied
systems. SCLC (orange squares) and TSL (blue squares; R? = 0.736). The linear
relationship (x = y) is shown by the black dashed line, highlighting the correlation
of experimental and simulated values.

deeply trapped counter charges. This is because TSL is an electrode-
free technique, so the number of electrons and holes in the film is
always the same to maintain the material neutrality at any time after
the carriers were photogenerated. Once a shallower trapped carrier is
released from its trap, it will recombine with its deeper trapped coun-
terpart. Therefore, the latter sort of carriers is expected to already be
completely annihilated, and there are simply no carriers left at a tem-
perature relevant to their anticipated release from their deeper states.

The ionization energies of most of the materials measured in this
study are less than, or around 6 eV (Table II). Therefore, their hole DOS
should not be affected much by extrinsic traps, as the IE values fall
within an energy window, inside which organic semiconductors nor-
mally do not experience charge trapping.”” Materials with an ionization
energy above 6 eV will exhibit trap-limited hole transport, similarly, an
electron affinity lower than 3.6 eV will cause electron trapping to limit
electron transport.”” As the materials in this study have electron affini-
ties significantly less than 3.6 eV (Table II) shown by simulations, the
electron transport in these systems is most likely hindered by electron
trapping (as oxygen-related traps). Due to this reasoning and taking
into account that all samples were exposed to air prior to TSL measure-
ments, which makes relatively deep electron traps unavoidable, our TSL
measurements probe the hole DOS in these materials. Although the
simulated g-parameters for holes and electrons (Table II) are not appre-
ciably different, it should be mentioned that TSL measures the “effective
DOS” and even a small concentration of shallow extrinsic traps
(depending on the trap depth it can even be at trap concentration level
of ~0.1%) can give rise to a notable DOS broadening. This has been
previously demonstrated by deliberate doping of photoconductive poly-
mers with traps.”® Since the IE of CBP, mCBP, and TPBi slightly
exceeds the trap-free window threshold value of 6 €V, a certain extrinsic
hole trapping cannot be excluded here. This can explain why TSL mea-
surements for these materials yield slightly overestimated energetic dis-
order parameters, compared to the simulated values (Fig. 6).

Finally, we comment on some differences in o-parameters deter-
mined by SCLC and TSL techniques observed for some materials, e.g.,
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for CBP. This may be partially due to different film morphologies
related to different film deposition techniques used: while films for
SCLC measurements were vacuum-deposited, most of the materials
for TSL measurements were spin-coated from a solution, except NPB,
TCTA, and Spiro-TAD, which were vacuum-deposited. Another likely
reason might be due to the fact that the SCLC probes the DOS in a
large-carrier-concentration transport regime, for which deep tail states
of the DOS (and/or traps) might be filled with carriers during the mea-
surements and therefore, JV-characteristics might be governed mostly
by a shallower portion of the DOS. On the other hand, carrier concen-
tration in TSL experiments is significantly smaller (comparable to
time-of-flight experiments) and deep tail states can be well probed by
this technique.

One can also attempt to relate the observed energetic disorder to
molecular dipoles, since lattice models with randomly oriented dipoles
of equal magnitude d and lattice spacing a, yield disorder ¢ ~ d/a.
However, in a realistic morphology, both distances and dipoles can
vary from molecule to molecule, which then increases the disorder fur-
ther. It is evident from the distributions in Fig. S9 that the dipole
moments of individual molecules in an amorphous morphology vary
significantly from their equilibrium values (see Table S3 of the supple-
mentary material). Such broad distributions of dipole moments are
attributed to the presence of one or more soft dihedrals in the organic
materials. At finite temperature, rotation around such soft degrees of
freedom leads to multiple conformers. In general, systems with a nar-
row distribution of molecular dipoles in their amorphous morpholo-
gies possess small fluctuations of electrostatic multipoles in the
amorphous matrix which results in smaller energetic disorders. This
conclusion is, however, not universal since large local electrostatic

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

potential variations of TMBT, for example, can result in a sizable dis-
order despite a zero molecular dipole moment. The correlation of aver-
age dipole moment and energetic disorder for the 12 systems are
shown in Fig. S10 of the supplementary material, for both holes and
electrons. Although there is a slightly better correlation for holes com-
pared to electrons, a number of outliers remain for both, implying that
it is difficult to predict the trend in sigma, solely from the molecular
dipole moment.

CHARGE CARRIER MOBILITY

Charge transport rates were computed using the high tempera-
ture limit of classical charge transport theory” *” as given by the
Marcus rate equation. The master equation can then be solved with
kinetic Monte Carlo (KMC), providing the time evolution of the sys-
tem, giving a randomly generated trajectory of charge carrier move-
ment. This was carried out for one charge carrier (hole or electron) in
the presence of an applied electric field (F = 1 x 10* V/cm), using a
periodic simulation box. Mobilities were extracted as outlined in the
Methods section. The extrapolated dependence of mobility on temper-
ature is shown in Fig. S11 and Fig. S12 of the supplementary material,
for holes and electrons, respectively. The single-carrier mobilities at
room temperature for holes and electrons are summarized in Table
I1I. The experimentally measured mobility and the corresponding
experimental techniques used, are also listed for comparison.

Table 11T and Fig. 7 show the correlation between simulated and
experiment mobility. The remarkable agreement of simulation and
experiment is particularly evident for hole mobilities. On the other
hand, for electron mobilities, a larger deviation is observed between
experiment and simulation, where simulated results indicate a

TABLE Ill. Room temperature hole and electron mobility (cm?V s), achieved from simulations of the amorphous organic materials, with experimentally achieved mobilities and
the corresponding techniques used, references included. TOF: time-of-flight experiment, SCLC: space charge-limited current method.

System o M T M
BCP 6.42 x 107" 6.59 x 107°
CBP 491 x 107 22 %107 SCLC®! 3.64 x 107
5.0 x 107* TOEF®
mCBP 9.00 x 107* 8.24 x 107
mCP 235 x 107 5.0 x 107* TOF”" 1.35 x 1077
MTDATA 1.56 x 10~ 1.3 x 107 TOF”! 817 x 10°°
NBPhen 241 x 107" 622 x 10710
NPB 204 x 107 23 %107 SCLC” 4.04 x 107 (6-9) x 107 TOF**
27 x107* TOF”!
Spiro-TAD 499 x 107 3.1 x10* SCLC"’ 3.67 x 107°
5.0 x 107 TOF”?
TCTA 1.00 x 107 89 x 107 SCLC®! 1.61 x 107° <108 Ref. 74°
2.0 x 107* TOF”?
TMBT 7.47 x 10°° 6.38 x 107° 12x10™* TOF””
TPBi 1.18 x 1077 1.18 x 107 6.5 x 107 SCLC”®
(3-8) x 107° TOF”
2-TNATA 1.72 x 107 27 %1077 SCLC®! 4.64 x 10°° (1-3) x 107* TOF™
(2-9) x 107> TOF*®

“Not measurable by TOF.
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FIG. 7. Room temperature hole and electron mobility (1) values achieved by simu-
lation and compared to experiment values where available. Hole-TOF (red):
R? = 0.95 and hole-SCLC (yellow): R? = 0.94; electron-TOF (blue): R? = 0.64
and electron-SCLC (green). The linear relationship (x = y) is shown by the black
dashed line, highlighting the correlation of experimental and simulated values.

systematic underestimation of experimental measurements. There are
several possible explanations to account for these discrepancies. First,
due to the much larger energetic disorder for electrons in certain mate-
rials (Table II) when compared to holes, the electron mobility will be
inherently lower. As a result of the large disorder found in 2-TNATA,
the simulated and experimental mobilities show large variation. This
may stem from energetic traps in the simulated morphology, which
can lead to lower mobility values. To highlight the significant role of
energetic disorder on the simulated mobility, a correlation plot is
shown in Fig. 8, for both holes and electrons.

Due to different morphologies, the structural and energetic disor-
der can differ significantly between simulation and experiment.
Despite the reasonable agreement for energetic disorder for hole trans-
port, shown in Fig. 6, the experimental systems used for the mobility
correlation are a collection of referenced values from various studies,
with potentially significant variations in disorder.

It should also be noted that the simulated morphologies for the
12 systems do not account for the presence of carrier traps formed by
structural defects or impurities such as water, which are typically
unavoidable in reality. However, the inclusion of carrier traps in the
simulated morphology would, in fact, lead to larger deviation between
simulated and experimental mobilities. As previously stated, hole or
electron transport have been shown to become trap-limited in materi-
als with an IE greater than 6 eV or an EA less than 3.6 eV, respec-
tively.”” Therefore, direct comparison of simulation and experiment
mobilities may be difficult when considering low EA and high IE
materials.

Finally, the takeaway message here is that the width of the density
of states is the key property in determining the mobility (Fig. 8).
Hence, accurate predictions of the DOS should be given priority when
prescreening OLED hosts. DOS width correlates with some extent
with the molecular dipole, but this correlation has too many outliers,
e.g,, due to conformational freedom or higher order multipoles and
therefore, cannot be used as a reliable descriptor for mobility
predictions.
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FIG. 8. Correlation of simulated mobility () and energetic disorder (a) for (a) holes
and (b) electrons. The dashed lines are lines of best fit for the corresponding data,
to serve as a visual aid.

OUTLOOK

It is clear that a molecular library of OLED hosts would be
invaluable, permitting the swift evaluation of new materials. The key
question is how accurately and reliable a combination of various simu-
lation techniques can predict relevant material properties, to bring pre-
screening a step closer.

For the simulated morphological properties, the T, comparison
showed large variation to experimental values, suggesting that the cur-
rent approach needs to be improved for accurate evaluation of ther-
mally stable materials. Reliable methods for predicting T, and accurate
atomistic force fields are the key improvements required for more
accurate simulation results.

The morphologies used for charge transport simulations revealed
that the inaccuracies in T, predictions had no significant impact on
simulated ionization energies. In this respect, PESA measurements
and UPS data taken from the literature, as well as cyclic voltammetry
measurements, are in an excellent agreement with simulation results,
supporting our confidence in the polarizable force fields used for eval-
uation of the solid-state electrostatic contribution. The situation is
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somewhat different for electron affinities, where using different com-
putational techniques led to large variation of the gas-phase electron
affinity values, even at a computationally affordable variation of the
coupled cluster implementation. Moreover, there is no clear bench-
mark possible for the solid-state because of the sparse availability of
the inverse photoemission spectroscopy measurements.

Accurate solid-state energetics allowed us to predict the density
of states which, when compared to the thermally stimulated lumines-
cence measurements, showed a similar trend. The energetic disorder
can be potentially correlated with the distribution of molecular dipoles,
but the extent of this will require further investigation to be conclusive.

Finally, the simulated charge carrier mobility showed a remark-
able agreement with experimental values, particularly for hole trans-
port where energetic disorder is typically lower. The accurate
prediction of energetic disorder is therefore vital, as it has a significant
impact on mobility.

Overall, the correlation of simulation and experimental results
has been used to validate the accuracy of the force fields and the simu-
lation methods, as an initial step toward building a larger molecular
library. The agreement of simulation and experiment for the various
parameters, particularly mobility, highlights the predictive capability
of the outlined methods and the simulation workflow. The next step is
to expand this library with further materials, in an effort to draw
structure-property conclusions for effective prescreening.

METHODS
Gas-phase ionization energy and electron affinity

For the isolated molecules, density functional theory
(DFT)-based electronic structure methods were used to compute gas-
phase ionization energy (IE;) and electron affinity (EA) using the
Gaussian09 program.”” For this, the neutral molecule in the neutral
geometry (E,x), as well as the charged molecule in the charged geome-
try (Ecc), are computed. The IE, and EA, values are then calculated as
E.c - E.n, where E represents the cationic and anionic state,
respectively.

The prediction of accurate IEs and EAs remain a challenge in
electronic structure theory, primarily due to the self-interaction error’’
(SIE) or localization/delocalization®’ error, inherent to commonly
used DFT functionals. In a series of recent reports,**'** the impor-
tance of considering long-range corrected hybrid functionals has been
demonstrated, such that the SIEs in DFT description of molecules can
be reduced. Therefore, adiabatic IE, and EA, calculations were per-
formed by employing a range of DFT functionals: PBEPBE, B3LYP,
CAM-B3LYP, wB97X-D, M062X, and LC-wPBE, combined with the
basis set 6-311+g(d,p). The IEs and EAs are compared for each of the
12 organic molecules and each DFT functional, as shown in Fig. S4 of
the supplementary material. Different levels of theory are also com-
pared in Fig. S5 and Fig. S6.

