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ABSTRACT

The efficiency of organic light-emitting diodes that utilize the principle of thermally activated delayed fluorescence (TADF) depends
sensitively on the host material in which the TADF emitter molecules (guests) are embedded. Potential loss processes are “deconfinement,”
the transfer of excitons from the guest to the host, and “dissociation,” the formation of intermolecular charge-transfer states. We investigate
how both processes can be suppressed by studying the photoluminescence efficiency, emission spectrum, and time-resolved emission inten-
sity of eight thin-film systems in which 5 mol. % of the sky-blue TADF emitter 4-carbazolyl-methylphthalimide (abbreviated here as
CzPIMe) is embedded in various host materials. Deconfinement is found to be entirely suppressed if the triplet energy of the host is 0:25 eV
or more above that of the guest. For systems allowing for deconfinement, the dependence on the energy difference is consistent with a
recent theoretical analysis [C. Hauenstein et al., J. Appl. Phys. 128, 075501 (2020)]. Dissociation, due to hole transfer to a host molecule, is
found to be suppressed if the host’s highest occupied molecular orbital energy is not more than about 0:2 eV higher than that of the guest.
Otherwise, we observe an efficiency loss, a spectral redshift, and the disappearance of distinct prompt and delayed emission regimes. A com-
prehensive rate-equation model is developed from which we study the sensitivity of these observations to the energy level structure, the
intermolecular interaction rates, and the photophysical rates that follow from a fit to the experimental data for the CzPIMe:TCTA
[tris(4-carbazoyl-9-ylphenyl)amine] system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0062926

I. INTRODUCTION

Displays that are based on organic light-emitting diodes
(OLEDs) have developed as a competitive technology for hand-held
devices and more recently also for large televisions.1 Finding the
optimal combination of materials remains challenging and a topic
of ongoing research. We focus in this work on OLEDs that utilize
the principle of thermally activated delayed fluorescence
(TADF).2–6 Currently, intensive research on TADF OLEDs aims, in
particular, at developing blue-emitting devices that combine high
efficiency with a long operational lifetime.7–9 The emissive layer

(EML) of TADF-based OLEDs consists, in general, of a small con-
centration of emissive guest molecules that are embedded in a host
material. At small guest concentrations, exciton diffusion is
reduced so that efficiency losses due to concentration quenching
can be prevented.10 Furthermore, embedding of the TADF emitter
molecules in a host material or in multiple host materials (mixed
matrix OLEDs) provides options for obtaining an improved
balance of the effective electron and hole mobilities in the EML.
These can be utilized to obtain a more uniform emission profile
across the EML, leading to a reduced efficiency loss at high current
densities (“roll-off”) and to an enhanced operational lifetime.11
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To realize these properties for a given TADF emitter, choosing
the best-suited host material among the many hosts available from
OLED research is a critical and non-trivial task.5 Some of the
requirements for a good host material are intrinsic properties such as
a high thermal and morphological stability and a large bond dissoci-
ation energy. Other requirements depend on the specific TADF
emitter that it will be combined with. First, the triplet energy should
be sufficiently high so that triplet exciton transfer from the guest to
the host (“deconfinement”) is prevented. Second, the difference
between the frontier orbital energies of the two materials should
prevent the formation of intermolecular charge-transfer (CT) states
between a guest and a host molecule (“dissociation”).12–15

Figure 1 gives a schematic view of both processes. In panel (a),
we show the lowest singlet and triplet excited states of both TADF
emitter and host material. The rate of triplet exciton deconfinement
is expected to depend on the triplet confinement energy barrier
ΔET ; ET,h � ET,g, with ET,h and ET,g being the host and guest
triplet energies, respectively. Panel (b) depicts dissociation of a
guest-exciton by hopping of a hole away from the TADF emitter
and to a neighboring host molecule. Also shown in the figure is the
possibility of the hole hopping to even farther away host molecules.
The dissociation rate is determined, in part, by the energy barrier
ΔEHOMO ; EHOMO,g � EHOMO,h between the highest occupied
molecular orbital (HOMO) energies EHOMO,g and EHOMO,h of the
guest and the host, respectively. The dissociation rate further
depends on the difference in binding energies between the exciton
and the dissociated state, as will be discussed later in the paper [see
Eq. (2)]. Exciton dissociation by a hop of an electron is energeti-
cally unfavorable for the host–guest systems studied in this work
due to the high lowest unoccupied molecular orbital (LUMO) ener-
gies of the host materials.

We study the sky-blue TADF emitter 4-carbazolyl-
methylphthalimide (CzPIMe) in various often-used host materials.
TADF OLEDs based on carbazole-phthalimide type donor-acceptor

molecules, with the HOMO located on the carbazole donor group
and the LUMO located on the phthalimide acceptor group, have
been studied extensively.16–24 The emission color can be varied
from approximately 440 to 520 nm by replacing the methyl group
with more extended substituents, by adding substituents to the car-
bazole group, or by combining the acceptor with two carbazole
groups.24 At low current densities, an external quantum efficiency
(EQE) of about 23% has been realized.17 Devices based on enantio-
meric derivatives have been found to show circularly polarized elec-
troluminescence with a maximum EQE close to 20%.19

In this paper, we investigate how for CzPIMe the deconfine-
ment and dissociation of excitons can be recognized from the pho-
toluminescence (PL) efficiency in combination with steady-state
and time-resolved PL measurements. For some of the chosen
CzPIMe:host combinations, we observe deconfinement, character-
ized by a reduced PL efficiency and delayed fluorescence intensity.
For other CzPIMe:host combinations, we observe dissociation, also
leading to a strong reduction of PL efficiency but in combination
with redshifted emission from the CT-states. These processes are
found to occur beyond critical threshold values for ΔET and
ΔEHOMO, respectively.

In recent work, we have focused on TADF host–guest systems
showing only triplet exciton deconfinement and have concluded
from kinetic Monte Carlo (KMC) simulations with the software
Bumblebee that ΔET should be larger than 0.2 eV in order to
fully prevent that process.25–27 Here, we investigate the validity of
that design rule experimentally. Furthermore, we include a rate-
equation-based modeling study of the systems showing exciton dis-
sociation in order to rationalize the experimental threshold values
and show how both processes affect the time-dependence of the PL
intensity.

The paper is structured as follows: In Sec. II, an overview of
all selected materials and their characteristic parameters is given.
In Sec. III, the measured emission spectra, PL efficiency, and time-

FIG. 1. (a) Extended Jablonski diagram of the first singlet and triplet excited states, S1 and T1 respectively, on both the TADF guest and the host material. The arrows indi-
cate the (non-)radiative singlet/triplet decay rates k(n)r,S=T and the (reverse) intersystem crossing rates k(r)ISC of the guest-exciton as well as the non-radiative triplet decay
rate on the host knr,T,h. In red, triplet deconfinement is schematically depicted, depending on the confinement barrier ΔET ¼ ET,h � ET,g. (b) HOMO and LUMO energy
levels of host and TADF guest, with a dissociation barrier ΔEHOMO ¼ EHOMO,g � EHOMO,h shown in red. In this case, the energetic barrier is negative, as it is more favor-
able for the hole to reside on the host. The hole can then also hop to even farther away host sites.
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resolved PL decay curves are presented for all host–guest combina-
tions. In Sec. IV, these results are analyzed using KMC simulations
and rate-equation modeling depending on the host interactions.
First, in Sec. IV A, we determine for which hosts no detrimental
interaction occurs so that the emitter performs optimally, allowing
for characterization of the intrinsic emitter properties. In Sec. IV B,
we identify hosts showing deconfinement and use KMC simulations
to study the transient PL decay behavior, discussing especially the
complexities of determining the appropriate confinement energy
barrier ΔET. Section IV C discusses the host materials allowing for
dissociation. We use rate-equation modeling to understand the tran-
sient intensity decay, the relative contributions from TADF emission
and CT-state emission, and the overall emission efficiency. Section V
contains a summary and conclusions.

II. MATERIAL SELECTION AND CHARACTERIZATION

The molecular structures of all materials used in this study are
shown in Fig. 2(a). They have been selected to cover a wide range
of triplet and HOMO energies and as a result varying ΔET and
ΔEHOMO with respect to the CzPIMe emitter. An overview of these
parameters is included in the first five columns of Table I, which
also contains the full names of all host materials. All values for
ΔEHOMO and for ΔET are shown in descending order in Figs. 2(b)
and 2(c), respectively. Figure 3 shows how the PL efficiency is
strongly correlated with the critical parameters for dissociation and
deconfinement and marks the different regimes that can be
distinguished.

The HOMO energies in Table I were obtained from
Ultraviolet Photoelectron Spectroscopy (UPS), as described in
Secs. S1 and S2 of the supplementary material. The tabulated values
are determined from the onset energies of the UPS spectrum.
The actual adiabatic HOMO energy differs, in general, slightly from
the onset value due to the energetic disorder, vibrational relaxation,
and the surface sensitivity of the experiment.28 We expect that the
uncertainty in EHOMO is about 0.1–0.2 eV for all materials.

The tabulated triplet energies ET for the host materials are
peak values, obtained from low temperature phosphorescence mea-
surements in the references also given in Table I. When possible,
measurement results determined from evaporated thin films are
reported. However, such experimental data were not available from
the literature for all host materials. In those cases, values measured
in frozen solution are taken instead.