It is evident that calculations performed using PBEPBE and
B3LYP underestimate IE, compared to other functionals, an observa-
tion which is attributed to an underestimation of Kohn-Sham eigen-
value by hybrid functionals, leading to significant overscreening of the
Coulomb interaction. Overall, the IE, is better predicted than the EA,
for the given molecules. This is clear when comparing the Cam-
B3LYP, wB97X-D, and M062X functionals, as there is greater varia-
tion in the EA prediction. The small deviation among these functions,
with regard to the IE,, makes any of the three a suitable choice

scitation.org/journal/cpr

(M062X is the chosen functional for comparison to experimental IE
and EA values in this study).

Molecular dynamics

DFT methods were then used to accurately parameterize the
empirical OPLS-AA force field,"* ' for the 12 chemically diverse mol-
ecules. All Lennard-Jones parameters were taken from this force field
in combination with the fudge-factor of 0.5 for 1-4 interactions.
Atomic partial charges were computed using the ChelpG*” scheme for
electrostatic potential fitting as implemented in Gaussian09,”* employ-
ing the ground state electrostatic potential determined at the B3LYP/
6-311+4g(d,p) level of theory.

In order to generate amorphous morphologies, molecular
dynamics (MD) simulations were carried out using the GROMACS
simulation package.”**” The amorphous state was generated by an
annealing step, followed by a rapid quenching to lock the molecules in
a local energy minimum. This procedure has been previously applied
for the preparation of amorphous structures of OLED materials.”"*
The starting configurations used in the MD simulations were prepared
by randomly arranging 3000 molecules in a simulation box using the
Packmol program.” These initial structures were energy-minimized
using the steepest-descent method and annealed from 300-800 K, fol-
lowed by fast quenching to 300 K. Further equilibration for 2 ns and 1
ns production runs were performed at 300 K. All simulations were per-
formed in the NPT ensemble using a canonical velocity rescaling ther-
mostat,”’ a Berendsen barostat for pressure coupling,”’ and the
smooth particle mesh Ewald technique for long-range electrostatic
interactions. A time step of 0.005 ps was used to integrate the equa-
tions of motion. Non-bonded interactions were computed with a real-
space cutoff of 1.3 nm.

To obtain the glass transition temperature of each material, a
similar procedure was carried out with a time step of 0.001ps. The
material was first equilibrated at 800 K, followed by gradual cooling to
0K at a rate of 0.1 K/ps. The change in density as the material was
cooled was used, in combination with two linear fits (the linear fitting
procedure is described in the supplementary material) to extract the
intersection point, giving the T, value.

Density of states

We used MD simulation trajectories to evaluate the site energies
of holes and electrons by employing a perturbative scheme. In this
approach, the electrostatic and induction energies are added to the
gas-phase energies (IE; or EAy), to obtain the total site energy. The
electrostatic contribution is calculated with the use of Coulomb sums
based on distributed multipoles (obtained from the GDMA pro-
gram’”) for neutral and charged molecules in their respective ground
states. The polarization contribution is computed using a polarizable
force field based on the Thole model””* with isotropic atomic polariz-
abilities (o,;) on atoms a in molecules i. Aperiodic embedding of a
charge method™ as implemented in the VOTCA'" package, was
used for these calculations.

Coupling elements

The transfer integral or coupling elements, J; = <¢7" | F1 | d)’ _>,
represent the strength of the coupling of the two frontier orbitals [¢')
and |¢/) localized on each molecule in the charge transfer complex. It
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is highly sensitive to the characteristic features of the frontier orbitals
as well as the mutual orientations of the two molecules and follows an
exponential decay with distance. The electronic coupling elements
shown Fig. S1 of the supplementary material, were computed for each
neighboring molecular pair (ij) using a projection method.”*"”
Molecular pairs were added to the neighbor list, with a center-of-mass
distance cutoff (between rigid fragments) of 0.7 nm. These calculations
were performed at PBEPBE/6-311+g(d,p) level of theory using the
Gaussian09”* and VOTCA'**’ packages. The frozen core approxima-
tion was used with the highest occupied molecular orbitals providing a
major contribution to the diabatic states of the dimer.

Reorganization energies

The reorganization energy of the system takes into account the
charging and discharging of a molecule. When a charge moves from
molecule i to molecule j, there is an intramolecular contribution (iij“t),
due to the internal reorganization of the two molecules and an inter-
molecular, known as an outersphere contribution ()vg.“t), due to the
relaxation of the surrounding environment. " The internal reorgani-
zation energy is calculated as )f;j‘.“ = (UF¢ = U™) + (UN - U©),
for molecule i and j, where the lowercase represents the neutral (n) or
charged (c) molecule and the uppercase represents the neutral (N) or
charged (C) geometry. The reorganization energies are summarized
for holes and electrons in Table S1 of the supplementary material, for
each of the systems. The individual contributions were calculated by
DFT using the B3LYP/6-311+g(d,p) level of theory. In the current
work, we ignore the outersphere contribution to the reorganization
energy, since in the amorphous solids considered here, the Pekar factor
is on the order of 0.01," leading to a relatively small contribution to
the total reorganization energy.

Mobilities

Mobilities were extracted as p = (v)/F, where (v) is the average
projection of the carrier velocity in the direction of the field
(F =1 x 10* V/cm). The convergence of simulated mobilities with
respect to the system size (i.e., a sufficient number of sites for the simu-
lated transport to be nondispersive) due to energetic disorder must be
ensured. For this purpose, the critical temperature (within Gaussian
disorder model), T¢, at which the transition from dispersive to nondis-
persive regime takes place, was estimated and is shown in Fig. S11 and
Fig. S12 of the supplementary material. The mobilities obtained in the
nondispersive regimes are then fitted with an empirical temperature
dependence, allowing for extrapolation of the nondispersive charge
carrier mobility at room temperature. Details of such calculations can
be found elsewhere in Refs. 98 and 99. All charge transport calcula-
tions were performed using the VOTCA package.”*’

Glass transition temperature: Differential scanning
calorimetry (DSC)

For determination of the glass transition temperature (Ty) at
Merck KGaA, Darmstadt, Germany, we used differential scanning cal-
orimetry (DSC) analyzing samples of 10-15 mg in DSC 204/1/G
Phonix from Netsch. Samples were heated by 5°C/min up to 370°C
then cooled by 20 °C/min to 0°C and finally heated again by 20°C/
min to 370 °C, where T, was determined by the kink in heat flow vs
temperature using the temperature corresponding to half the drop in

scitation.org/journal/cpr

heat flux. Only for BCP and TMBT, this protocol did not yield a signif-
icant kink. TMBT was expected to be the lowest T, material from sim-
ulation, so we tried other protocols to measure T,. We finally used a 5
mg TMBT sample in DSC Discovery from TA Instruments in nitrogen
atmosphere and first heated by 20 °C/min up to 320 °C, then for cool-
ing, quenched the sample by liquid nitrogen and finally heated by
20°C/min up to 320 °C, where the Tg was observed. Other protocols
we tried for TMBT without the cooling quench did not lead to obser-
vation of Ty

lonization energies: Photoelectron yield spectroscopy
in air (PESA)

Photoelectron yield spectroscopy in air (PESA) was performed
on 50nm thick thermally evaporated films at Merck KGaA,
Darmstadt, Germany, using the surface analyzer AC-3 from RIKEN
KEIKI Co., Ltd. The film is exposed to monochromatic light from a
deuterium-lamp, with incident photon energy between 4 and 7 eV
(increased in steps of 0.05 eV),'"” while an open counter analyzes the
photoelectron yield."”" The square root of this photoelectron yield is
plotted vs energy of the incident photons. The underground is taken
as the average horizontal line through the measurement points for low
photon energies. The ionization potential is calculated as intersection
of the underground and a fit to the onset of the square root of the pho-
toelectron yield.

Due to the energy step size and this fitting procedure, which is
done manually, an error bar of roughly +0.06 eV must be associated
with the obtained ionization energies as we have verified by repeated
measurement and evaluation. As compared to UPS measurements of
films, PESA has the advantage that the penetration depth of photons
of 7 eV is roughly 10 nm, while for UPS, only the top 0.5nm of the
film can contribute, so PESA is measuring bulk properties of the film.

Energetic disorder: TSL technique

TSL is the phenomenon of luminescent emission after removal of
excitation (UV light in our case) under conditions of increasing tem-
perature. Our TSL measurements were carried out over a wide tem-
perature range from 5 to 330K using an optical temperature-
regulating helium cryostat. When exciting a sample optically with
313 nm light for typically 3 min at 4.2 K, the charge carriers are gener-
ated and populate trapping states. Once the sample is heated up,
trapped charge carriers are released and then recombine, producing a
luminescence emission. TSL measurements were performed in two
different regimes: upon uniform heating at the constant heating rate
0.15K/s and under the so-called fractional heating regime.'”” In the
latter regime, we apply a temperature-cycling program in which a large
number of small temperature oscillations are superimposed on a con-
stant heating ramp that allows determining the trap depth with high
accuracy. This applies when different groups of traps are not well sepa-
rated in energy or are continuously distributed, which is of special rele-
vance for disordered organic solids where the intrinsic tail states can
act as traps at low temperatures. The details of the TSL measurements
have been described elsewhere in Refs. 103-105.

Technically, TSL is a relatively simple technique with a straight-
forward data analysis. However, it should be noted that the mecha-
nism of TSL in amorphous organic semiconductors with a broad
energy distribution of strongly localized states, differs from the
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mechanism commonly accepted for crystalline materials with band-
type transport where a discrete trapping level model is applicable. A
specific feature of amorphous solids is that the localized states within
the lower energy part of the intrinsic DOS distribution can give rise to
shallow charge trapping at very low temperatures, and as a conse-
quence, TSL can be observed even in materials where the “trap-free
limit” has been postulated. Since TSL measurements are normally per-
formed after a long dwell time after photoexcitation, the initial energy
distribution of localized carriers is formed after low-temperature
energy relaxation of photogenerated carriers within a Gaussian distri-
bution of DOS. Theoretical background for application of TSL for
probing the DOS distribution in disordered organic systems has been
developed,'”*'%° using a variable-range hopping formalism and the
concept of thermally stimulated carrier random walk within a posi-
tionally and energetically random system of hopping sites. The theory
proves that the high temperature wing of the TSL curve in such amor-
phous materials should be an exact replica of the deeper portion of the
DOS distribution'”'%° and yields the effective DOS width.
Kadashchuk and co-workers have applied low-temperature fractional
TSL to investigate the intrinsic energetic disorder in a variety of impor-
tant semiconducting polymers, oligomers, and hybrid metalorganic
perovskites (see, for instance Refs. 103-109). A clear advantage of TSL
is that it is a purely optical and electrode-free technique. This helps to
eliminate interface/contact effects and, most importantly, it allows
DOS measurements even in materials with large energy disorder
where the charge transport is very dispersive.

SOFTWARE AND INPUT FILES

All simulations were performed with the open-source software
package VOTCA.""" Atomistic and polarizable force fields, VOTCA
input files, and analysis scripts are available in the Materials Library git
repository, version 10"

SUPPLEMENTARY MATERIAL

See the supplementary material for additional material proper-
ties, including: reorganisation energies, transfer integrals, comparison
of gas phase ionisation energies, and dipole moments. Experimental
TSL curves are also shown.
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System Aholes Aelectrons
BCP 0.41 0.41
CBP 0.13 0.53
mCBP 0.05 0.53
mCP 0.08 0.11
MTDATA 0.45 0.19
NBPhen 0.17 0.27
NPB 0.31 0.17
Spiro-TAD 0.22 0.27
TCTA 0.24 0.15
TMBT 0.13 0.28
TPBI 0.25 0.39
2-TNATA 0.42 0.12

Table S1 Reorganisation energies (L) for holes and electrons, listed for each of the systems,
calculated by DFT using B3LYP/6-311+g(d,p) level of theory
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Figure S1 Distributions of the logarithm of the transfer integral J for (a) hole and (b)
electron transport constructed from diabatic states based on the whole molecule.
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Figure S2 Iso-electrostatic potential surfaces, which are primarily responsible for the solid-
state contribution to the ionization energy and the width of the density of states, for the
organic semiconductors investigated in this work; BCP, CBP, mCBP, mCP, MTDATA,
NBPhen, NPB, TCTA, TMBT, TPBI, Spiro-TAD and 2-TNATA.
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Figure S3 Site energy correlations for (a) holes and (b) electrons as a function of
intermolecular distance in the amorphous organic semiconductors.