III. PHOTOLUMINESCENCE EXPERIMENTS

A. PL spectra and PL efficiency

For all host materials, PL experiments were carried out on
CzPIMe:host (5 mol%) films with a thickness of 100 nm, deposited
on a quartz substrate by thermal evaporation. Figure 4(a) shows the
room temperature steady-state emission spectra in an integrating
sphere, with excitation at 340 nm. For most hosts, the peak energy
is 2.50–2.53 eV (peak wavelength 480–490 nm), corresponding to
CzPIMe emission. The full width at half maximum is 0.50 eV
(95 nm) and the onset energy is around 2.90 eV (427 nm). The
peak energy and its shift are given in the last two columns of
Table I. For some of the materials, absorption might occur on the

host molecules, but the absence of host emission at higher energy
in all cases shows that the exciton transfer to the guest is very effi-
cient. The CzPIMe emission energy is expected to depend on the
polarizability of the host material. The relatively high peak energy
of 2.53 eV for emission from CzPIMe in CzSi could indicate that
this host might be less polarizable than the materials for which the
emission peak is closer to 2.50 eV. For TCTA and TAPC as hosts,
the peak emission was found to be significantly redshifted. We
regard these redshifts as an indication of dissociation and subse-
quent CT-state emission (see Sec. IV C).

The CzPIMe phosphorescence spectrum in CzSi was mea-
sured in gated PL experiments with a 500 ms time delay at 77 K.
As shown in Sec. S3 of the supplementary material, the peak and
onset energies are 2.54 and 2.89 eV, respectively.

The PL efficiency, ηPL, was obtained by the de Mello method
using an integrating sphere and three time-integrated measure-
ments to account for self-absorption and re-excitation: (i) without

FIG. 2. (a) The molecular structures of the TADF emitter CzPIMe and the eight
host materials used in this study. (b) The HOMO energies EHOMO of all host
materials in descending order, as well as that of the emitter. All EHOMO values
were obtained from UPS experiments (see Secs. S1 and S2 of the supplemen-
tary material). (c) The triplet energies ET of all host materials, also in descend-
ing order, as well as that of the emitter. The sources for ET are given in Table I.
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a sample, (ii) with indirect excitation of the sample, and (iii) with
direct excitation.36 As shown in Table I, ηPL was found to vary
from about 7% for CzPIMe in TAPC to 60%–65% for CzPIMe in
CzSi, CDBP, and mCBP.

B. Time-resolved PL experiments

Figure 4(b) shows the time-resolved PL intensity of all host–
guest systems after excitation with 375 nm and collected at 530 nm
for TAPC and at 480 nm for all other hosts at room temperature.
Three qualitatively different scenarios can be distinguished:
Embedding in DPEPO, CzSi, and CDBP leads to extremely similar
decay transients, with a prompt lifetime of about 5� 10�8 s and a
delayed lifetime of about 10�5 s with a ratio of the integrated
delayed and prompt intensities of 6.45 (more detailed analysis in
Sec. IV A). Embedding in mCBP, TAZ, and TPBi leads to emission
with a decreased intensity of the delayed component. The emission
in TCTA and TAPC does not show any distinct prompt and
delayed components at all.

IV. ANALYSIS

Based on the photophysical data, we will discuss the three dif-
ferent scenarios in more detail in Subsections IV A–IV C:
(A) systems in which no triplet deconfinement or dissociation
takes place, (B) systems showing triplet deconfinement, and
(C) systems showing exciton dissociation.

A. No deconfinement or dissociation

The CzPIMe:host (5 mol. %) thin films show no signs of
exciton deconfinement or dissociation for CzSi, CDBP, and
DPEPO as hosts. For the first two of these, similar and high values
of the PL efficiency in the range of 60%–65% were found. No PL
efficiency could be determined in DPEPO because of insufficient
absorption due to its large energy gap. However, due to the
extremely similar transient PL decay, the typically excellent

TABLE I. Overview of the HOMO and triplet energies for the emitter and the eight host materials, the host–guest HOMO energy difference ΔEHOMO, and the triplet confine-
ment energy ΔET. The PL efficiency ηPL, the peak emission energy hνpeak, and the peak shift Δhνpeak obtained from steady-state PL experiments for 5 mol. % thin films are
shown. Due to insufficient absorption of the sample, no PL efficiency could be determined for the DPEPO host–guest system.

Material EHOMO (eV) ΔEHOMO (eV) ET (eV) ΔET (eV) ηPL hνpeak (eV) Δhνpeak (eV)

CzPIMe −6.17 … 2.54a … … … …
TAPCc −5.29 −0.88 2.87a29 0.33 0.07 2.17 −0.33
TCTAd −5.70 −0.47 2.83b30 0.30 0.15 2.37 −0.13
CzSie −5.95 −0.22 3.02b31 0.48 0.65 2.53 0.03
CDBPf −6.06 −0.11 2.79a32 0.25 0.61 2.50 ∼0
mCBPg −6.09 −0.08 2.75a15 0.21 0.62 2.50 ∼0
TPBih −6.13 −0.04 2.67b33 0.12 0.32 2.50 ∼0
TAZi −6.69 0.52 2.70b34 0.16 0.40 2.49 ∼0
DPEPOj −6.79 0.62 2.99b35 0.45 … 2.51 ∼0

aDetermined from the evaporated thin film.
bDetermined from frozen solution.
c4,40-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine].
dTris(4-Carbazoyl-9-ylphenyl)amine.
e9-(4-Tert-Butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole.
f4,40-Bis(9-carbazolyl)-2,20-dimethylbiphenyl.
g3,3-Di(9H-carbazol-9-yl)biphenyl.
h2,2,2-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole).
i3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole.
jBis[2-(diphenylphosphino)phenyl] ether oxide.

FIG. 3. Overview of the confinement ΔET and dissociation ΔEHOMO energy bar-
riers with the respective PL efficiency of CzPIMe:host (5 mol. %) thin films. The
gray dashed lines separate the groups of materials for which the respective pro-
cesses occur. Due to insufficient absorption of the sample, no PL efficiency
could be determined for the DPEPO host–guest system.
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performance of DPEPO as host for many TADF emitters, and the
high energetic barriers for both processes (see Fig. 3), we are confi-
dent to place DPEPO in this host category (no deconfinement and
no dissociation). Deconfinement is expected to lead to a reduced
delayed emission intensity with a possibly enhanced delayed life-
time (depending on the triplet lifetime on the host).26 Triplet
quenching on the host could then reduce the PL efficiency.
However, for the CzSi-, CDBP-, and DPEPO-based films, such evi-
dence of deconfinement is not observed. Dissociation and the

formation of intermolecular CT-states are expected to lead to a red-
shifted emission and a decrease in the PL efficiency. That is also
not the case for these three systems. The absence of detrimental
host interactions is consistent with the (ΔEHOMO � ΔET) diagram
in Fig. 3.

Having established that for these three systems excitons on
CzPIMe show neither deconfinement nor dissociation, we fit the
transient PL decay to obtain the intrinsic photophysical rates of the
TADF emitter indicated in Fig. 1(a). We use the analytical expres-
sions for the time-dependent exciton populations given in Ref. 26
in combination with the logarithmic weighting of the fit residuals
and restriction of the dataset described in Ref. 37. The radiative
(“phosphorescence”) triplet decay rate kr,T is assumed to be zero
since the spin–orbit coupling of the emitter is expected to be
very small.

As a result of the extremely similar PL decays, the fit describes
all three non-interacting host–guest systems in CzSi, CDBP, and
DPEPO equally well. Even so, the fits do not enable us to distinguish
whether any non-radiative decay is occurring from the singlet or the
triplet state, or a combination of both. The reason is that due to the
large ISC rate, the ratio between the singlet and triplet excitons is
established soon after the start of the experiment and then remains
equal to kISC=krISC independent of time. In Table II, we therefore
give fit results based on two different scenarios for the non-radiative
decay. For fit I, non-radiative losses can occur from the singlet state
but the non-radiative triplet decay rate is assumed to be zero. For fit
II, the non-radiative rates from singlet and triplet states are assumed
to be equal. Fit I describes the scenario for which non-radiative
triplet decay (to the S0 ground state) is regarded as a strictly spin-
forbidden process, whereas within fit II this spin-restriction is
assumed to be less limiting. Both scenarios result in a fit of the form

FIG. 4. (a) Emission spectra of 5 mol. % CzPIMe:host thin films, measured
under steady-state conditions with 340 nm excitation. The measured PL effi-
ciency is also given in the legend. (b) Normalized time-resolved PL intensity of
these films, collected at 530 nm for TAPC and 480 nm for all other hosts. The
typical bi-exponential TADF behavior is observed in all but two hosts (TCTA and
TAPC), which is discussed in Sec. IV C. The deviation of the delayed intensity
in mCBP, TAZ, and TPBi from that in CzSi, CDBP, and DEPO is discussed in
Sec. IV B.

TABLE II. Characteristics of the time-resolved PL decay of 5 mol. % CzPIMe in
CzSi, with the prompt and delayed decay rates kp and kd, respectively, as well as
the prompt intensity onset A and the PL efficiency ηPL. The photophysical rates for
CzPIMe obtained from rate-equation modeling (see Sec. IV A) of those characteris-
tics, with k(n)r,S/T being the (non-)radiative singlet/triplet decay rates and k(r)ISC being
the (reverse) intersystem crossing rates. For fit I, the non-radiative triplet decay rate
is assumed to be zero and for fit II the non-radiative singlet and triplet decay rates
are assumed to be equal. Both fit scenarios for the photophysical rates lead to
exactly the same prompt and delayed decay rates, the same ratio of the integrated
delayed and prompt intensities (6.45 for A = 0.974) and PL efficiency. The radiative
decay rate of triplets (phosphorescence) is assumed to be zero.