161



162

{a)

{(b)

BCP

CBP
mCBP
mCP
MTDATA
NBPhen
NPB
Spiro-TAD
TCTA
TMBT
TPBI
2-TNATA

|Esp — oM — DLPNO — ccsp [€V]

7.5 1

7.0 1

6.5 A

6.0 A

5.5 A

5.0 A

4.5

R? = 0.89
slope = 1.31

6 7

8.0-
7.5-
_ 7.0- <
LE 6.5- 5
6.0-
5.5-
50_] ‘ | |
& R Q o o+ 3
S S &
o
Figure S4 Gas phase (a) ionisation energies (IEo) and electron affinities (EAo) of the twelve
organic semiconductors, as a function of DFT functionals, with the basis set 6-311+g(d,p).
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Figure S5 Comparison of experimental ionisation energies (IEexp) and simulated (solid
state) ionisation energies (IE:w), with the gas phase (IEo) obtained from different levels of
theory: M062X/6-311+G(d,p), o-tuned LC-oPBE(LC-oPBE*)/may-cc-pVTZ! and IP-
EOM-DLPNO-CCSD/aug-cc-pVTZ.?
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Figure S6 Simulated (solid state) electron affinity (EAuw) with the gas phase (EAo) obtained
from different levels of theory: MO06-2X/6-311+G(d,p), o-tuned LC-oPBE(LC-
oPBE*)/may-cc-pVTZ! and EA-EOM-DLPNO-CCSD/aug-cc-pVTZ.2 Due to the lack of
experimental data, the comparison is made between M062X and other levels of theory.

EAo IEo
EA-EOM- IP-EOM- | Optimal
System JSEt. | DLPNO- | LC-0PBE’ | DLPNO- Do
CCSD CCSD

BCP 0.26 NA 757 7.82 0.176
CBP 0.23 0.07 7.07 7.19 0.177
mCBP 0.15 0.18 717 7.31 0.180
mCP 0.16 0.47 7.24 7.37 0.180
MTDATA | 002 NA 5.74 NA 0.141
NBPhen 0.97 0.61 7.08 7.41 0.150
NPB 0.18 0.24 6.40 6.45 0.175
Spiro-TAD | 0.42 NA 5.90 NA 0.125
TCTA 0.26 0.14 6.62 NA 0.152
TMBT 0.87 0.63 7.98 8.36 0.173
TPBI 0.39 0.05 755 NA 0.157
2TNATA | 036 NA 5.83 NA 0.150

Table S2 IE; and EA, (eV) obtained at LC-wPBE*/may-cc-pVTZ and IP/EA-EOM-
DLPNO-CCSD/aug-cc-pVTZ. The optimal o for each compound is also listed (Bohr?).
Due to the limit of system size, we do not have values for all compounds using EOM-
DLPNO-CCSD method (listed as NA).
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IEo/EA0 Technical details:

To reduce the self-interaction error in DFT, it has been proposed to take ® in range-separated
functionals as a parameter for further optimization. The optimization procedure for IE utilizes
the fact that minus HOMO of a system equal to its IE in exact density functional theory. The
o that fulfils this criterion is then considered the optimal ® that significantly reduces the self-
interaction error. This m-tuned optimization procedure for IE has been extended to have a
balance description for charge-transfer states* and HOMO-LUMO gap.! This is achieved by
introducing the target function (J) to be minimized, defined as

J = |IEN + ex momo| + [ IE4 + €4 momol

where the capital N and A stands for the neutral and anionic states, respectively. Here we
followed a protocol similar to that proposed by Brédas et al.! The anionic and neutral ground
state geometries were optimized at the ®B97XD/6-311G(d,p) level. The w-tuning procedure
was performed using LC-oPBE/may-cc-pVTZ. The optimal @ for each compound is shown in
Table S2.

Another way to avoid the self-interaction error in DFT is to adopt a wavefunction-based
method. The IP/EA-EOM-DLPNO-CCSD method has shown to be an affordable method for
large molecules with a reasonable accuracy.?® We hereby utilized these methods for IEo/EAo
computations. For details of the setting, we used aug-cc-pVTZ basis set with AutoAux (or
def2/JK in case of convergence issue) and aug-cc-pVTZ/C auxiliary basis set. The Normal
PNO scheme was used and the CutPNO Singles is set to 1le-10.
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Figure S7 Simulated gas phase ionisation energies (Egas) compared with experimental
UPS: red squares (R?=0.878) & PESA.: yellow triangles (R?=0.925). Simulated solid-state
ionisation energies (Etot) compared with experimental UPS: blue squares (R?=0.898) &
PESA: green triangles (R?=0.900). The linear relationship (x=y) is shown by the black
dashed line, highlighting the correlation of experimental and simulated solid state
ionisation energies. For comparison, the grey dashed line is used as a visual aid to show
the shift of gas phase ionisation energies.

Cyclic Voltammetry (CV) measurements:

For Cyclic Voltammetry measurements at Merck KGaA, Darmstadt, Germany we have used a
potentiostat from Metronom PAUTOLAB type Il in a three-electrode setup including
working-electrode (Au), counter electrode (Pt) and reference-electrode (Ag/AgCl, KCI 3 M).
Oxidation was measured in DCM and reduction in THF and tetrabutylammonium
hexafluorophosphate (0.11 M) was added as electrolyte. As internal standard we have used
ferrocene or decamethylferrocene. lonisation energies (IE) and electron affinities (EA) were
calculated according to the following relationships where Eox and ERed are taken as half-step
potential .

IE =-4.8 eV — Eox vs. Fc/Fc+
EA =-4.8 eV — ERed vs. Fc/Fc+

Errors for single IE measurements are +-0.0leV as we have analysed for repeated
measurements for independently prepared solutions of the same material. In case of EA, the
lower conductivity of THF as compared to DCM leads to stronger voltage drop in the solution
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which broadens the reduction peaks and leads to a larger error of +-0.02eV for EA

measurements.

These errors

are estimated for

reversible and well

resolvable

oxidation/reduction peaks and will increase in case of multiple (overlapping) peaks or if EA or
IP are close to the limit of measurable potential range.
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Figure S8 (a) Experimental CV (HOMO) data compared with simulated gas phase
ionisation energy (IEgs) orange (R?=0.9436) and simulated solid state ionisation energy
(IEtot) blue (R?=0.8816). (b) Experimental CV (LUMO) data compared with simulated gas
phase electron affinity (EAqss) red (R?=0.6974) and simulated solid state electron affinity
(EAwt) green (R?=0.3742). The dashed lines are the lines of best fit for the values of
matching colour, to serve as a visual aid.
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Figure S9 Distribution of molecular dipoles in the amorphous morphology for the twelve
organic materials, calculated from MD simulations at 300K, with the partial charges
obtained by GDMA.

System d DFT <d> MD std(d) MD
BCP 291 1.53 0.24
CBP 0.0001 0.87 0.43
mCBP 0.95 2.03 0.87
mCP 1.27 1.52 0.20
MTDATA 0.79 1.48 0.57
NBPhen 3.43 2.56 0.36
NPB 0.31 0.71 0.30
Spiro-TAD 0.001 0.58 0.26
TCTA 0.01 0.67 0.31
TMBT 0.01 0.77 0.37
TPBI 6.33 1.89 1.86
2-TNATA 0.56 1.02 0.40

Table S3 Dipole moment (d) (Debye) of an isolated molecule obtained from quantum
chemical calculations (DFT) using M062X/6-311+g(d,p) level of theory (d DFT). The
average dipole moment from molecular dynamics simulations, calculated at 300K, using
the partial charges obtained by GDMA?® (<d> MD) with standard deviation (std(d) MD).
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Figure S10 The average dipole moment from molecular dynamics simulations, calculated
at 300K, using the partial charges obtained by GDMA ({d), MD), plotted against the
energetic disorder for the twelve systems, for (a) holes and (b) electrons. The dashed lines
are lines of best fit, to serve as a visual aid of the correlation.
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Figure S11 Hole mobility (u) temperature (T) dependence for the twelve systems,
including the estimated critical temperature (within Gaussian Disorder model) Tc, at which
the transition from dispersive to nondispersive regime takes place (dashed black line).
Calculated for one charge carrier (hole) at a range of high temperatures, with an applied

3
field F = 1x10* V/cm. (x-axis: % x 103 K~1 & y-axis: In [TEM(T)] ) Further information

regarding the temperature dependence, explanation of the fitting procedure and extraction
of room temperature mobilities can be found here.’
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Figure S12 Electron (p) temperature (T) dependence for the twelve systems, including the
estimated critical temperature (within Gaussian Disorder model) Tc, at which the transition
from dispersive to nondispersive regime takes place (dashed black line). Calculated for
one charge carrier (electron) at a range of high temperatures, with an applied field F =

3
1x10*V/cm. (x-axis: % x 103 K~1 & y-axis: In [Tiy(T)] ) Further information regarding
the temperature dependence, explanation of the fitting procedure and extraction of room
temperature mobilities can be found here.’
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Glass Transition temperature — linear fitting procedure:

To reduce human error and any inaccuracies in choosing the range for linear fitting, we plotted
the R? value as a function of temperature with a 200 K range (see Figure S13), i.e. [T-200, T]
for T<[200, 800]. The valley observed in such a plot characterises the non-linear transition in
the density-temperature plot. We define the hill tops (maximum R? value) on two opposite
sides of the valley as the optimal fitting ranges.
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Figure S13 R? as a function of temperature with a range of 200K [T-200, T].

171



Thermally stimulated luminescence (TSL)
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Figure S14(a) Normalized spectrally integrated TSL glow curve measured at the constant
heating rate 0.15 K/s after excitation with 313nm-light for 3 min at 4.2 K in NPB, Spiro-
TAD, CBP, mCBP, and NBPhen films (curve 1, 2, 3, 4, 5, respectively). (b) “Gaussian”
analysis of high temperature wings of the TSL curves shown in (a). The temperature scale
was converted to a trap energy scale <Ea>(T) using the following empirical calibration
relation <Ea>=0.0032xT-0.091 (in eV) (see 8 for details) obtained by fractional TSL
measurements, and then the high-temperature part of the TSL signal intensity was plotted
logarithmically against <Ea>2. The slope of the straight lines is a measure of the DOS
width, and the extracted o-parameters for the above materials are listed in the Inset. More
details about the TSL data analysis can be found elsewhere.®
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Figure S15 (a) Normalized spectrally integrated TSL glow curve measured at the constant
heating rate 0.15 K/s after excitation with 313nm-light for 3 min at 4.2 K in TCTA and
TPBi films (curve 1 and 2, respectively). (b) “Gaussian” analysis of high temperature
wings of the TSL curves shown in (a), which is done using the same procedure as
mentioned in Figure S14(b).
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Figure S16 (a) Normalized spectrally integrated TSL glow curve measured after excitation
with 313nm-light for 3 min at 4.2 K in a mCP film. (b) “Gaussian” analysis of high
temperature wings of the TSL curve shown in (a), which is done using the same procedure
as mentioned in Figure S14(b).
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It is generally believed that intrinsic charge generation via an autoionization mechanism in pristine
single-component organic semiconductors is impossible upon photoexcitation within the lowest excited
singlet state due to the large exciton binding energy. However, we present measurements of thermally
stimulated luminescence, light-induced ESR, and photocurrent in the carbazole-based molecule 3',5-
di(9H -carbazol-9-yl)-[1,1’-biphenyl]-3-carbonitrile (mCBP-CN) films, revealing that charge-carrier pairs
are efficiently produced upon excitation near their absorption edges. The photocurrent measurements show
a superlinear dependence on the cw-photoexcitation intensity even at very low excitation power (below
1 mW/cm?), suggesting a bimolecular nature of the charge photogeneration process. The photocurrent
measured over a broad temperature range of 5-300 K exhibits a prominent maximum at moderately low
temperature around 170 K and rolls off significantly at higher temperatures. This correlates remarkably
with the maximum of delayed fluorescence induced by bimolecular triplet-triplet annihilation (TTA), i.e.,
triplet fusion, in this material. This behavior implies that the photocurrent is governed mainly by the TTA-
induced production of geminate pairs and only a little by their subsequent dissociation. Moreover, we find
that the field-assisted dissociation probability of photogenerated charge pairs becomes almost temperature-
independent at temperatures below 100 K. This can be quantitatively described using a charge dissociation
model accounting for the energy disorder and the distribution of geminate-pair radii. The key conclusion
of this study is that triplet fusion can promote the energy up-conversion (to 5.42 eV), thereby enabling
the autoionization of a high-energy neutral excited state. This serves as the predominant mechanism of
intrinsic photogeneration in this single-component heavy-atom-free system. We attribute the effect to effi-
cient intersystem crossing in mCBP-CN, a high triplet energy level (2.71 eV), and very long-lived triplet
excitations. A broader implication of this finding is that the so far neglected mechanism of TTA-facilitated
charge-carrier generation might be relevant for organic long-persistent luminescence materials, and even
for organic photovoltaics and potentially for photocatalytic water splitting processes.

DOI: 10.1103/PhysRevApplied.20.064029

I. INTRODUCTION where the high density of spin-triplet excitons and their
ability to diffuse facilitate a non-negligible encounter
probability during their (long) lifetime. Efficient photon
energy up-conversion (UC) enabled by TTA under low
excitation intensities is a well-established phenomenon for

Triplet-triplet annihilation (TTA) is a common
bimolecular process that can occur in any organic solids

*Corresponding author. kadash@iop.kiev.ua organic two-component systems employing heavy metal
Tandriy.kadashchuk@uni-bayreuth.de organic complexes as triplet sensitizers [ 1-5]. This implies
fAuthors contributed equally to this work the population of a singlet excited state via fusion of
2331-7019/23/20(6)/064029(16) 064029-1 © 2023 American Physical Society
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two lower-energy triplet excitons sensitized by embedded
triplet “sensitizers” in a fluorescent “emitter’” host material.
Because these triplet sensitizers exhibit a high triplet popu-
lation at room temperature, the TTA-UC in such composite
films can occur at continuous-wave (cw)-excitation inten-
sities as low as around 1 mW/cm? of noncoherent light.
Therefore, such bimolecular energy UC is of interest for
various photonic applications [6—S8]. It is particularly inter-
esting for organic solar cells, since it potentially enhances
the efficiency of photovoltaic devices. The efficiency
increase occurs, for example, by utilizing near-infrared
photons beyond the band gap of solar cells via their UC
to visible light [9] or by limiting triplet-related nonradia-
tive losses [10,11]. The TTA-UC process is also viewed as
an alternative or complementary mechanism to thermally
activated delayed fluorescence and phosphorescence emit-
ter strategies of utilizing the nonemissive triplets in organic
light-emitting diode (OLED) devices [12—14], which may
also solve the problem of the “efficiency roll-off” associ-
ated with these devices. Moreover, considering the easily
tunable excitation and/or emission wavelength and low
power excitation, the TTA-UC organic systems can be
especially promising for photocatalytic water splitting to
produce hydrogen [15], as they could be combined with a
variety of photocatalysts that are only photoactive under
ultraviolet light or in the short-wavelength region of vis-
ible light. In this study, we highlight another intriguing
application of TTA as a major mechanism of intrin-
sic photocurrent (PC) generation in a single-component,
heavy-atom-free annihilator medium, showing self-TTA.
This mechanism has just recently been suggested for the
single-component metal-organic complex of platinum(II)
octaethylporphyrin (PtOEP) containing a heavy atom [16].

It is generally established that thermally stimulated
luminescence (TSL) [17] and light-induced electron spin
resonance (LESR) techniques [18,19] are valuable tools
for probing trapped charge carriers in organic semiconduc-
tors. Of particular relevance is that both are electrode-free
techniques that allow the separation of interface or contact
effects from intrinsic bulk effects and do not require good
charge transport in the material. Moreover, these tech-
niques can be applied at very low temperature, enabling
the characterization of even very shallow charge trap-
ping. A lesser-known aspect of their use is that the action
spectra of TSL and LESR signals could also provide
essential information regarding charge-carrier photogener-
ation mechanisms in these materials [20,21]. Indeed, the
LESR action spectra measured in films of the conjugated
polymers of cyano-substituted poly(p-phenylene vinylene)
(CN-PPV) and poly(2-methoxy,5-(2'-(ethyl-hexyloxy)-p-
phenylene vinylene) (MEH-PPV) have demonstrated a
clear threshold behavior at energies significantly exceed-
ing the energy of the lowest singlet exciton (S}) transition,
which was found to match well with the PC action spectra
reported for PPV derivatives [22]. The latter was attributed

to intrinsic bulk charge-carrier photogeneration and the
observed energy offset relative to the absorption spectra
can provide an estimate for the exciton binding energy.

Similar behavior has been observed for the action spec-
tra of TSL measured for various PPV derivatives [20,23];
namely, the TSL signal drastically increased with increas-
ing excitation photon energy well above the Sy — S|
absorption edge of these polymers. Thus, since TSL in
organic semiconductors is believed to arise from the
recombination of long-range geminate charge-carrier pairs
[17,24,25], the TSL action spectra can be used to assess
the carrier photogeneration efficiency in response to exci-
tation photon energy. It is important to note that TSL
probes geminate pairs generated predominantly through
intrinsic photogeneration. This is because (i) TSL excludes
electrode-sensitized charge photogeneration, in contrast
to the thermally stimulated current technique [26], and
(i) any geminate pairs generated extrinsically via exci-
ton dissociation at incidental (most likely acceptor-like)
impurities, such as oxygen, are expected to recombine
nonradiatively at impurity moieties that serve as recom-
bination centers and thus make no contribution to the TSL
signal. Despite this, some organic semiconductors, such as
ladder-type methyl-substituted poly(phenylene), poly(N-
vinyl carbazole), and different polyfluorene derivatives,
show a surprisingly strong TSL under excitation at the
optical absorption edge, with no appreciable dependence
of TSL intensity on excitation photon energy above the
optical gap [17,24]. This phenomenon has so far remained
unresolved.

The present study was motivated by an intriguing recent
observation of strong TSL signals under excitation at
the optical absorption edge in pristine amorphous films
of a large set of small-molecule carbazole-based OLED
host materials [25,27], implying efficient carrier photopro-
duction within the lowest excited singlet state in single-
component materials. This work focuses on 3',5-di(9H-
carbazol-9-yl)-[1,1’-biphenyl]-3-carbonitrile (mCBP-CN),
a common wide-band-gap host material for blue emitters
in OLEDs owing to its high triplet level, which was cho-
sen here as an exemplary material exhibiting a significant
phosphorescence emission at low temperatures. For com-
parison purposes, we also measured the TSL action spectra
in a regioregular poly-3-hexylthiophene (rr-P3HT), cho-
sen as a representative counterexample, i.e., a well-known
nonphosphorescent material [28]. We found that the TSL
of rr-P3HT behaves fundamentally differently, featuring a
significant energy offset (0.6-0.7 eV) of the onset of its
TSL action spectrum with respect to the absorption edge.

To clarify the mechanism of charge photogeneration
in neat mCBP-CN films, we undertake a comprehen-
sive study employing a range of techniques, including
PL spectroscopy, LESR, PL-detected magnetic resonance
(PLDMR), and PC measurements. We demonstrate that
a large population of triplet excitons and concomitant
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efficient TTA-UC occurring even at very low cw-excitation
intensities lead to the autoionization of a high-energy neu-
tral excited state. This is the dominant mechanism of
geminate-pair generation in this material. In contrast, there
is no noticeable population of triplets in rr-P3HT films
owing to its very low intersystem crossing (ISC) rate upon
excitation within the S; excited state. Accordingly, this
results in negligible intrinsic charge generation. Hence,
charge generation in mCBP-CN films is a bimolecular pro-
cess, as evidenced by the observed supralinear dependence
of the PC upon excitation intensity. Its efficiency exhibits
the temperature dependence characteristic of the TTA pro-
cess, namely peaking at moderately low temperatures and
drastically decreasing when approaching room tempera-
ture because of progressively enhanced monomolecular
triplet quenching by impurities. Concomitantly, the PC is
observed only at low temperatures, and exhibits a promi-
nent maximum at 170 K. This maximum is found to
be mainly determined by the TTA-induced geminate-pair
generation process. In contrast, the temperature depen-
dence of the dissociation probability for the TTA-induced
geminate pair is found to play a secondary role. In fact,
we find that the field-assisted dissociation probability is
surprisingly almost temperature independent at low tem-
peratures 7 < 100 K, which can be well described within a
charge dissociation model by accounting for the presence
of energy disorder and longer-distance geminate pairs.

II. EXPERIMENT

A. Materials

mCBP-CN [see Fig. 1(a)] was purchased from Lumtec
Corp. and used as received. For spectroscopy measure-
ments, thin films of the mCBP-CN are spin-coated from
20-mg/ml chloroform solutions onto cleaned fused quartz
substrates (1000 rpm, 30 s) that typically result in 50-
nm-thick layers. Subsequently, the deposited films are
dried in an oven at 40°C for 10 min and then under
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vacuum for 2 h to remove residual solvent. For photocur-
rent measurements, mCBP-CN films are vacuum evap-
orated with a typical thickness of 150 nm. Photodiode
devices with evaporated mCBP-CN active layers have
a conventional configuration of glass/ITO(90 nm)/poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonic  acid)
(PEDOT:PSS)(25 nm)/mCBP-CN(150 nm)/LiF(0.5 nm)/
A1(100 nm).

B. Optical spectroscopy measurements

Steady-state absorption and PL spectra are measured
using a double-beam Shimadzu 2450 UV-VIS spectropho-
tometer and a Jasco FP-8600 spectrofluorometer equipped
with a Xe arc lamp (150 W) as an excitation light source.
The spectrofluorometer also allows PL measurements in
phosphorescence mode, for which the excitation light is
chopped, the detector unit is opened at a delay of 50 ms
after excitation, and the signal is acquired for 100 ms. For
the 77 K measurements, the sample is immersed in lig-
uid nitrogen. Photoluminescence quantum yield (PLQY)
is measured using an integrating sphere coupled to the
spectrofluorometer.

Time-resolved PL measurements are made using a setup
consisting of a spectrograph coupled to a gated intensified
charge-coupled device (ICCD) camera (Andor iStar 334)
for acquiring emission spectra with distinct delay and inte-
gration time, where samples are excited with a frequency-
tripled Nd: YAG laser (Innolas SpitLight 600) with a wave-
length of 355 nm (3.5 eV). All experiments are performed
with the sample in a temperature-controlled continuous
flow helium cryostat (Oxford Instruments OptistatCF).

C. Photocurrent measurements

Stationary PC measurements are conducted in the same
temperature-controlled helium cryostat, using excitation
from a 1200-W Xe arc lamp coupled to a double-grating
monochromator for wavelength selection. The temperature
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(a) Molecular structure of mCBP-CN, (b) schematic energy levels diagram of investigated mCBP-CN single-layer
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dependence of the PC is measured at a weak cw-excitation
power (0.54 mW/cm?) at 355 nm. To measure the exci-
tation intensity dependence of the PC, we employ an
appropriate set of neutral density filters. PC action spec-
tra are measured at a reverse bias of —7 V and using a
lock-in technique for signal detection. To ensure that the
PC has stabilized and is representative, we wait for 15 s
after each monochromator advance and take several aver-
ages. The PC action spectrum is then corrected to account
for the effective absorption spectrum of the mCBP-CN
layer embedded in the device [Fig. 1(b)]. We calculate the
effective absorption spectrum by using a transfer matrix
approach implemented by Burkhard et al. [29]. The real
and imaginary part of the refractive index, » and k, were
measured for mCBP-CN by Naqvi et al. [30] using Sen-
tec SE 850 Spectroscopic Ellipsometry along with SPEC-
TRARAY software for the fitting. For other layer materials,
we use the values provided in Ref. [29].

D. Thermally stimulated luminescence measurements

TSL is the phenomenon of light emission arising after
the removal of excitation (UV light, in our case) under
conditions of increasing temperature. Generally, in the
TSL method, the trapping states are first populated by the
photogeneration of charge carriers, usually at low temper-
atures. After terminating the excitation, the trapped charge
carriers can be released by heating the sample and the
luminescence due to charge recombination is recorded as a
function of temperature. TSL measurements are carried out
using a homebuilt system over a temperature range from 5
to 300 K using an optical temperature-regulating helium
cryostat (see Ref. [27] for more details). More specifically,
after cooling to 5 K, the samples are photoexcited, usually
for 30 s, with a high-pressure 500-W mercury lamp with an
appropriate set of glass optical filters for light selection, or
with a UV LED emitting at 274 nm. After that, the samples
are kept in the dark at a constant temperature (5 K) dur-
ing a certain dwell time (typically 15 min) before the TSL
heating run begins to allow the long isothermal afterglow
(arising due to isothermal recombination of short-range
geminate pairs) to decay to a negligible value. Then TSL
measurements are started upon heating the sample from
5 to 300 K with a linear heating ramp (at constant heat-
ing rate, 8 =0.15 K/s). TSL emission is detected with a
cooled photomultiplier tube operated in photon-counting
mode, attached to the cryostat window. We also measure
the TSL action spectra; namely, the dependence of the inte-
grated TSL intensity, i.e., the area under the TSL glow
curve, upon the photon energy of excitation (£j,). Since
the TSL intensity may nonlinearly depend on the intensity
of the incident light, the photon flux from different emis-
sive lines of the mercury lamp used for TSL excitation
is balanced by an appropriate attenuation of the stronger
lines. Finally, the spectral range of the TSL emission is

roughly estimated using a set of glass cutoff filters, as
demonstrated in Ref. [31].