Characteristics of the measured decay

kp kd A ηPL
4.55 × 107 s−1 1.90 × 105 s−1 0.974 0.65

Fitted photophysical rates (106 s−1)

Fit I Fit II

kr, S 4.07 4.07
kr, T 0 0
knr, S 2.19 0.073
knr, T 0 0.073
kISC 38.0 40.19
krISC 1.38 1.30

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 155501 (2021); doi: 10.1063/5.0062926 130, 155501-5

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


I(t) ¼ Aexp(�kpt)þ (1� A)exp(�kdt), with an intensity onset A
and prompt and delayed decay rates, kp and kd, that are given in
Table II. As shown in Sec. S4 of the supplementary material, the fit
is excellent up to approximately 10�5 s. Both fits I and II reproduce
the experimental observation of ηPL ¼ 0:65 for CzSi. For fit I, where
there are no losses from the triplet state, knr,S is a factor �kISC=krISC
larger, matching the expected difference in exciton populations.
Despite not being distinguishable from experiment, in Secs. IV C 4
and IV C 5, we find a significant impact of the different non-
radiative rates for the case of CT-state formation. The other rates
kr,S, kISC, and krISC are almost equal for both fit scenarios and well
within the typical range for donor–acceptor type TADF emitters.2,37

The slightly higher value of ηPL for CzPIMe in CzSi is within the
expected sample-to-sample variation of the PL efficiency for such
systems.

B. Deconfinement

For CzPIMe:host (5 mol. %) thin films with mCBP, TPBi, and
TAZ as hosts, the delayed emission intensity is seen to be signifi-
cantly smaller than in CzSi, CDBP, and DPEPO. However, the
emission spectrum is very similar. Based on the previous work, we
regard the decreased delayed intensity as a signature of triplet
deconfinement.26 The clear distinction between the prompt and
delayed contributions indicates that the coupling between the
triplet states on the host and guest molecules is relatively strong
and that the host triplet diffusion coefficient is relatively large.
Under those conditions (“fast-diffusion limit”),26 the reduction of
the intensity onset of the delayed fluorescence component is equal
to PT,g, the probability that a triplet in the host–guest system
resides on a guest molecule. From the Boltzmann statistics, PT,g is
given by

PT,g ¼ cg

cg þ chexp
h
� ΔET

kBT
þ σ2

T,h�σ2
T,g

2(kBT)
2

i , (1)

where ch and cg ; (1� ch) are the host and guest concentrations,
respectively, T is the temperature, kB is the Boltzmann constant,
and σT,h(g) is the standard deviation of the host (guest) triplet
density of states, which is assumed to have a Gaussian shape. The
second term in the argument of the exponential function describes
the effect of triplet relaxation due to diffusion of molecules with
(on average) lower triplet energy.

As shown in Fig. 5(b), we extract the values of PT,g from the
measured PL intensity decay. We have established in Sec. IV A that
for CDBP no deconfinement occurs and can, therefore, use it as a
reference with PT,g ¼ 1. Relative to the intensity onset in CDBP, we
then find PT,g of approximately 0.58 for mCBP, 0.26 for TAZ, and
0.06 for TPBi. The open symbols in Fig. 5(a) show the effective
confinement energies ΔET,eff that follow from Eq. (1) when assum-
ing σT,h ¼ σT,g. Considering that a value for σT between 0:04 and
0:06 eV is a typical range for organic materials, the impact of differ-
ent disorder strengths on PT,g would be at most equivalent to
ΔET � 0:04 eV.38

For comparison, the full symbols show the values of ΔET that
follow from the photophysical determination from phosphores-
cence spectra (see Table I). The values are strongly correlated but

show a relative shift of approximately 0.12 eV. This can be under-
stood from the large width of the TADF phosphorescence spec-
trum, for which the onset energy is about 0.35 eV larger than the
peak energy (see Fig. S3 of the supplementary material). Due to the
large energetic disorder of the intramolecular CT-excitons on
the TADF molecules and possibly the presence of multiple strong
vibrational modes, no vibronic substructure can be distinguished.
The determined emission peak is then redshifted with respect to
the 0-0 peak. For comparison, the difference between the first (0-0)

FIG. 5. (a) Triplet confinement energy ΔET following from photophysical mea-
surements on the individual materials for CzPIMe in CDBP, mCBP, TAZ, and
TPBi (closed symbols, see Table I). For the three hosts showing deconfinement
also the effective triplet confinement energy ΔET,eff (open symbols) is shown.
ΔET,eff follows from Eq. (1), with the guest occupation probability PT,g extracted
from the onset intensity of the delayed photoluminescence. The full and dashed
lines are guides to the eye, with the same slope and a constant offset of
0:12 eV. (b) Comparison of the measured transient PL (symbols) and KMC sim-
ulations thereof (curves), with the ΔET,eff indicated in panel (a) and reproducing
the experimental value of PT,g.
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peak and the onset energy of the triplet emission spectrum is only
0.1 eV or even less for typical host materials, also studied at 77 K
(see e.g., Ref. 39). Effectively, the energy barrier for deconfinement
is thus overestimated when deducing the host and guest triplet
energies from the spectral peak positions.

While deconfinement decreases the onset intensity of the
delayed emission by a factor PT,g, it is at the same time expected to
increase the delayed emission lifetime by a factor 1/PT,g. The longer
lifetime increases the probability of non-radiative triplet decay on the
host, as well as the probability of quenching at defects or impurities.
The PL efficiency is thereby reduced with increasing deconfinement,
as is observed experimentally (see Table I). Figure 5(b) shows a com-
parison between the measured and simulated time-dependent PL
intensities, using the KMC simulation tool Bumblebee.25

The simulations are performed as described in Ref. 26 for the fast-
diffusion limit, with a small adaptation to include knr,T,h, the non-
radiative decay rate on the host: in Eqs. (7)–(10) of that work all
factors PT,gkT (the total loss rate from the triplet state of the TADF
emitter) should be replaced by [PT,gkT þ knr,T,h(1� PT,g)].

With the previously determined photophysical rates of the
emitter (see Table II), we find that the simulated PL efficiency
for emission from CzPIMe in mCBP, TAZ, and TPBi matches
the experimental ηPL (see Table I) for knr,T,h ¼ 2:0, 6:0, and
1:5� 104 s�1, respectively. In the case of mCBP, which still shows a
very high PL efficiency of 62%, the excitons do not spend enough
time on the host to suffer significantly from non-radiative losses.
The deconfinement, in this case, results only in a decrease in the
PL intensity during the delayed regime.

A clear difference for the simulated time-dependence of the
PL is still visible in Fig. 5(b) for t . 2� 10�6 s, where the simula-
tions predict an approximately exponential decay. The non-
exponential decay observed in the experiment could be explained
by deeper exciton-trap sites on the host than are included by the
Gaussian distribution of energy levels or distribution of photophys-
ical rates.40 For TPBi, the simulation result also deviates from the
experiment for short delay times in the prompt regime. Given its
small dissociation barrier (ΔEHOMO ¼ �0:04 eV), it is possible that
a small degree of dissociation occurs in TPBi, enabled by a rela-
tively large disorder. Such a broadened disorder can be caused by
the significant dipole moment of TPBi (μ ¼ 7+ 3:4 D).41

We conclude that at room temperature, deconfinement starts
to play a role when the triplet confinement energy ΔET that is
deduced from the peak energy of the emitter spectrum and the 0-0
peak energy of the host spectra is smaller than about 0:25 eV. The
effective confinement energy [see Fig. 5(a)], from which the reduc-
tion of the delayed emission intensity can be estimated, is approxi-
mately 0:12 eV smaller. As has been discussed above, this
discrepancy is most likely related to the broad and unresolved
nature of the CzPIMe emission peak.

C. Dissociation

1. Experimental evidence of dissociation

The emission from CzPIMe:host (5 mol. %) thin films with
TCTA and TAPC as hosts shows a clear redshift and the PL effi-
ciency is drastically decreased, from a maximum of 65% to 15%
(TCTA) and 7% (TAPC), as shown in Table I. Furthermore, a

featureless decrease in the intensity with time rather than distinct
prompt and delayed emission regimes are observed [Fig. 4(b)].
These observations indicate that for both systems exciton dissocia-
tion is significant. As discussed in Sec. I, we expect that the relevant
dissociation process is the transfer of a hole from the emitter to a
host molecule so that an intermolecular CT-state is formed. TCTA
and TAPC are indeed the two systems for which the activation
barrier for dissociation is smallest, as is clear from Figs. 2 and 3.
Triplet deconfinement is not expected to play a role, as the confine-
ment energy ΔET . 0:25 eV is large in both materials.

Although dissociation depletes the population of guest-
excitons, in both TCTA and TAPC the relative remaining PL inten-
sity (i.e., when plotting the normalized signal) in a time window
around 10�7 s is actually larger than for systems without dissocia-
tion. For the TCTA system, the spectrum shows a redshift and a
broadening of the emission peak [0:6 eV full width at half
maximum, compared to 0:5 eV for the CzSi system, see Fig. 4(a)].
This means that also longer-lived radiative decay from CT-states
must contribute to the emission. At present, the relative weight of
both contributions cannot be quantified, as the pure CT-state emis-
sion spectrum and PL efficiency are not available. For the TAPC
system, on the other hand, effectively all emission originates from
the respective CT-state. The larger redshift for this system, as com-
pared to that for the TCTA system, is qualitatively consistent with
the smaller (less negative) HOMO energy for TAPC, leading to
energetically more favorable CT-states.

2. Simulation model

We use a rate-equation model to analyze the fraction of
formed CT-states, the contribution of CT emission to the overall
spectrum and the resulting PL efficiency, as well as the time-
dependence of the intensity decay. The model assumes that the
optical excitation, if it occurs on a host molecule, is followed by a
very fast exciton transfer to the guest. The exciton population at
t ¼ 0 then consists entirely of singlets on the TADF emitters.
Within the model, the emitter resides at the origin of a simple
cubic lattice of host molecules. Even though our work thus
neglects the actual structural disorder of the amorphous materials,
we find by a comparison with simulation results for an fcc lattice
that the sensitivity to the detailed structure is very weak (see
Sec. S7 in the supplementary material). The lattice parameter
(intermolecular distance) is a ¼ 1 nm, which is a typical intermo-
lecular distance in the considered systems. The TADF emitter site
is labeled j ¼ 0 and the surrounding nearest neighbor host sites
are labeled j ¼ 1, . . . , 6 (NN) and the next-nearest neighbors
j ¼ 7, . . . , 18 (NNN), etc. An electron–hole pair state after disso-
ciation of an exciton can be in several different configurations:
either it is in the NN configuration at a separation of d ¼ 1 nm,
which only then we denominate as a “CT-state.” Or a subsequent
hop has occurred after dissociation leading to a separation of
d ¼ ffiffiffi

2
p

nm, which is denoted as a NNN-state.
If the third-nearest neighbors are included as well, the number

of host sites included in the model becomes Ntot ¼ 26. In this case,
nearest-neighbor hopping of the dissociated hole up to an elec-
tron–hole separation of d ¼ ffiffiffi

3
p

nm becomes possible. Unless
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stated otherwise, a total of Ntot ¼ 18 host sites are included in our
modeling results.

The nominal activation energy for creating an electron–hole
pair with the hole on a host site at a distance dj is given by

EA,j,nom ¼ ΔEHOMO þ Eexc,b � e2

4πϵ0ϵrdj
, (2)

with Eexc,b being the nominal binding energy of an exciton on a
CzPIMe molecule. The last term in the expression is the nominal
electron–hole pair binding energy, Eeh,b,j. This energy is assumed to
be equal to the Coulomb energy between an electron and a hole at
a distance d j in a medium with relative permittivity ϵr, where ϵ0 is
the vacuum permittivity. We neglect the small difference between
the singlet and triplet binding energies of the TADF excitons.

With a typical value of ϵr ¼ 3, the CT and NNN binding ener-
gies are ECT,b(1 nm) ¼ 0:48 eV and ENNN,b(

ffiffiffi
2

p
nm) ¼ 0:34 eV,

respectively.42 It is clear from the experiment that at least some of
the dissociated states have a radiative decay channel available. We
will assume in the model that the CT-states (d ¼ 1 nm) have a radia-
tive decay rate, but that the farther separated electron–hole pair
states (d . 1 nm) are non-emissive. The observed redshift of the
total emission peak with respect to the intrinsic TADF emission peak
is then expected to be close to the nominal activation energy for dis-
sociation to a NN-site. In the TAPC host, the spectrum shows a red-
shift of approximately 0.33 eV [see Fig. 4(a)]. From Eq. (2), with
ΔEHOMO ¼ �0:88 eV and Eb,CT ¼ 0:48 eV, we can estimate the
exciton binding energy Eexc,b for CzPIMe to be about 1:0 eV.

To include the important aspect of the energetic disorder in
the organic semiconductor, we model the guest and host sites for
many random disorder configurations m. The HOMO energy for
each site j is then assumed to deviate from the nominal value by
δEHOMO,mj, which is taken from a Gaussian distribution with a
width σ. The activation energy between two sites is then given by

EA,mj ¼ EA,nom þ δEHOMO,m0 � δEHOMO,mj: (3)

For the sake of notational simplicity, we will omit in the fol-
lowing the label m when indicating process rates or exciton
densities.

Just as in our earlier OLED material and device simulations,
we describe the kinetics of charge transfer, exciton generation, and
exciton dissociation using the Miller–Abrahams formalism.43–46

Here, we only consider the possibility of hole-transfer between
nearest-neighbor sites in the cubic grid. The transfer rate for a hole
on an initial site j to a final site k, in the presence of an electron at
the TADF emitter (j ¼ 0), is then

r jk ¼ ν1,h exp

"
� jΔEA,jkj þ ΔEA,jk

2kBT

#
, (4)

with ν1,h being the hole hopping attempt rate to a NN-site and
ΔEA,jk ; EA,k � EA,j. The rate for dissociation of a guest-exciton to a
CT-state is r0k, and the rate for the reverse process (exciton genera-
tion on the TADF guest) is rk0. Consistent with the previous work, a
typical value of the hole hopping attempt rate ν1,h ¼ 3:3� 1010 s�1

is chosen.46–48 The hole transfer is assumed to be spin-conserving
and its rate to be spin-independent.

For the guest-exciton itself as well as all possible electron–hole
pair states, we will differentiate between the system being in a
singlet or triplet state. This means that we explicitly consider the
spin-multiplicity of the electron–hole pair, even after dissociation.
Overall, the system can then be in 2(Ntot þ 1) configurations, where
the factor 2 accounts for the singlet and triplet states. The singlet
(triplet) states are coupled by spin-mixing, resulting in a spin-flip
rate ksf ,S(T). The spin-flip rates on the TADF emitter, kISC and krISC,
are, in general, different due to the presence of a small but still signif-
icant singlet–triplet energy gap. For the electron–hole pair states, the
singlet-triplet gap can be assumed to be even smaller, resulting in a
single spin-independent rate ksf ,S ¼ ksf ,T ¼ ksf . This is consistent
with the findings in Ref. 49 from a CT-state emission study. A more
detailed model that includes, e.g., the random size and orientation of
the local hyperfine fields around which the electron and hole spins
precess, would result in a distribution of spin-flip rates.50,51 Here, for
the sake of simplicity, spin-transitions in the CT-state are treated as
processes with a single value for the rate. The distinction between
the three triplet sub-states is thus neglected.

The time-dependence of the normalized density of singlet and
triplet states in each configuration, nS,j and nT,j, respectively, is
obtained by solving the following set of 2(Ntot þ 1) coupled differ-
ential equations:

dnS(T)j
dt

¼ �kS(T),jnS(T),j � ksf ,S(T),jnS(T),j þ ksf ,T(S),jnT(S),j

þ
X

k[{NN�set of j}

(rkjnS(T),k � r jknS(T),j), (5)

where the summation includes transfers to and from all (at most
six) nearest neighbors of site j that are included in the model,
and with

kS(T) ¼ kr,S(T) þ knr,S(T) þ kISC(rISC) for j ¼ 0,
kS(T) ¼ kr,CT,S(T) þ knr,CT,S(T) þ ksf for j ¼ 1, . . . , 6,

kS(T) ¼ ksf for j ¼ 7, . . . , 18:
(6)

As described above, for the PL experiment the initial conditions at
t ¼ 0 are nS ¼ 1 on the TADF guest site (j=0) and zero for all
other states.

We extend the two scenarios (see Table II) used to describe
the non-radiative decay rates of the emitter to the CT-states.
Fits I and II then consider either knr,T ¼ knr,CT,T ¼ 0 (fit I) or
knr,S ¼ knr,T with knr,CT,S ¼ knr,CT,T (fit II). Independent of the fit
scenario, no phosphorescence is assumed so that kr,CT,T ¼ 0. We
assume that from the non-emissive electron–hole pair states with
the hole on farther away host sites (d . 1 nm) also, no non-
radiative recombination can occur. In Subsections IV C 4 and IV C 5,
we will determine an estimate of the photophysical rates for the
CT-states of CzPIMe:TCTA (Table III).

For the simple cubic grid with the six NN-sites and twelve
NNN-sites, we find that numerical solutions of Eq. (5) can be
obtained using standard solution methods.52 An advantage of
using this approach is that the accurate solutions are obtained for
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all relevant times, all relevant states, and for over more than ten
orders of magnitude in the exciton density. Including the next shell
of (eight) third-nearest neighbors, at a distance of

ffiffiffi
3

p
a, is found to

make the problem mathematically stiff so that even when using
very small time steps and a high numerical accuracy not always a
solution can be found. However, adding a single third nearest
neighbor molecule is often found to be possible. We will show that
for the systems that are studied in this work the role of NNN-sites
is already quite limited, at least up to delay times of about 10�5 s. If
needed, kinetic Monte Carlo methods can be used to study dissoci-
ation under conditions for which more distant neighbors are
involved. The final results shown here are obtained by averaging
the solutions of Eq. (5) over typically 1000–10 000 disorder
configurations.