E. Light-induced ESR and PL-detected magnetic
resonance

PLDMR and LESR experiments are carried out with
a modified X -band spectrometer (Bruker E300) equipped
with a continuous-flow helium cryostat (Oxford ESR 900)
and a microwave cavity (Bruker ER41040R, approxi-
mately 9.43 GHz) with optical access. Optical excitation
is performed with either a 305-nm or 365-nm UV LED
through the aperture in the cavity. Generally, PLDMR
probes the microwave-induced PL changes at the reso-
nance magnetic field for triplets or charges. For PLDMR,
PL is detected with a silicon photodiode (Hamamatsu
S2281), using a 355-nm or 409-nm long-pass filter to sup-
press the excitation light. The PL signal is amplified by a
current and/or voltage amplifier (Femto DHPCA-100) and
recorded by a lock-in amplifier (Ametek SR 7230), refer-
enced by on-off-modulating the microwaves with a modu-
lation frequency of 517 Hz. The microwaves are generated
with a microwave signal generator (Anritsu MG3694C),
amplified to 3 W (Microsemi), and guided into the cav-
ity. For LESR spectra and transients, a microwave bridge
(Bruker ER 047 MRP) provides microwave power up
to 200 mW. An arbitrary waveform generator (Keithley
3390) provides 100-kHz sinusoidal field modulation super-
imposed onto the main magnetic field, referencing the
lock-in amplifier. For transient LESR, the lock-in time con-
stant is set to 100 ms to not influence the detected signal
decay times. For LESR studies, a small amount of the
mCBP-CN solution is poured into an ESR tube and vac-
uum dried, leaving a film of mCBP-CN on the tube wall.
For PLDMR samples, the same spin-coated films used for
optical spectroscopy are used by inserting them into ESR
tubes. All ESR tubes are finally sealed under a helium
atmosphere.

III. RESULTS

A. Spectroscopic and photocurrent measurements

A basic spectroscopical characterization of mCBP-CN
films is shown in Fig. 2. For comparison, Fig. 2 also
presents measurements for P3HT, which is chosen as a
representative counterexample, i.e., a well-known non-
phosphorescent material [28]. The steady-state PL emis-
sion spectrum of a mCBP-CN film is depicted by the
blue solid curve in Fig. 2(a) and reveals both fluo-
rescence and phosphorescence components clearly seen
under cw-excitation at 77 K. The fluorescent compo-
nent is characterized by a relatively broad structureless
band peaking at 405 nm, which is a consequence of
the charge transfer (CT)-character of the lowest sin-
glet state of mCBP-CN due to presence of an acceptor
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CN group. The latter also results in a slightly lower
energy of the singlet state in this material, whose 0-0
transition is very close to the onset of emission at
S1=3.30 eV, as compared to mCBP films (S;=3.47 eV)
[33] devoid of such a CN group. The phosphorescence
component dominates the delayed emission [blue dashed
curve in Fig. 2(a)] measured using the same excitation
light. In contrast to the fluorescence, the phosphorescence
features a well-resolved vibronic structure of the T} — S,
emission spectrum with the 0—0 vibrational transition at
T1=2.71 eV, similar to that observed in mCBP films.
As has been demonstrated before [33], such phosphores-
cence has been attributed to triplet excitation localized
on the central biphenyl core in meta-linked carbazole-
biphenyl materials, rather than on the carbazole moi-
ety of such molecules, which has also been supported
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by quantum chemical calculations [34]. It is noteworthy
that the phosphorescence of mCBP-CN films is read-
ily visible even in steady-state PL spectra at 77 K;
it appears as additional narrower peaks in the range
A > 450 nm superimposed on the broad fluorescence band
[blue solid curve in Fig. 2(a)], implying a quite efficient
ISC process in this material. Using the PLQY value of
11% (at 293 K) we measure in the mCBP-CN films,
the ISC rate is estimated as kigc=1.8 x 10® s~!, which
is higher than the radiative rate of singlet excitations,
k3 =2.1x 10" s7!, in this material. The delayed emis-
sion also reveals a delayed fluorescence (DF) component
identical to the prompt fluorescence with a maximum
at 405 nm [Fig. 2(a) dashed blue curve], which origi-
nates from the TTA process, as will be shown in the
following.
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(a) Absorption (orange solid line) where OD denotes optical density, low-temperature steady-state PL (blue solid line), and

delayed emission (blue dashed line) of a mCBP-CN film measured at 77 K with a standard spectrofluorometer using a Xe lamp for
excitation. The delayed emission is measured with 50-ms delay time after excitation and an integration time of 100 ms. (b) Absorption
(orange solid line) and steady-state PL (blue solid line) measured at 77 K of a rr-P3HT film. (¢) Dependence of the integrated TSL
intensity upon the photon energy of excitation (red symbols) and PC action spectra (green symbols) of a mCBP-CN film; (d) action
spectrum of TSL (red symbols) measured in this work as well as PC (green circles) adopted from Ref. [32] for rr-P3HT film. Dashed
lines are a guide to the eye. (e) TSL glow curves of mCBP-CN film and of (f) a rr-P3HT film, both measured after excitation at 5 K
with different photon energies of the cw-excitation light (wavelengths of the excitation are indicated in the figure).
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As expected, in contrast to the mCBP-CN films, no
phosphorescence component is found either in steady-state
or delayed emission in rr-P3HT films even at low tem-
peratures, owing to the negligible triplet state population
in this system [28]. Figure 2(b) shows absorption spectra
and cw-PL for a rr-P3HT film (orange and blue curves,
respectively), exhibiting only fluorescence emission.

TSL in disordered organic semiconductors is known to
originate from radiative recombination of spatially well
separated trapped charge-carrier pairs created during pho-
toexcitation of the sample at a low temperature [24,27].
The measured TSL curve itself is known to map a distribu-
tion of charge carriers localized within the lower-energy
part of the intrinsic density of states (DOS). This tech-
nique allows determination of the width of the DOS opos,
which has been found to be 151 meV in mCBP-CN films
[27]. Action spectra of TSL (red circles) for mCBP-CN and
rr-P3HT films are presented in Figs. 2(c) and 2(d), respec-
tively. The TSL action spectra are obtained by plotting the
integrated TSL intensity, calculated as the area under the
TSL curves shown in Figs. 2(e) and 2(f), versus the photon
excitation energy (Ej,). These action spectra demonstrate
the fundamental difference in the TSL behavior between
mCBP-CN and rr-P3HT. That is, there is a significant
energy offset between the absorption edge and the action
spectrum of TSL for rr-P3HT [Fig. 2(d)], while, in con-
trast, TSL intensity in mCBP-CN is virtually independent
of Ej, above the optical gap [Fig. 2(c)]. For rr-P3HT, the
onset of the TSL action spectrum [Fig. 2(d)] is approxi-
mately 0.6-0.7 eV higher than the lowest singlet exciton
state S1=2.0 eV, which is in agreement with the exci-
ton binding energy of 0.7 eV determined by Deibel et
al. [32] from the combined spectrally resolved PC and
photoemission measurements. This perfectly agrees with
transient absorption measurements [28], showing that in
single-layer P3HT devices the charge carriers are gener-
ated only from hot excitons and not from relaxed singlet
exciton states. It is therefore reasonable to expect a simi-
lar offset for the TSL action spectrum. In contrast, the TSL
intensity of the mCBP-CN films rises steeply at the opti-
cal gap and then appears to be remarkably independent of
the energy of the excitation photons Ej, above the opti-
cal gap [Figs. 2(c) and 2(e)]. mCBP-CN shows the same
TSL signal even at zero excess photon energy of the excit-
ing illumination with 365-nm light, i.e., within the lowest
singlet S state.

Figures 2(c) and 2(d) also present the action spectra of
the PC (green circles) using photodiodes based on mCBP-
CN (measured at 5 K) and rr-P3HT (measured at ambient
temperature), respectively. The curves turn out to be simi-
lar to the action spectra of TSL. That is, for mCBP-CN, the
PC rises sharply at the onset of absorption (some appar-
ent decrease above 3.7 eV is due to absorption of the
glass substrate covered with ITO and PEDOT:PSS lay-
ers). The PC is measured at a reverse bias of —7 V, which

prevents electrode-sensitized photogeneration of charge
carriers [35]. This indicates that the PC in mCBP-CN films
is dominated by intrinsic bulk photogeneration, similar to
the situation in TSL. In the photodiode made with rr-P3HT,
we see a small PC component at the onset of absorption
attributed to extrinsic dissociation, and the main onset at
higher energies congruent with the electrical gap. The lat-
ter is the intrinsic PC resulting from autoionization that
also produces the geminate pairs probed by the TSL signal.

The DF component seen in Fig. 2(a) (dashed blue
curve) is spectrally identical to the prompt fluorescence
(solid blue curve). This suggests the presence of a mech-
anism that involves triplet excitons, as demonstrated in
the following. To elucidate the role of TTA in photo-
physical processes in the mCBP-CN films, we employ
time-resolved PL measurements with pulsed nanosecond-
laser excitation. Figure 3(a) shows the dependence of DF
and phosphorescence intensity on variable laser excitation
intensity for the mCBP-CN film at 5 K. The emission is
recorded with a time delay of 2 ms after the laser excita-
tion pulse at 355 nm (3.5 eV) and the gate width of 2 ms.
The plotted emission intensities are obtained by integrating
over the wavelength. The actual delayed emission spectra
are presented in Fig. Sl(a) of the Supplemental Mate-
rial [36]. The phosphorescence intensity shows almost a
square-root increase with increasing excitation laser power
(ph ~ 1%, where m = 0.63), implying that TTA is a domi-
nant mechanism for depletion of the triplet reservoir in the
range of laser intensities used in this experiment [37,38].
The DF intensity increases more steeply with increas-
ing laser intensity, revealing an almost doubled exponent
[37] with respect to the phosphorescence intensity increase
(m=1.14). The latter strongly suggests that DF emission
is predominantly caused by TTA processes in this material.

Figure 3(b) presents the temperature dependence of the
spectrally integrated phosphorescence intensity, DF inten-
sity, and the PC (green triangles, blue squares, and red
circles, respectively) measured from the same mCBP-CN
film. As evident from Fig. 3(b), the phosphorescence inten-
sity decreases monotonically with increasing temperature
from 5 to 290 K. See Fig. S1(b) of the Supplemental
Material [36] for the actual delayed emission spectra. In
contrast, the DF detected in the same time slot of the
ICCD detector first increases to its maximum intensity
at around 110 K and then drops to an almost negligible
level at room temperature. Note that the DF reaches its
maximum intensity at a temperature 7},,x where the phos-
phorescence intensity is reduced to 50% of its value at
5 K. It should be emphasized that this type of tempera-
ture dependence peaking at an intermediate temperature is
very characteristic of DF and was previously observed for
DF in films of polyfluorene oligomers [39]. It has already
been shown using a kinetic equation approach and kinetic
Monte Carlo simulations [40] that the observed nonmono-
tonic temperature dependence of DF is a consequence
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Evidence for efficient TTA in mCBP-CN films: (a) dependence of spectrally integrated phosphorescence (Ph) (green trian-

gles) and DF (blue squares) intensity on pulsed nanosecond-laser excitation intensity at 5 K, along with power-law fits to the data
(solid line); (b) intensity of spectrally integrated Ph, DF, and PC (J,,) versus temperature (symbols), along with guides to the eye
(solid lines); (c) double-logarithmic plot of the PC vs cw-excitation intensity at 350 nm measured at 5 K (red circles). The observed
supralinear dependence with slope 1.5 indicated by the red line is principally similar for the diode measured at both short-circuit and
reverse bias (—7 V) conditions. (d) Suggested simplified energy diagram for the charge photogeneration process in mCBP-CN films,
where IC and ISC denotes internal conversion and intersystem crossing, respectively.

of the temperature-dependent interplay between TTA and
monomolecular quenching of the triplet excitations by
quenching centers, controlled by thermally activated triplet
exciton diffusion. At lower temperature, triplet diffusion
causes TTA so that the phosphorescence is reduced and
DF can be observed. The yield of this process increases
with increasing temperature until the growing diffusion to
quenching sites becomes sufficiently significant to reduce
the triplet population and hence to curb the TTA process
so that the DF falls off.