3. Fraction of electron–hole pairs

A first view on the critical threshold of ΔEHOMO for which
CT-state formation is expected can be obtained simply from the
fractions of guest-excitons and electron–hole pair states that are
predicted to be formed. Within the model, the time scale within
which these fractions reach a near-equilibrium value is very short,
of the order ν�1

1,h , i.e., in the 10–100 ps range. This is at least two
orders of magnitude faster than the relevant photophysical and
spin-mixing time scales. For a given disorder configuration, these
equilibrium fractions then depend only on the HOMO energies of
the TADF and host sites.

Figure 6(a) shows the disorder-averaged total equilibrium frac-
tion of electron–hole pairs, feh�total, for HOMO energy disorder
strengths of σ ¼ 0:10, 0.15, and 0.20 eV. In this case, host sites up
to a distance of d ¼ ffiffiffi

3
p

a (third-nearest neighbor sites) from the
emitter are considered, resulting in Ntot ¼ 26. feh�total is then the
sum of the fractions in the nearest neighbor configuration (fNN,
dashed curves), in the next-nearest neighbor configuration (fNNN,
dotted curves), and in the third-nearest neighbor configuration

(not shown). The activation energy for the hops was obtained from
Eqs. (2) and (3), with Eexc,b ¼ 1 eV and ECT,b ¼ 0:48 eV (as esti-
mated above). The figure shows that the ΔEHOMO range within
which the crossover from no dissociation to full dissociation takes
place broadens with increasing energetic disorder of the HOMO
states. Positional variation as a result of a disordered morphology
would further broaden the transition. The crossover (when
feh�total ¼ 0:5) for a typical disorder energy of σ ¼ 0:1 eV occurs
around ΔEHOMO � �0:4 eV. For σ ¼ 0:1 eV, the role of dissocia-
tion to NNN-type pairs is seen to be small, even at the largest
HOMO energy offset considered (�0:6 eV). Dissociation to the
third-nearest neighbor sites is then insignificant and we conclude
that considering host sites up to the next-nearest neighbors in the
model will give a good estimation of the electron–hole pair popula-
tion in the relevant ΔEHOMO range. At higher disorder (0:2 eV),
dissociated states on the second- and third-nearest neighbors can
become increasingly important. We note that the crossover energy
depends linearly on the difference between emitter and CT-state
binding energies, Eexc,b � ECT,b.

Figure 6(b) shows for which ΔEHOMO dissociation starts to
become visible in photophysical experiment. The figure gives the
disorder-averaged fraction of photophysically active states that is a

TABLE III. Photophysical rates for CT-states in TCTA:CzPIMe (5 mol. %) thin films,
deduced from a fit to the time-resolved PL intensity and including the PL efficiency
(see Sec. IV C 5), for various values of ksf, for σ = 0.1 (0.2) eV and for fit scenarios
I (knr, CT, T = 0) and II (knr, CT, T = knr, CT, S). The accuracy of the rates is approxi-
mately +20%. The fourth column gives the relative contribution of CT-states to the
overall emission, ηCT,rel. Bold lettering is used to indicate the set of parameters that
we regard as the overall best fit to the PL efficiency and the time-resolved PL inten-
sity, also considering ηCT,rel. The rates of the TADF emitter are given in Table II.

kr, CT, S (106 s−1) knr, CT, S (106 s−1) ηCT,rel–

Fit scenario I
No spin-flip 0.15 (0.4) 10 (11) 0.08 (0.20)
ksf = 106 s−1 0.5 (0.8) 15 (15) 0.17 (0.27)
ksf = 107 s−1 1.3 (1.2) 22 (22) 0.32 (0.33)
ksf ¼ 108 s−1 2.6 (2.0) 38 (33) 0.35 (0.33)
ksf = 109 s−1 3.7 (4.1) 43 (55) 0.44 (0.39)
Fit scenario II
No spin-flip 1.0 (1.4) 7 (12) 0.52 (0.54)
ksf = 107 s−1 1.8 (1.4) 11 (11) 0.47 (0.40)
ksf = 109 s−1 5.1 (4.1) 29 (29) 0.47 (0.38)

FIG. 6. (a) Fractions of total electron–hole pairs, feh�total , as well as the frac-
tions in the nearest neighbor (fNN) and next-nearest neighbor (fNNN) configura-
tion, as a function of ΔEHOMO and for various disorder widths σ. Not shown are
the third-nearest neighbor configurations. (b) Fraction of CT-states among the
photophysically active states (guest-excitons and CT-states). The vertical
dashed lines indicate the values of ΔEHOMO for CzPIMe in CzSi and TCTA
hosts (see Table I). The binding energies used are Eexc,b ¼ 1 eV and
ECT,b ¼ 0:48 eV.
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CT-state (NN), f 0NN ; fNN=(femitter þ fNN), again for various disor-
der energies. For ΔEHOMO ¼ �0:52 eV, this fraction is seen to be
equal to 6/7 and independent of the disorder, because the nominal
activation energy for CT-state formation is exactly zero. In the
absence of disorder and if kr,S ¼ kr,CT,S, then f 0NN simply gives the
relative contribution of CT-state emission to the total PL efficiency,
fCT ; ηPL,CT=ηPL. The rates of non-radiative decay on the emitter
and CT-states do not affect this, even though they do affect the
total PL efficiency as will be shown in Subsection IV C 4.
However, for disordered systems, fNN,m and ηPL,m (with m the dis-
order configuration) are correlated so that ηPL,CT = f 0NN � ηPL.

4. PL efficiency

As the next step, we analyze the effect of the photophysical
rates in the CT-state and of the disorder on the PL efficiency. It
seems plausible that the radiative singlet decay from CT-states,
kr,CT,S, is of the same order of magnitude as the radiative singlet
decay rate kr,S on the TADF emitter itself, which also has a signifi-
cant intramolecular CT-character.49 Therefore, kr,CT,S is here taken
to be equal to kr,S. From fits to the PL decay in Subsection IV C 5,
this is found to be a fair approximation for the CzPIMe:TCTA
system. It seems also plausible that the non-radiative decay rate of
the CT-states is larger than that of the emitter states, in view of the
less rigid connection between the separate molecules on which the
hole and the electron reside after dissociation. In Fig. 7, we investi-
gate the sensitivity of ηPL and fCT to the non-radiative decay rate of
the CT-state by varying the ratio knr,CT=knr. Full black and gray
curves indicate results without spin-flip of electron–hole pair states
and dashed curves indicate results for ksf ¼ 107 s�1. This is the
order-of-magnitude that may be expected for organic molecules, as
the hyperfine field Bhf that is induced by the hydrogen nuclei is
typically 1 mT, leading to a spin precession frequency
f ¼ gμBBhf=h ¼ 2:8� 107 s�1.53 Here, g is the electron g-factor, μB
is the Bohr magneton, and h is the Planck constant. The red curves
give the fraction of CT-state emission, fCT ¼ ηPL,CT=ηPL.

Figure 7(a) shows that within fit scenario I (no non-radiative
decay of triplets), a decrease in the PL efficiency with lower
ΔEHOMO is only expected when the ratio knr,CT=knr . 1. The
regime where CT-states affect the PL efficiency is seen to directly
depend on this ratio. At small barriers ΔEHOMO, the PL efficiency
can be decreased even before the CT-state emission contribution
fCT (full thick red curve) becomes significant. It is important to
note that the dissociation in this case cannot be detected by a con-
tribution to the overall emission spectrum. As kr,CT,S ¼ kr,S, this
contribution is equal to the quantity f 0NN shown in Fig. 6(b) for
σ ¼ 0 eV. Here, the PL efficiency is only determined by the ratio
between the singlets on the TADF guest and CT-state singlets,
which is time-independent due to the fast hole hopping rate. The
overall PL efficiency within fit scenario I is therefore not affected
by the spin-flip of electron–hole pair states. However, these spin-
flips can strongly affect the time-dependence of the PL intensity, as
will be shown in Subsection IV C 5.

Figure 7(b) shows the broadening of the dissociation threshold
upon introducing a disorder energy σ ¼ 0:1 eV. Energetic disorder
also causes a shift in the ΔEHOMO threshold for which dissociation
negatively impacts ηPL, consistent with the trend that was observed

in Fig. 6. The fraction of CT-state emission is now seen to depend
on the non-radiative decay rate of the CT-states.

Figure 7(c) shows that for fit scenario II (equal non-radiative
rates from singlet and triplet states) the effect of dissociation on
the PL efficiency is more complex. Although ηPL decreases with
lower ΔEHOMO initially, the curves even show an efficiency
increase when ΔEHOMO is below approximately �0:4 eV. That is
surprising, given that the non-radiative CT-decay rate is up to a
factor knr,CT=knr ¼ 100 larger than that of the TADF emitter. This
is due to the dissociation process being much faster than the ISC

FIG. 7. PL efficiency as a function of ΔEHOMO (black/gray, left axis) and fraction
of emission from CT-excitons (red, right axis) with Eexc,b ¼ 1 eV and
ECT,b ¼ 0:48 eV. The photophysical rates of the emitter are given in Table II,
and for CT-states we take kr,CT,S ¼ kr,S while the ratio knr,CT=knr is varied. The
symbols indicate the measured PL efficiency ηPL for CzPIMe in CzSi and TCTA
(left axis). (a) Results for fit scenario I without disorder and no spin-flip and (b)
with disorder of σ ¼ 0:1 eV and no spin-flip. (c) Results for fit scenario II and,
for the dashed curves, with a spin-flip rate ksf ¼ 107 s�1 of the electron–hole
pair states.
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on the TADF so that a large fraction of singlet CT-states is
formed. These CT-singlets cause the increased efficiency because
their non-radiative decay rate is small within this fit scenario and
because the spin-flip to the triplet state is slower in the CT-state
than on the TADF emitter by ISC. For that reason, fit scenario II
also shows a dependency of the PL efficiency on the spin-flip rate
of CT-states, shown by the dashed lines in Fig. 7(c). For weakly
dissociated systems, the effect on ηPL is positive, as the singlet
density actually becomes larger. However, for very negative ΔEHOMO,
dissociation once more reduces ηPL regardless of spin-flip because
the rate for forming a guest-exciton again from the CT-state
becomes very small. We note that for strongly negative ΔEHOMO

values full dissociation to a free electron and hole and subsequent
non-geminate recombination will become possible, which is not
included in the present model. In the absence of energetic disorder,
this regime change will occur when ΔEHOMO is close to the �Eexc,b,
which is here �1 eV.

5. Time-resolved PL intensity

The time-resolved PL intensity can be used to quantify the
rates of the various processes that occur upon dissociation. We
focus on the CzPIMe:TCTA system for which some, but not all, of
the guest-excitons undergo dissociation. The starting point of the
analysis is the set of photophysical rates on the emitter molecule
that are given in Table II for two fit scenarios (I and II). As men-
tioned in Sec. IV C 2, we extend fit scenario I by assuming that
also on the CT-states non-radiative decay occurs only for singlets
and we extend fit scenario II by assuming equal non-radiative
decay rates for CT-singlets and CT-triplets. Within each scenario,
the free parameters are kr,CT,S, one value for the considered non-
radiative decay rates, and ksf . We first take fixed values of ksf and
determine the CT-decay rates resulting in (i) an overall PL effi-
ciency of ηPL ¼ 0:15 (the experimental value, see Table I) and (ii) a
crossover time tcrossover ¼ 3� 107 s of the simulated PL intensity
curve affected by dissociation and the simulated curve without dis-
sociation [which is consistent with the measurement results, see
Fig. 4(b)].

It is not a priori clear which value of the HOMO energy disor-
der should be used. An analysis of measurements of hole transport
in TCTA films has led to σ ¼ 0:10 eV.54 Such a value is typical for
materials that are based on molecules with small or negligible elec-
trostatic dipole moments. Slightly larger values [σ ¼ 0:136 eV
(Ref. 55) and 0.112 eV (Ref. 54)] have been obtained from first
principles simulations. One could argue that in a dissociation
experiment the strong field gradient due to the remaining charge
on the emitter molecule, combined with positional disorder,
increases the effective energetic disorder. On the other hand, short-
range electrostatic fields from the molecular quadrupole moments
make the disorder spatially correlated and effectively weaker with
regard to a local process such as CT-state formation. Based on
these considerations, we focus on simulation results that have been
obtained for σ ¼ 0:1 eV, even though we will also give results for
larger values of σ. We note that an indirect argument that favors
the use of a value of σ ¼ 0:1 eV is that the experiments do not
show evidence for CT-state formation when using as a host CzSi, a
stable amorphous material with a high glass temperature, and a

relatively small molecular dipole moment.31,56,57 From Fig. 6, with
a realistic uncertainty of +0:1 eV in ΔEHOMO, this finding could
not be well explained if σ would be much larger than 0.1 eV.

Table III gives an overview of the best fit results for σ ¼ 0:1
and 0:2 eV and for various values of ksf . The table shows that the
parameters depend only weakly on σ, but show a significant depen-
dence on ksf . The effect of introducing a spin-flip rate is largest for
scenario I, within which only singlet states show non-radiative
decay. With increasing ksf , the difference between both scenarios
becomes smaller. This near-convergence of both fit scenarios for
ksf � 109 s�1 is reflected by the similarity of the rates kr,CT,S and
(knr,CT,S þ knr,CT,T). The relative contribution of CT-state emission
to the time-integrated PL intensity, ηCT,rel, is then around 45%.

The overall fit quality and the required ksf to best match the
experimental time-resolved PL intensity can be judged from Fig. 8.
All intensity curves are normalized at t ¼ 10�9 s, as the intensity
for much shorter times is not experimentally accessible. All panels
show a decrease in the simulated PL intensity around 10 ps, when
electron–hole pairs are formed. Panels (a) and (b) show how the
emission depends on σ and on the inclusion of only NN-sites
[panel (a)] or also NNN-sites [panel (b)] in the absence of
electron–hole pair spin-flips. In the experimentally accessible time
range, up to approximately 3� 10�5 s, the effects of an increase in
the disorder energy or the inclusion of NNN-sites is seen to be
relatively weak. Interestingly, the weak but extremely long-lived
intensity for t . 10�4 s is approximately linear on the double-loga-
rithmic scale used. This long-lived tail is more pronounced with
increasing disorder energy. Such a near-linearity can be due to the
near-exponential distribution of activation barriers for detrapping
of holes from deep NNN sites in the tails of their Gaussian density
of states. The observed slope of the intensity curves, which is
approximately �1:3 for σ ¼ 0:2 eV, agrees well with such a distri-
bution of activation barriers (see Sec. S5 of the supplementary
material).

For both fit scenarios, the curves in panels (a) and (b) still
show a distinct transition from prompt to delayed emission,
whereas in the experimental decay these regimes are no longer
visible. Instead, the experimental intensity decay from t ¼ 10�7 to
10�5 s is approximately linear on the double-log scale used.

Panel (c) in Fig. 8 shows that for a system that includes
NNN-sites, with fit scenario I and σ ¼ 0:1 eV, the observed disap-
pearance of the prompt-delayed transition can be understood when
introducing spin-flips in the CT-state. For times up to 10�5 s, a
similarly good agreement can be obtained with fit scenario II (see
Sec. S6 of the supplementary material). For low spin-flip rates, the
relative emission from CT-states ηCT,rel within this scenario is then
significantly higher as compared to fit scenario I (see Table III). As
discussed in Sec. IV C 4, we regard values of ksf in the range
107–108 s�1, resulting from hyperfine field interactions, as realistic
for the materials studied. In that range, fit scenario I shows better
agreement of ηCT,rel with the CT-state emission observed experi-
mentally for the TCTA system.

For large delay times however, the simulation results with
ksf � 108 s�1 that are shown in panel (c) still do not agree well
with the experiment. The experimental data [Fig. 4(b)] suggest that
at 10�4 s the normalized PL intensity is still 10�5–10�4, whereas
the simulation results show a decrease in an intensity below 10�6.
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This observation indicates that a small fraction of the sites forms
hole traps with longer release times than included by the Gaussian
HOMO distribution. As suggested already by the disorder-
dependent results in panel (b), the experimental results could in
principle be explained by assuming a large disorder energy, com-
bined with a strong spin-flip. Indeed, the simulation results in
panel (d), for σ ¼ 0:2 eV and ksf ¼ 109 s�1 s, yield a PL intensity
that is similar to the measured data. However, as argued in
Subsections IV C 3 and IV C 4, we regard such a strong HOMO
disorder as less likely. Alternatively, the effect could be due to
extrinsic trap states. We find indeed that adding a single third-
nearest neighbor site as a strong hole trap, i.e., with a 0.5 eV more
shallow HOMO energy, can cause the observed extension of the
linear (on a log-scale) decay curves without significantly affecting
the PL intensity up to 10�5 s (see Sec. S7 of the supplementary
material).

For entirely dissociating systems (effectively all guest-excitons
dissociate to at least a NN-site), the PL efficiency ηPL is equal to
ηPL,CT ¼ kr,CT,S=(kr,CT,S þ knr,CT,S) and independent of ΔEHOMO.
From the best fit deduced for the TCTA system (bold in Table III),
the efficiency for CT-state emission is then ηPL,CT ¼ 0:068.
Interestingly, this value is very similar to the experimental PL

efficiency of the TAPC system (0.07, see Table I) for which the
emission is almost entirely from CT-states.

In summary, we have estimated the photophysical properties
of the TCTA:CzPIMe CT-state, as shown in Table III, from fitting
and simulations of the transient PL intensity. The lack of distinct
prompt and delayed regime is a result of the spin-flip in the
CT-states in combination with the HOMO energy disorder, leading
to a wide-spread distribution of properties for the CT-states
formed on different guest sites. The model reproduces the modified
decay dynamics and PL efficiency well. Nonetheless, for both the
TADF guest and the CT-states, the analysis does not reveal where
the non-radiative loss occurs (from singlet or triplet states, using,
for example, fit scenario I or II).