A similar nonmonotonic temperature dependence is also
observed for the photocurrent J,, measured in a mCBP-
CN diode at very weak cw-excitation, which correlates
with the temperature-dependent DF, although somewhat
shifted towards higher temperatures [red circles, Fig. 3(b)].
The Jpn(7T) features a clear maximum at a moderately
low temperature of around 170 K, followed by a dras-
tic decrease in the PC up to room temperature. This

suggests that the temperature dependence of the pho-
tocurrent J,p(7) is mostly governed by the TTA-UC-
induced generation of the higher lying singlet state from
which the geminate pairs are then generated, and less by
a thermally activated field-assisted dissociation of these
TTA-induced geminate pairs into free carriers. Figure
3(c) shows that the PC exhibits the supralinear depen-
dence on cw-excitation power (Jon o 1%, where m=1.5)
measured in the range 0.016 < /oy < 0.54 mW/cm?, i.e.,
under very low light fluences, evidencing that carrier
photogeneration is a bimolecular process in this sys-
tem. It is worth mentioning that a similar supralin-
ear dependence with an exponent m =1.7 was recently
reported for a TTA-based up-converted fluorescence
observed in virtually the same excitation power range
Texe < 0.4 mW/cm? in poly(styrene) nanoparticles doped
with PtOEP and 9,10-diphenylanthracene [41]. More-
over, exponents of 1.47 to 1.57 have been reported for
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TTA-induced enhanced PLDMR in nonfullerene accep-
tors (NFAs) and for TTA up-converted PL in bilayer
NFA/rubrene systems, respectively [10,42]. The exact ori-
gin of such TTA behavior requires further investigation;
however, Izawa and Hiramoto [42] have speculated that
the value m < 2 may be attributed to some other parallel
triplet quenching processes, such as triplet quenching by
charge carriers.

The observed bimolecular character of the PC in mCBP-
CN films [Fig. 3(c)], as well as the remarkable correla-
tion between temperature dependences of the DF and the
Jon(T) [Fig. 3b)], with both reaching a maximum value
at moderately low temperatures and rolling off towards
room temperatures, implies that the PC is governed by the
TTA-UC-induced photogeneration of charge carriers. This
mechanism is schematically depicted in Fig. 3(d): owing
to the high energy of the lowest triplet state in mCBP-CN,
the efficient TTA process can promote the energy UC to
5.42 eV (2.71 eV+2.71 eV) and thus provides enough
excitation energy to overcome the exciton binding energy,
enabling autoionization to yield a separated electron (e™)
and hole (A1) charge-carrier pair.

B. PLDMR and LESR transient measurements

The TTA process in mCBP-CN films can be studied ele-
gantly using PLDMR, as shown in Fig. 4. The principle
of PLDMR investigations of triplet excitons and TTA is
illustrated in Fig. S8 of the Supplemental Material [36].
Since TTA and the corresponding DF are spin-dependent,
resonant microwave irradiation can modulate TTA proba-
bilities and concomitantly the PL intensity. Figure 4 shows
a positive (PL enhancing) half-field PLDMR spectrum
at 10 K. In order to clarify how this triplet PLDMR
signal is related to fluorescence and phosphorescence path-
ways, we measure it through either a 355-nm long-pass
optical filter (transmitting both fluorescence and phos-
phorescence, red) or with a 380-420-nm bandpass filter
(only the fluorescence component is transmitted, blue).
Whilst keeping the measurement conditions the same, the
bandpass-filtered spectrum (blue) shows a larger PLDMR
contrast (APL/PL). The total PL is reduced considerably
when the phosphorescence component is blocked with the
bandpass filter, while APL changes less, leading to the
increased contrast. However, the decisive factor is not the
change in contrast, but that PLDMR is detected at all for
the fluorescence component. Direct singlet fluorescence is
spin-independent, while we observe spin-dependent fluo-
rescence. This suggests the enhancement of the fluores-
cence component is related to a spin-dependent process,
such as TTA-induced DF. The higher noise level of the
bandpass curve (blue) in contrast to the long-pass curve
(red) stems from dividing by the reduced PL intensity.
Overall, these results testify that the TTA-induced DF
process does take place in this material even at 10 K.

380-420-nm bandpass
-0.5F
| - mostly DF

1 1 1 1

150 155 160 165 170 175
Magnetic field (mT)

355-nm long-pass
— DF+Ph

PLDMR contrast (A PL/PL x107%)

FIG. 4. PLDMR triplet spectra of fluorescence (380—420-nm
bandpass filter, blue) and fluorescence plus phosphorescence
(overall PL spectrum >355 nm, red). The bandpass-filtered DF-
based spectrum shows increased PLDMR contrast (APL/PL) in
comparison to the long-pass-filtered spectrum that also probes
phosphorescence. This is evidence that the PLDMR mostly
stems from TTA-UC-induced DF rather than phosphorescence.
The inset shows the probed Am;=+£2 triplet transition as a
black arrow, in contrast to the gray arrows for the Am,==+1
transitions.

To gain a deeper insight into the formation and recom-
bination dynamics of the trapped photogenerated charge
carriers as well as the lifetime of triplet excitons in mCBP-
CN films at low temperatures, we apply transient LESR.
Since both triplets and charge carriers are paramagnetic
excitations, they can be probed by LESR transient mea-
surements, which complement the TSL measurements very
well. In contrast to TSL, the ESR technique can poten-
tially be used to estimate the concentration of trapped
charges, as it results from direct microwave absorption
by the paramagnetic species. Another distinguishing fea-
ture of LESR and PLDMR techniques is that, unlike
TSL, they detect all charge carriers in the film regard-
less of whether they are generated via intrinsic or extrinsic
mechanisms.

Figure 5(a) shows an example of the LESR spectrum
of a neat mCBP-CN film at g=2 (Am,==£1, S=1/2,
see inset), which is due to photoinduced charge carri-
ers recorded under steady-state 365-nm illumination at
10 K. No “dark” LESR signal is observed prior to illu-
mination, excluding any impurity paramagnetic species.
The multiple shoulders and secondary maxima in the low
magnetic field region of the observed LESR signal are
probably caused by hyperfine interactions of charge car-
riers with paramagnetic *N nuclei in mCBP-CN. The
shape of this LESR spectrum is also found to depend
on microwave power, as demonstrated in Fig. S3 of the
Supplemental Material [36]. Another LESR component at
g=4 (Amy==2) is observed in the mCBP-CN film at
half-field resonance, as shown in Fig. 5(b), which can only
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arise for a total spin of S > 1. The position of the half-
field signal suggests a high zero-field splitting, i.e., dipolar
interaction, supporting the theory of molecular excitons
with nearby spins as triplet excitons [43]. The observed
LESR triplet spectrum in Fig. 5(b) corresponds to the same
transition as the PLDMR spectrum shown in Fig. 4. Since
a high zero-field splitting makes the signal in the full field
(Amg==£1) very broad, the signal intensity is too low to
detect the spectrum in the full field (Fig. S9 of the Sup-
plemental Material [36]). Note, the LESR spectra appear
as first derivatives of the microwave absorption signals
due to the used magnetic field modulation in contrast to
PLDMR. A direct comparison of ESR and PLDMR spec-
tra for charges (S=1/2) and triplets (S=1) is shown in
Fig. S10 of the Supplemental Material [36].

This study focuses on the fact that, similar to the TSL,
charge-related LESR signals in mCBP-CN films can be
observed (i) upon photoexcitation within the S; state of
this material, and (ii) only when photoexcitation occurs at
low temperatures (see Fig. S7 of the Supplemental Mate-
rial [36]). Moreover, no light-induced ESR signals are
observed in neat rr-P3HT films, in agreement with our
previous studies [44], indicating negligible charge-carrier
photogeneration in 1r-P3HT upon excitation within the
absorption edge. These observations are perfectly corre-
lated with the TSL excitation behavior for mCBP-CN and
rr-P3HT films shown in Fig. 2, implying that the same
trapped charge carriers are responsible for both TSL and
LESR phenomena.

Figure 5(c) shows the temporal evolution of the LESR
signal in mCBP-CN film at 10 K, which demonstrates
the extremely slow LESR kinetics of both charge accu-
mulation and charge recombination after ceasing the cw
illumination. Interestingly, the LESR intensity gradually
increases with exposure time, revealing no saturation even
after a prolonged 60-min illumination (see Figs. S4-S6
and Note S1 of the Supplemental Material [36]). When
the illumination is turned off, the LESR signal at 10 K
decreases due to the recombination of charges following
the I gsr ~ —log(?) decay kinetics measured over hours as
shown in Fig. 5(e). This kinetic is indicative of dispersive
charge recombination due to energy and/or spatial distri-
bution of charge-carrier pairs and perfectly agrees with
the isothermal recombination luminescence (IRL) (or long
afterglow) decay kinetics fig; ~ —¢~! as depicted in Fig.
S2 in the Supplemental Material [36] measured in the long
delayed time limit after photoexcitation. This is because
the LESR signal is proportional to the carrier concentration
I gsr ~ n, whereas the IRL intensity is the first derivative
of carrier concentration Ijry, ~ —dn/dt [45]. At elevated
temperatures, the charge accumulation and recombination
are accelerated, as expected, as demonstrated by the LESR
transients for charges measured at temperatures 10, 50,
and 100 K (Fig. S5 of the Supplemental Material [36]).
The LESR results thus indicate that (i) the majority of

photogenerated charges in mCBP-CN films under steady-
state excitation at 10 K are metastable, originating from
long-lived long-range geminate pairs, and (ii) no really
fast charge recombination can be seen in these experi-
ments because of the limited time resolution (100 ms) of
the present LESR kinetics measurements.

In contrast to the very slow temporal evolution of the
LESR signal caused by the recombination of charge carri-
ers in Fig. 5(e), the LESR caused by triplets, as shown in
Fig. 5(d), demonstrates fast increase, decrease, and satura-
tion within seconds of switching the illumination on or off.
The signal decrease as shown in Fig. 5(f) features expo-
nential decay kinetics with a time constant 7 = 1.7 s. This
value is comparable to the decay constant of the initial part
of the isothermal afterglow measured at a constant tem-
perature 7=5 K prior to the TSL heating run (Fig. S2 of
the Supplemental Material [36]) and we ascribe it to the
lifetime of triplet excitons in mCBP-CN films.

Thus, the PLDMR and LESR experiments demonstrate
the abundance of charge carriers and triplet excitons being
generated in mCBP-CN films upon photoexcitation within
the absorption edge. In this regard, both methods show
a high degree of similarity, as shown in Fig. S10 of the
Supplemental Material [36].

C. Modeling of geminate-pair dissociation

It is obvious from the striking similarity between the
temperature dependences of the DF and the PC [see
Fig. 3(b)] that the PC is essentially determined (limited)
by the same TTA process that determines the DF. Based
on the experimental data presented in Sec. III A and the
LESR data of Sec. IlII B, we suggest that TTA leads to
the formation of a higher lying singlet state, 771 + 77 — S,,.
Autoionization from this state followed by thermalization
leads to the formation of geminate pairs, S, — (e~ ...h").
These geminate pairs may have shorter or longer sepa-
ration distances ry between the respective electron and
hole. They will eventually dissociate by thermally acti-
vated and field-assisted diffusive hopping into free charges
(e”...h") — (e~ + h™). However, it still needs to be
clarified to what extent the measured Jp,(7) is governed
by the TTA-induced geminate-pair generation and to what
extent it is governed by the dissociation of these geminate
pairs into free carriers. Note that the PC is observed at low
temperatures, and the geminate pairs are bound together
by their Coulomb energy, which acts as an energy barrier
for dissociation. This leads to a more general fundamental
question: How does a photogenerated geminate pair disso-
ciate into free carriers at such low temperatures, including
liquid-helium temperature?

PC generation is a two-stage process and can there-
fore be expressed as a product of geminate-pair generation
yield, which is a temperature-dependent quantity in the
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FIG. 5.