6. Time-integrated CT-state emission spectrum

The model that has been developed above can also be used to
calculate the contribution to the emission spectrum from CT-states
that would be expected in the absence of vibronic broadening.
Within this approximation, the shift of the emission energy from a
CT-state on a specific CzPIMe–host molecule pair, with respect to
the emission energy from CzPIMe, is equal to the pair-specific

FIG. 8. Simulated transient PL intensity for ΔEHOMO ¼ �0:47 eV (CzPIMe:TCTA). All panels include as a reference (black dotted curve) the modeled decay for CzPIMe
without CT-state formation (CzPIMe:CzSi; see Fig. S4 in the supplementary material) as well as the experimental reference data for CzPIMe:TCTA (dashed green).
(a) Simulations without spin-flip including only NN host sites for fit scenarios I and II and for σ ¼ 0:10, 0:15, and 0.20 eV. (b) Same as (a), but with inclusion of NNN host sites,
which are also included in (c) and (d). (c) Simulations for fit scenario I, with realistic σ ¼ 0:1 eV, showing the impact of varying ksf . (d) Simulations for fit scenarios I and II
at large disorder σ ¼ 0:2 eV, and comparing ksf ¼ 0 with a very fast spin-flip rate ksf ¼ 10�9 s�1. For clarity, all scenario I results in this panel are offset by two
orders of magnitude.
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activation energy for CT-state formation [Eq. (3)]. Figure 9(a)
shows for various nominal values of ΔEHOMO the CT-state emission
spectrum that would then be expected for the CzPIMe:TCTA
system, using the best fit parameters obtained previously (bold in
Table III). The emission peaks have a full width at half maximum
that increases from about 0.1 to 0.2 eV in the ΔEHOMO range
studied and show a distinct redshift for ΔEHOMO below �0:4 eV,
when dissociation becomes significant. Shown in the inset of
Fig. 9(b) is the integral of these CT-state emission spectra, which
gives the CT-state contribution to the PL efficiency, ηPL,CT.
Figure 9(b) gives the average shift of the emission energy with
respect to that of the TADF emitter. For cases with strong
dissociation, the redshift approaches the nominal value of the
activation energy for CT-state formation that is given by Eq. (2)
(short-dashed line). The results for ΔEHOMO � �0:6 eV are con-
nected using a long-dashed curve, instead of a full curve, in order
to emphasize that in this part of the parameter range the model
might not be fully correct as a result of full dissociation, followed
by non-geminate pair recombination. Including that effect, which
will also depend on the emitter concentration, is beyond the scope
of this study. The figure shows that for the CzPIMe:TCTA system,
with ΔEHOMO � �0:47 eV, a redshift of the CT contribution of
approximately �0:10 eV is expected. For the assumed set of param-
eters, CT emission then contributes about 35% of the total intensity
(see Table III). Considering the limitations of the modeling
approach and experimental uncertainties, the calculated redshift of
the CT-spectrum may be regarded as being in good agreement
with the observed redshift of �0:13 eV (see Table I) of the total
spectrum.

7. Time-resolved contribution of CT-state emission

For a given disorder configuration, the relative CT-state
contribution to the emission spectrum increases as a result of dis-
sociation until a time t � ν�1

1,h � 3� 10�11 s and becomes then
constant. The value of ν1,h, the hole hopping attempt rate to the
nearest-neighbor, is much larger than the rates of all other pro-
cesses. This means that the established ratio between all singlet
densities nSj remains unchanged by the following processes.
However, we find that for an ensemble of emitters with different
disorder configurations the relative CT-state contribution to the
emission spectrum is even for t . ν�1

1,h not constant. Figure 9(c)
shows the time-dependence of the fraction of CT-state emission
for various values of ΔEHOMO. The main effects are the develop-
ment of a peak at t � 10�7 s and a broad minimum around
t � 10�5–10�6 s. The time range of high CT-emission around
10�7 s agrees very well with the relatively increased intensity in the
experimental PL decay for TCTA and TAPC [see Fig. 4(b)]. For
t . 10�4 s, where the emission intensity is very small and deter-
mined by particularly deep host trap sites, no statistically accurate
results could be obtained.

The time-dependence of the CT-state contribution can be
understood as follows. After the very fast formation of a
quasi-equilibrium between TADF-singlet and CT-state singlets, at
t � 3� 10�11 s, the spin-flip of CT-states at t � k�1

sf ¼ 10�8 s is
the next process that affects the population of the various excitonic
states. The number of singlet CT-states is reduced more strongly

FIG. 9. Properties of the CT-state emission, obtained from simulations using fit
scenario I with σ ¼ 0:10 eV and ksf ¼ 108 s�1, and using the emitter and
CT-state photophysical rates that are given in Tables II and III. (a) Spectral inten-
sity for various values of ΔEHOMO. The relative emission energy Δhν is defined
with respect to the emission peak of the TADF emitter. (b) Disorder-averaged
change of the CT-emission peak energy in dependence of ΔEHOMO. The short-
dashed line gives the result that is obtained in the absence of energetic disor-
der. The results for �ΔEHOMO � 0:6 eV are indicated using a long-dashed
curve, in order to emphasize limitations of the model in that part of the parame-
ter range (see the main text). The inset shows the ΔEHOMO dependence of
ηPL,CT, the CT contribution to the overall PL efficiency. (c) Time-dependent frac-
tion of CT-state emission. The dashed curve gives the result for
ΔEHOMO ¼ �0:47 eV with ksf ¼ 0 (but otherwise equal rates).
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for disorder configurations with energetically favorable CT-states.
The configuration-averaged fraction of CT-state singlets therefore
decreases, resulting also in a decrease in the fraction of CT-state
emission. As may be seen from Fig. 9(c), this decrease is soon fol-
lowed by an increase caused by ISC on the TADF emitter. It occurs
around t � k�1

ISC � 3� 10�8 s and strongly reduces the population
of singlets for disorder configurations in which they are still located
on the TADF emitter. With this depopulation of singlets on the
guest, the ensemble-averaged contribution of CT-state singlets to
the overall singlet population increases once more. Just like ISC has
effectively more impact in disorder configurations with a relatively
large exciton population on the emitter, the same holds for rISC.
Already at t � 3� 10�7 s, rISC leads to a significant repopulation
of singlets on the TADF emitter and once more a decrease in the
fraction of CT-state emission. Much later, at t � (1� 3)� 10�5 s,
disorder configurations with holes trapped in non-emissive
NNN-sites return to the CT-state so that the CT-state emission
fraction finally again increases.

These simulation results suggest that measurements of the
time-dependent emission spectra for systems with partial CT-state
emission, such as the TCTA:CzPIMe system, could be used to more
sensitively probe the mechanism of the dissociation and to more
accurately quantify its rate parameters.

V. SUMMARY AND CONCLUSIONS

The aim of this study has been to develop refined criteria for
the selection of suitable host materials for donor–acceptor type
TADF emitters. For that purpose, we have studied the emission
spectrum and the time-resolved emission intensity of eight thin
films with 5 mol. % of the TADF emitter CzPIMe embedded in
various host materials. From an analysis of the experimental data
and using a comprehensive simulation model, we have identified
and quantified the relevant material parameters of the host and
guest materials. The key observation on which the analysis is based
is that among the eight systems studied three types of host–guest
systems could be distinguished depending on the electronic and
excitonic energy level structures of the two materials.

First, for three of the host materials used, emission exclusively
from the TADF guest emitter and with identical prompt and
delayed emission intensities were observed. Furthermore, for two of
those hosts, the PL efficiencies were among the highest measured
(61% and 65%), while for the third no determination was possible.
We could conclude that these three host materials allow for no det-
rimental interactions with the guest. The time-resolved PL experi-
ments in these hosts were then used to accurately determine the
emitter’s intrinsic photophysical properties.

Second, we observed exciton deconfinement for three host–
guest systems, i.e., the transfer of a triplet from the TADF emitter
to the host material. We find that this process is well-suppressed
when the confinement barrier ΔET is larger than 0.25 eV, defined
as the difference between the peak energy for emission from the
TADF guest and the energy of the 0-0 peak in the triplet spectrum
of the host. The reduction of the delayed fluorescence intensity
upon deconfinement was found to be consistent with the analysis
given in Ref. 26 for the “fast diffusion limit.”Deconfinement is here
described by the reduced probability PT,g that the triplets reside on

a TADF emitter molecule [Eq. (1)]. The PT,g values determined in
this study correspond to effective values ΔET,eff that are 0.12 eV
smaller than ΔET for all three hosts. We attribute the discrepancy
to the underestimation of the TADF emitter’s triplet energy, result-
ing from taking the peak value of the very broad emission spectrum
instead of a value more closer to the onset of the spectrum.

Third, we observed for TCTA and TAPC as host materials that
the excitons on the TADF emitter can dissociate and form intermo-
lecular charge-transfer states. For both of those hosts, the PL effi-
ciency is strongly decreased, the emission spectrum shows a redshift,
and the time-resolved intensity shows no discernible prompt and
delayed components. Instead, the intensity follows an approximately
algebraic time-dependence (/1=tα with α � 1:2). As both TCTA
and TAPC have a shallower HOMO energy than CzPIMe, we inter-
pret these observations as a result of hopping transfer of a hole,
leading to the formation of (partially) emissive electron–hole pair
states. The activation energy for this process is equal to the guest–
host HOMO energy difference, ΔEHOMO ¼ EHOMO,g � EHOMO,h,
which was determined using UPS measurements of the neat films,
plus the difference Eexc,b � ECT,b of the guest-exciton and CT-state
binding energies. From the large measured redshift for the TAPC
system, we deduce that the exciton binding for CzPIMe is approx-
imately 1.0 eV. This value might be considered surprisingly large,
as the exciton binding energy is expected to be relatively small for
the typical TADF donor–acceptor type molecules such as
CzPIMe. From a combined photoemission and inverse photo-
emission study, the singlet exciton binding energy for various
fluorescent emitters was indeed found to be larger (in the range
0.9–1.3 eV) than the value of � 0:63 eV that was found in the
same study for the prototypical TADF emitter 4CzIPN
[1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene].58 The large
value for CzPIMe is a result of the relatively small size of the mol-
ecule, with a distance of only about 0.3–0.4 nm between the elec-
tron donating and electron accepting carbazole and phthalimide
parts. However, not being a dedicated study of the binding
energy, the analysis from which Eexc,b has been extracted contains
various uncertainties, such as the values of ΔEHOMO and ECT,b
[see Eq. (3)], as well as the hole hopping attempt rate ν1,h. We
estimate the resulting combined uncertainty to be in the range
of +(0:2� 0:3) eV.