Light-induced ESR of mCBP-CN under 365-nm excitation at 10 K due to charge carriers [blue lines or symbols in (a),(c),(e)]

or triplets [red lines or symbols in (b),(d),(f)]. (a),(b) LESR signal as function of the applied magnetic field. The vertical arrows
indicate the signal peaks where transients are measured. The insets show the Zeeman splitting of charge carriers or triplets and the
probed Amy;==+1 and +2 ESR transitions, respectively. (c),(d) [llumination-dependent transient signal evolution. The signals grow
upon illumination and decay in the dark with drastically different temporal behaviors. (e),(f) Semilog plots of the signal decays in the
dark after terminating the excitation. For charges, a logarithmic time dependence /; gsg ~ —log(#) is observed. Charges accumulate
and decay over hours. For the triplet signal, an exponential decay /; gsg ~ exp(—(t/7)) with a time constant T = 1.7 s is observed.

case of TTA-facilitated autoionization ® (7)), and the prob-
ability of charge-pair dissociation n(7) into free carriers.
Hence, the entire process can be written as

T +T = 8 e ... ) D+, (1)

Therefore, comparison of the DF and the PC measure-
ments at various temperatures allows one to decouple
the temperature-dependent geminate-pair generation @ (7)
and dissociation n(7). Here we assume that ®(7) is
proportional to the measured temperature-dependent DF

intensity, as both phenomena are induced by the same
TTA process. The temperature dependence of the charge-
pair dissociation probability can therefore be evaluated as
n(T) o< Jpn(T)/ ®(T) [cf. Eq. (2) below] using the exper-
imental data from Fig. 3(b) and is presented in Fig. 6(a)
(black circles). As one can see, n(7T) demonstrates a
clear nonexponential dependence when plotted in Arrhe-
nius representation for the temperature ranging from 20 to
290 K. This implies that the classical disorder-free Onsager
dissociation model is not applicable to amorphous organic
semiconductors and should be extended to account for the
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disorder that is known to assist the dissociation of pho-
togenerated geminate pairs [46—50]. This is because the
stronger the disorder is, the more easily the charge carriers
can escape from the Coulomb potential since they are able
to hop via localized states below the center of the DOS
distribution, thereby requiring significantly less thermal
energy. The shortcomings of the classical Onsager disso-
ciation model have recently been solved in an extended
model by Rubel et al. [46] that also accounts for the
hopping motion involved in the dissociation process in a
disordered system. Therefore, the dissociation probability
n(ro, 7,0, T, E) is a function of the initial charge separation
distance of the geminate pairs 7y, the lifetime of a geminate
pair 7, the amount of energetic disorder in the material o,
temperature 7, and electric field E. The PC then reads as
follows:

Jon(T) o< @(T)n(ro, T, 0, T,E). @

To understand the observed temperature dependence of
the dissociation yield n(7), we use the analytical hopping
model of Rubel et al. [46], which reproduces the Onsager
and Frenkel field dependences of the dissociation proba-
bility as asymptotic cases. The model is based on a rate
equation approach in a one-dimensional lattice of hopping
sites where one charge is fixed (e.g., the electron) and the
countercharge (e.g., the hole) executes a biased random
walk in the presence of an external electric field and the
Coulomb potential of the fixed charge. The mobile carrier
will either recombine with the fixed charge at the origin,
with a lifetime t, or separate over a given distance L = na
to become free, where n is the number of lattice sites
and « is the lattice constant. The temperature-dependent
dissociation probability is
Zj";ll vjf’jlﬂe(sj —e1/kgT)

n—1 - (gj—e1/kpT)’
T2 Ve

n(I) =1-

3)

where 7 is the starting site of the mobile carrier (i =1
corresponds to electron and hole being nearest neighbors
with distance a), &; the site energies, kz the Boltzmann
constant, and v; ;; the Miller-Abrahams hopping rates
between nearest-neighbor sites j and j + 1, given by
Vij+1 = voe—z)’ae—((S/+1—€j+\€/+|—Sjl)/ZkBT)’ 4)
with vy the attempt-to-hop frequency and y the inverse
localization length. The on-site energies of the jth local-
ized state at position x; = aj,
e

&= ——
/ 47 €€0%;

— qEx; + ¢}, (5)

include the Coulomb binding energy, the potential energy
drop due to the applied electric field E, and random

Gaussian disorder 8/(-] with standard deviation o and
mean value zero. g 1s the charge of the hole and ¢,, €
the relative and vacuum permittivity, respectively. We
have used ¢, =3.5, 0 =0.1eV,a=1nm, n=100,F =
10° V/em,y =2nm~!, vy = 10 ps~!, and computed the
dissociation probability by averaging over 107 disorder
realizations for different electron-hole initial separation
distances 9 = ia, where i is the integer number 1, 2, 3,
4, or 5. Note that although the latter option was included in
the equation in the original Rubel model, it was not applied
to compute the probability for different distances. Thus, the
major advance we make using the model described here is
that we also account for longer-distance geminate pairs.

In Fig. 6(a), we plot the dissociation probability of
geminate electron-hole pairs (e ... AT) normalized to
the dissociation probability at 290 K. We use a life-
time for the pair of T =3 x 10%,, where #, = e??/v
is the minimum hopping time between isoenergetic sites.
This lifetime corresponds to a value of around 164 ns
for a minimum hopping time of about 5.5 ps. Impor-
tantly, we find that in order to reproduce the non-Arrhenius
temperature dependence of the experimental data with
a relatively steep activation energy at high temperatures
(about 80 meV for 7> 150 K) and nearly zero activa-
tion energy at low temperatures we need to include both
short-distance pairs with ) = 1 nm and longer-distance
pairs with o > 2 nm. The short-distance pairs contribute
to the high-temperature steep drop of the dissociation yield
with decreasing 7, while the longer-distance pairs account
for the T-independent low-temperature part. Note that in
the absence of electric field and energetic disorder, the
thermal activation energy for the dissociation of nearest-
neighbor pairs would be around 411 meV [Fig. 6(b)]. In
the fit to the data presented in Fig. 6(a), approximately
97.0% of the charges are generated at o = 1 nm, 2.9% at
ro = 2 nm, and 0.1% at o = 3 nm. The individual disso-
ciation yields for vy = 1,2,3,4, and 5 nm are shown in the
Supplemental Material (Fig. S11) [36]. Satisfactory fits of
the experimental data could also be obtained by consider-
ing different rq ratios, for example, 99.87% of the charges
at ro = 1 nm and 0.13% at o = 5 nm, or by considering
a longer lifetime T = 3 x 104 with 99% of the charges
at 7o = 1 nm and 1% at ry = 5 nm. However, they key
common feature is that the vast majority of the geminate
electron-hole pairs (e ...A") following autoionization
from S, are nearest neighbors and the minority are sepa-
rated by intermediate distances. Figure 6(b) highlights the
dramatic influence of disorder in assisting charge separa-
tion of short-distance Coulombically bound electron-hole
pairs at low temperatures.

Finally, we emphasize that even though the long-
distance geminate pairs seem to be only a small fraction
of the total number of TTA-generated geminate pairs,
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(a) Arrhenius plot of the Onsager probability of charge dissociation extracted from the experimental data of Fig. 3(b) (black

circles) and from the analytical hopping model (red curve) with the yield dissociation values normalized to the yield at 290 K. (b)
Arrhenius plot of the dissociation probability of a short-distance electron-hole pair (ro = 1 nm) for a disordered (circles, squares) and a
disorder-free (lines) system in the absence of electric field (blue line and squares) and in the presence of an electric field (red line and

circles).

their abundance in mCBP-CN films is unambiguously tes-
tified by the strong isothermal afterglow (Fig. S2 in the
Supplemental Material [36]), the TSL, and the LESR sig-
nals observed under photoexcitation at 10 K. The presented
LESR kinetics cannot probe the nearest-neighbor charge
pairs as their lifetime is shorter than the time resolution
of the LESR kinetic measurements (limited by the 100-ms
lock-in time constant). Note that any intermediate short-
lived pairs can be probed on (sub-)microsecond timescales
only with transient LESR upon pulsed nanosecond-laser
excitation, as has been demonstrated for bulk hetero-
junction photovoltaic systems [51,52]. Furthermore, the
ESR signal shape for those close pairs is expected to be
broader due to enhanced short-range dipolar interaction in
comparison to the spectra presented in Fig. 5(a).

IV. DISCUSSION

We briefly discuss the reason for the occurrence of a
pronounced maximum in the DF intensity at a certain tem-
perature [cf. Fig. 3(c), blue curve]. A similar effect has
been studied in detail for a series of poly(p-phenylene)
oligomers [39] and it was found to be a consequence
of thermally activated triplet exciton diffusion toward
quenching sites in a disordered organic solid. Even in well
purified compounds, there may be some residual amount of
structural or chemical defects capable of quenching triplet
excitons due to their long lifetime. The triplet quench-
ing in the mCBP-CN films is evidenced by the observed
drastic decrease of phosphorescence with increasing tem-
perature [Fig. 3(c), green curve], which drops to a neg-
ligible level at room temperature. Considering that both
the bimolecular TTA and monomolecular triplet quenching

are diffusion-controlled processes, their interplay leads to
the situation that the number of TTA events peaks at a
certain temperature [40]. Indeed, triplet quenching is negli-
gible at zero temperature and the DF tends to increase with
temperature due to the temperature-dependent diffusivity
[53] promoting the collision of two triplets until the triplet
quenching rate (which also increases with temperature)
equals the intrinsic decay rate [39,40]. From that point
on, further increases of temperature lead to a progressive
decrease in TTA probability, since the triplet population is
reduced by quenching, and concomitantly, the DF inten-
sity falls. In between, the DF features a maximum, and the
peak temperature is determined by various material param-
eters—in particular, by the quencher concentration and the
energy disorder. The disorder has been shown to reduce
triplet diffusivity, resulting in a shift in the DF maximum
towards higher temperatures [40].

A key finding of our study is that, similar to the DF
intensity, the intrinsic PC in mCBP-CN diodes exhibits
a similar prominent maximum at an intermediate tem-
perature followed by a drastic decrease with temperature
upon approaching room temperature [Fig. 3(c), red curve].
Such a decrease with temperature is an unusual behav-
ior for a PC in a disordered system. It suggests that the
temperature-dependent bimolecular TTA process governs
the intrinsic charge-carrier generation and, consequently,
the PC in these films. This is further proven by observation
of the supralinear dependence of the PC on cw-excitation

power [Fig. 3(c)] at very low excitation power (below
I mW/cm?).

The high-efficiency TTA process observed in mCBP-
CN thin films is not self-evident for a single-component
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heavy-atom-free system. We attribute this behavior to a
combination of several factors. Firstly, the relatively high

ISC rate estimated for mCBP-CN films, kjsc= 1.8 x 10% s~

is expected in accordance with the El-Sayed rule,
since it involves a change of orbital type from a sin-
glet state with a charge-transfer character to a triplet
state localized on the biphenyl moiety. Secondly, a
relatively low concentration of quenching centers and the
high energy of the lowest triplet state (73 =2.71 eV) in
mCBP-CN gives rise to a very long triplet lifetime, as
found by LESR studies [Fig. 5(d)], which is around 2 s,
because the nonradiative rate is greatly reduced in accor-
dance with the energy gap law. These factors can provide
a large triplet excitation density in this material under
steady-state photoexcitation. In contrast to mCBP-CN, rr-
P3HT is not a phosphorescent material due to slow ISC
from the lowest singlet state to the 7 state, as confirmed
by transient absorption measurements [28], which revealed
no measurable triplet formation in rr-P3HT films under
excitation at the absorption band edge. Moreover, the low
energy of the lowest triplet exciton state 77=1.55 eV for
rr-P3HT film [28] is expected to enhance the nonradiative
decay rate of triplets in this material.

Further, spin-coated mCBP-CN films are typically
amorphous and thus quite disordered. The energetic disor-
der for charge carriers was found to be about 150 meV [27]
and it is dominated by the dipolar-disorder contribution.
The energy landscape for triplets is naturally less disor-
dered. In the present work, we estimate a triplet exciton
DOS width of about oyipiet = 37 meV based on the Gaus-
sian width of the 0—0 peak in the phosphorescence spectra
presented in Fig. 2(a). For details of the Gaussian fit to the
0-0 peak, see Fig. S12 of the Supplemental Material [36].
This width of the DOS likely results from the significant
conformational disorder due to the conformational free-
dom and presence of soft dihedral angles in this organic
material [54]. Recent kinetic Monte Carlo simulations by
Saxena et al. [40] have demonstrated that the energetic dis-
order is crucial for obtaining a high yield of TTA because
it causes filamentary triplet transport in disordered solids;
thus, it locally enhances triplet densities and the probabil-
ity of two triplets encountering each other rather than an
impurity.

Another principal finding of this work is that the dis-
sociation probability n(7T) of photoinduced charge pairs
is almost temperature-independent at low temperatures in
the range up to 7<100 K [Fig. 6(a)]. This cannot be
rationalized by a classical “disorder-free” Onsager model
predicting an exponential drop of the geminate-pair dis-
sociation yield with decreasing temperature, as demon-
strated in Fig. 6(b) (straight lines). At higher temperatures,
n(T) reveals some thermally activated behavior featur-
ing an activation energy of around 80 meV. The latter is
responsible for the notable shift of the maximum Jy,(7)
with respect to the temperature of maximal DF intensity

(i.e., maximum of TTA efficiency) [Fig. 3(b)], which
proves that the charge dissociation in the range of moder-
ately high temperatures does require extra thermal energy.
We demonstrate that the puzzle can be resolved within
the charge dissociation model by Rubel et al. [46] by
accounting for the presence of energetic disorder, which
dramatically facilitates the separation of charges, particu-
larly at low temperatures [Fig. 6(b)]. Although previous
hopping transport theories and relevant computer sim-
ulations [46—48] have shown that the disorder greatly
weakens the temperature dependence of the geminate-
pair dissociation yield under the applied electric field,
they have never been applied to describe PCs in such
a low-temperature limit approaching liquid helium tem-
perature. It is remarkable that the Rubel model [46] is
found to describe the temperature-dependent PC so well
across a broad temperature range from 300 down to 5 K
[Fig. 6(a)] by considering a distribution of initial charge
separation distances of the geminate pairs. This means that
the presence of energetic disorder and energy barriers for
back charge recombination, which result in substantially
long lifetimes of photogenerated geminate charge pairs
and slow recombination, must be taken into consideration.
Experimental evidence of very slow charge recombination
at 10 K is provided by extremely slow LESR and the after-
glow decay kinetics presented in Fig. 5(c) and Fig. S2 (in
the Supplemental Material [36]), respectively.

V. CONCLUSIONS

In this study, we demonstrate, that similar to the DF, the
intrinsic photogeneration of geminate pairs of charge car-
riers in a single-component mCBP-CN film is dominated
by the TTA-induced UC process. Energetically, this is eas-
ily feasible due to the high energy of the lowest triplet
state in mCBP-CN. As a result, the TTA process can read-
ily promote energy up-conversion to 5.42 eV [Fig. 3(d)],
which provides plenty of excess energy to overcome the
exciton binding energy, which is known to be within the
range of 0.5-1 eV for small molecule semiconductors.
The autoionization of the TTA-UC-generated high-energy
neutral excited state is the major cause of the charge
photogeneration observed in this material.

This photogeneration mechanism requires a high con-
centration of long-lived triplets that enable a highly effi-
cient TTA process. This is not a trivial issue for a
single-component material that does not contain a heavy
atom. We attribute the efficient TTA process in mCBP-
CN to efficient ISC, a high triplet energy level (2.71 eV),
very long-lived triplet excitations (about 2 s) with a low
quenching rate, and the presence of energy disorder that
locally enhances the triplet densities. The photocurrent
measured in an mCBP-CN diode shows an unusual tem-
perature dependence Jpn(7): (i) it is observed primarily at
low temperatures peaking at around 170 K and rolls off
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significantly at higher temperatures, and (ii) J,,(7) shows
a striking correlation with the temperature dependence of
the delayed fluorescence. We take this temperature depen-
dence to suggest that triplet fusion is a common origin for
both processes. This conclusion is affirmed by a supralin-
ear dependence of the PC on excitation intensity observed
even at very low excitation power (below 1 mW/cm?),
implying a bimolecular nature of the charge-generation
process. Quantitative modeling of the PC using a hopping
transport formalism indeed confirms that the temperature-
dependent yield of free charges is mainly determined by
the TTA process that forms the high-lying singlet state, and
not by the dissociation probability from that high-lying sin-
glet state. To obtain the correct temperature dependence,
it is essential to account for the energy disorder and a
distribution of initial charge separation distances.

We would like to highlight the importance of energy
disorder, which actually plays a twofold beneficial role
in the above TTA-UC-induced PC generation. The dis-
order of the triplet exciton states and that of the charge
states in mCBP-CN films is found to be around 37 and
150 meV, respectively. First, the disorder of the excitonic
state has previously been shown [40] to locally enhance
triplet densities. This local enhancement should facili-
tate the TTA efficiency in mCBP-CN. It is worth noting
that, to achieve a desirable shift of maximal TTA effi-
ciency to room temperature, a somewhat larger triplet DOS
width of at least 70 meV is required, as well as a triplet
quencher density as small as about 107 cm™3 [40]. This
might be accomplished by proper selection of organic
semiconductor materials and improved material purifica-
tion and/or encapsulation to reduce the concentration of
triplet quenchers, e.g., molecular oxygen. Second, in this
work we demonstrate that the disorder of a charged state
can have a dramatic influence in assisting the charge sep-
aration of Coulombically bound electron-hole pairs at low
temperatures, [Fig. 6(b)]. Organic perfect single crystals
may not exhibit this disorder-assisted dissociation mecha-
nism. We find that the disorder-based dissociation model
of Rubel et al. [46] describes remarkably well the dis-
sociation yield over the entire broad temperature range
5-300 K [Fig. 6(a)] if one also accounts for the distribution
of geminate-pair radii. Our TSL and LESR measurements
clearly prove photogeneration of a significant amount of
charge pairs with an intrapair separation of several inter-
molecular distances. Hence, TTA can lead to the formation
of a high-lying singlet state and subsequent formation of
long-range geminate pairs that separate into free carriers
with virtually no activation energy and that provide an
intrinsic photocurrent at the onset of absorption even at
temperatures as low as 5 K. It also explains the counter-
intuitive finding that the level of stationary photocurrent
in this disordered material at 5 K is almost the same as at
room temperature. Finally, we wish to point out that the

mechanism of geminate-pair photogeneration through the
TTA-UC process discussed in this paper is not exclusive
to mCBP-CN; it may be applicable to other organic semi-
conductors that possess an efficient ISC and a sufficiently
high triplet energy level (e.g., carbazole- or triazine-based
compounds), the TSL of which we studied previously
[24,25].
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Figure S1: (a) Spectra of phosphorescence (Ph) and delayed fluorescence (DF) measured at 5 K
in mCBP-CN films in photodiode device at different excitation intensities with 2 ms delay time
after the laser pulse at 355 nm. (b) Ph and DF spectra at different temperatures under the same
conditions as (a).

Afterglow decay in mCBP-CN film
T=5K

Afterglow intensity, I (counts/sec)

Delay time, t (in sec)

Figure S2: Decay kinetics of the afterglow measured at a constant temperature T=5 K. Note that
the afterglow emission at relatively short delay times (<20s) is dominated by intrinsic
phosphorescence, while the emission at large t,,.; is due to recombination of polarons and is
directly proportional to the rate of recombination of polarons, I;z;,~ — dn/dt. We assume that the
recombination is governed by the Miller-Abrahams hopping rate: ~exp(—27;;/1o) X exp(—e;;/

ksT).
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Figure S3: The mCBP-CN LESR signals for charges is a superposition of the individual spectra
for positive and negative charges and their spectral contributions cannot be distinguished readily.
Spectra recorded at different microwave powers, show drastically different spectral shapes. For
low power, a narrow first-derivative Gaussian shape is recorded (blue). At higher powers (green,
red), a much broader spectrum is recorded, with multiple shoulders and secondary maxima in the
low magnetic field region. The latter features are probably caused by the hyperfine interaction of
charge carriers with paramagnetic **N nitrogen nuclei in mCBP-CN. The observed spectral
changes are likely caused by different microwave power saturation behavior for positive / negative
charge carriers. Therefore, one kind is observed at low power and saturated at higher powers, while
the other kind is not easily saturated and dominates the spectrum at high powers. The assignment
of the respective spectral contributions to positive / negative charges is not trivial and beyond the
scope of this work.
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Figure S4: (a) LESR transients for charges under 365 nm excitation at 10 K as also shown in
Figure 4c of the main text. For prolonged illumination over 2, 10 or 60 minutes, the charge
accumulation does not saturate, but steadily continues. Upon switching off the illumination, the
signal decays slowly. (b) A lin-log plot of the signal decay in the dark shows that charge
recombination follows a log(time) dependence, irrespective of the previous illumination duration.
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Figure S5: (a) LESR transients for charges under 365 nm excitation at 10, 50 and 100 K as also
shown in Figure 4c. The slow accumulation and recombination of charges is accelerated at elevated
temperatures.

Note S1. A simplified consideration of the lack of saturation of the LESR signals at 10 K with
increasing exposure time (as shown in Fig. S4).

Temporal evolution of the concentration of accumulated trapped charge carriers n(t) at a function
of light exposure time (t) is conventionally given as:

20 = aP[N - n()] - bPn(t) (S1)

N — concentration of traps, a and b — coefficient of charge accumulation and charge release
(recombination), respectively. P is the absorbed incident light power. The solution reads as follows

n(t) = ne[1 — exp(—A0)], (S2)
where n,, = N/(1+ b/a)and A = P(a + b)

However, Eq. (S2) is valid only if the incident light is absorbed homogenously, i.e., if the film is
sufficiently thin. If it is not the case, as it happens for organic layers used in LESR experiments,
one has to consider that P is no longer a constant and use P(L) = Pyexp(—kL), where L is the
film thickness. Therefore, in the case of an inhomogeneous distribution of the incident light power
density over the film thickness, the accumulated number of charges is described by the following
relation:

n(t) = [} ne[1 — exp(—P(L)(a + b)t)]dL (S3)
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Note that this simplified consideration neglects the charge diffusion from the illuminated near-
surface layer into bulk of the film, which can also contribute to the continued accumulation of

charge carriers.
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Figure S6: Temporal evolution of the total number of accumulated carriers calculated by Eq.(S3)
parametric in film thickness. The results demonstrate that reaching saturation progressively slows
down with as film thickness increases.
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Figure S7. (a) TSL measured for photoexcitation at different temperatures (Texc indicated by
arrows). (b) Temperature dependence of LESR in a mCBP-CN film. The sample was illuminated
at 10 K, heated to and held at the specified temperature (Texc=50 K or 100 K) for 20 min and
subsequently the spectrum was measured after cooling again to 10 K. TSL and LESR reduces in a
similar manner with increasing temperature, reflecting thermally assisted release of trapped
charge-carriers.
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triplet excitons and TTA. Singlet excitation is followed by either direct PL or, alternatively, by
intersystem crossing (ISC) to triplet excitons. The accumulation of triplets leads to TTA yielding
a higher-energy excited state, denoted here as (TT). Upon relaxation to a singlet excited state,
delayed PL is emitted. TTA and the corresponding delayed PL are spin-dependent. Modulation of
the Zeeman-split ms levels by resonant microwave irradiation therefore modulates TTA
probabilities and PL intensity. Three possible transitions are observed as PLDMR spectrum, for
Ams = £1 and Ams = £2, respectively. The Ams = £1 spectrum is often referred to as “full-field”
spectrum, while the Ams = £2 transition is observed at half the magnetic field of the center of the
full-field spectrum and is hence referred to as “half-field” spectrum.
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Figure S9: PLDMR spectrum for 365 nm excitation at 10 K. The narrow central peaks are related
to charges and are discussed in the respective Figure S10a. A wide spectral component for the Ams
= #1 full-field transitions of triplet excitons is buried in the noise floor. The spectral width (2D) of
the full-field spectrum cannot be read-off from this data and is instead roughly estimated from the
half-field transition presented in Figure 3, 4b and S10a as described by Eaton et al. [43].
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Figure S10. Comparison of the LESR spectra (blue) of charges (a) and the Ams = £2 half-field
triplet spectra (b) of Figures 3 and 4 of the main text with the corresponding PLDMR spectra (red).
Sample illumination of 365 nm at 10 K. The first-derivative LESR spectra have been integrated to
facilitate comparison with the PLDMR spectra. The high similarity of the PLDMR and LESR
spectra indicates that the same species are detected by both methods. Some spectral broadening
for PLDMR can be ascribed to high microwave powers used for this technique which leads to so-
called power broadening. The mechanism that enables PLDMR to detects charge carriers in (a)
can be attributed to triplet-charge annihilation [10].

T(K)

300 100 50 30 20

ol 17 7 | ' | ' |
o :
> ; NIV 9 ]
E 101|§—m”\ > H— A A_gl
9 : o]
S 102l J
S 107k a
5 o 1nm —o—r,=2nm ]
© 10 E ——ry,=3nm ——r,=4nm §J
9 Af ;
B 107F E
a 2 — 03
10-5-|| v by oo by by s by oy g by |-

100 200 300 400 500 600
1/kgT (eV-")

Figure S11: Arrhenius plot of the computed dissociation yield for different initial separation
distances ro between the electron-hole pairs.
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Figure S12: Normalized phosphorescence spectrum of mCBP-CN is depicted (delay =50 ms, gate
width = 100 ms). The black solid line illustrates a Gaussian fit (4 * exp(— (E — E;)?/20?)) of
the 0-0 peak in the phosphorescence spectrum, performed to estimate the triplet exciton DOS width
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