In order to analyze the experimental results, an extended
rate-equation model was developed that includes the effects of the
energetic disorder of HOMO states, host–guest transfer of holes,
radiative and non-radiative decay of the CT-states, spin-flip of
CT-states, and possible further dissociation. It was extensively
applied to the specific case of the CzPIMe:TCTA system. For this
system, TADF and CT-state emission contribute with a ratio of
approximately 2:1 to the overall emission. A PL efficiency and
time-resolved intensity that is consistent with the observations is
obtained when assuming a disorder energy of 0.1 eV. We find a
radiative decay rate for CT-state emission similar to that of the
TADF-emitter and a non-radiative decay rate that is about one
order of magnitude larger. The comparison with the experiment
provides evidence for significant spin-flip between singlet and
triplet CT-states, with a rate ksf of the order 107–108 s�1. The
uncertainty in this rate is in part due to the finding that the model-
ing is not sensitive to the precise nature (occurring from singlets or
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triplets) of the non-radiative decay of the photophysically
active states.

We have shown that for the specific set of host–guest systems
studied, dissociation to intermolecular CT-states is effectively
suppressed when ΔEHOMO * �0:2 eV. More generally, we expect
that for systems with the same energetic disorder and similar
CT-state properties suppressing dissociation requires that
ΔEHOMO * �Eexc,b þ 0:8 eV. As shown in this work, the binding
energy Eexc,b of the excitons on the TADF emitter follows readily
from the observed redshift in a strongly dissociating host.
Prerequisites for the determination in this way are that the emis-
sion occurs entirely from CT-states and that ECT,b is well-
estimated by assuming a dielectrically screened nearest neighbor
Coulomb interaction energy. Eexc,b is expected to depend on the
distance between the donor and acceptor type groups on the
TADF emitter. This implies that smaller TADF emitters have less
strict requirements regarding hole confinement to the host’s
HOMO level, which can have significant consequences for the
transport of holes through the EML in the full OLED stack. It will
be of interest to verify this generalized criterion by carrying out
systematic studies of the type that has been presented here, for
TADF emitters with a varying Eexc,b. Another interesting exten-
sion of this study would be a temperature variation, though it is
well beyond the scope of the present work given the experimental
and modeling requirements and challenges. Such a study could
further elucidate to what extent the developed models provide a
proper description of the thermally activated triplet deconfine-
ment and dissociation processes.

SUPPLEMENTARY MATERIAL

See the supplementary material for the UPS measurement
data for the emitter in Sec. S1 and for the host materials in Sec. S2.
Section S3 contains the emitter’s phosphorescence spectrum and
Sec. S4 shows the fitting of the emitter’s transient PL decay that
leads to the extracted rates shown in Table II of the main paper.
Section S5 analyzes the effect of a broad distribution of activation
barriers for hole detrapping. Section S6 shows the effect of the
spin-flip rate on the transient PL decay within fit scenario II.
Section S7 demonstrates the effect of a single third-nearest neigh-
bor site on the transient PL decay.

ACKNOWLEDGMENTS

We thank E. Torun for calculating the dipole moment of CzSi.
This project received funding from the EU Horizon 2020 research
and innovation programme under the Marie Skłodowska-Curie
grant agreement TADFlife (Project No. 812872) and from the EU
Horizon 2020 project MOSTOPHOS (Project No. 646259). We
acknowledge the support of CYNORA GmbH, Germany, for
this work.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1T. Tsujimura, OLED Display Fundamentals and Applications, 2019 Edition
(John Wiley & Sons, Hoboken, NJ, 2017).
2K. Goushi, K. Yoshida, K. Sato, and C. Adachi, Nat. Photonics 6, 253 (2012).
3T. Hatakeyama, K. Shiren, K. Nakajima, S. Nomura, S. Nakatsuka, K. Kinoshita,
J. Ni, Y. Ono, and T. Ikuta, Adv. Mater. 28, 2777 (2016).
4M. Y. Wong and E. Zysman-Colman, Adv. Mater. 29, 1605444 (2017).
5T. Chatterjee and K.-T. Wong, Adv. Opt. Mater. 7, 1800565 (2019).
6K. Stavrou, L. G. Franca, and A. P. Monkman, ACS Appl. Electron. Mater. 2,
2868 (2020).
7X. Cai and S.-J. Su, Adv. Funct. Mater. 28, 1802558 (2018).
8T. Baumann, M. Budzynski, and C. Kasparek, SID Symp. Digest Techn. Papers
50, 466 (2019).
9S. Jeon, K. Lee, J. Kim, S.-G. Ihn, Y. Chung, J. Kim, H. Lee, S. Kim, H. Choi,
and J. Lee, Nat. Photonics 15, 208–215 (2021).
10J. Lee, N. Aizawa, M. Numata, C. Adachi, and T. Yasuda, Adv. Mater. 29,
1604856 (2017).
11R. Coehoorn, H. van Eersel, P. Bobbert, and R. A. J. Janssen, Adv. Funct.
Mater. 25, 2024 (2015).
12H. Sun, Z. Hu, C. Zhong, X. Chen, Z. Sun, and J.-L. Brédas, J. Phys. Chem.
Lett. 8, 2393 (2017).
13C. Deng, L. Zhang, D. Wang, T. Tsuboi, and Q. Zhang, Adv. Opt. Mater. 7,
1801644 (2019).
14G. Méhes, K. Goushi, W. J. Potscavage, and C. Adachi, Org. Electron. 15, 2027
(2014).
15N. Notsuka, R. Kabe, K. Goushi, and C. Adachi, Adv. Funct. Mater. 27,
1703902 (2017).
16M. E. Jang, T. Yasuda, J. Lee, S.-Y. Lee, and C. Adachi, Chem. Lett. 44(9),
1248–1250 (2015).
17M. Li, Y. Liu, R. Duan, X. Wei, Y. Yi, Y. Wang, and C.-F. Chen, Angew. Chem.
Int. Ed. 56, 8818 (2017).
18C. Peng, A. Salehi, Y. Chen, M. Danz, G. Liaptsis, and F. So, ACS Appl. Mater.
Int. 9, 41421 (2017).
19M. Li, S.-H. Li, D. Zhang, M. Cai, L. Duan, M.-K. Fung, and C.-F. Chen,
Angew. Chem. Int. Ed. 57, 2889 (2018).
20M. Chapran, R. Lytvyn, C. Begel, G. Wiosna-Salyga, J. Ulanski, M. Vasylieva,
D. Volyniuk, P. Data, and J. V. Grazulevicius, Dyes Pigm. 162, 872 (2019).
21L. Zhang, M. Li, T.-P. Hu, Y.-F. Wang, Y.-F. Shen, Y.-P. Yi, H.-Y. Lu,
Q.-Y. Gao, and C.-F. Chen, Chem. Commun. 55, 12172 (2019).
22Y. Danyliv, D. Volyniuk, O. Bezvikonnyi, I. Hladka, K. Ivaniuk,
I. Helzhynskyy, P. Stakhira, A. Tomkeviciene, L. Skhirtladze, and
J. V. Grazulevicius, Dyes Pigm. 172, 107833 (2020).
23M. Shibano, H. Ochiai, K. Suzuki, H. Kamitakahara, H. Kaji, and T. Takano,
Macromolecules 53, 2864 (2020).
24F. Hundemer, Modular Design Strategies for TADF Emitters: Towards Highly
Efficient Materials for OLED Application (Logos Verlag, Berlin, 2020).
25The Bumblebee software is provided by Simbeyond B.V., see https://
simbeyond.com.
26C. Hauenstein, S. Gottardi, P. A. Bobbert, R. Coehoorn, and H. van Eersel,
J. Appl. Phys. 128, 075501 (2020).
27A. Ligthart, X. de Vries, L. Zhang, M. C. W. M. Pols, P. A. Bobbert, H. van
Eersel, and R. Coehoorn, Adv. Funct. Mater. 28, 1804618 (2018).
28G. Tirimbò, X. de Vries, C. H. L. Weijtens, P. A. Bobbert, T. Neumann,
R. Coehoorn, and B. Baumeier, Phys. Rev. B 101, 035402 (2020).
29K. Goushi, R. Kwong, J. J. Brown, H. Sasabe, and C. Adachi, J. Appl. Phys. 95,
7798 (2004).
30S. Reineke, G. Schwartz, K. Walzer, and K. Leo, Phys. Status Solidi RRL 3, 67
(2009).
31M.-H. Tsai, H.-W. Lin, H.-C. Su, T.-H. Ke, C.-c. Wu, F.-C. Fang, Y.-L. Liao,
K.-T. Wong, and C.-I. Wu, Adv. Mater. 18, 1216 (2006).
32I. Tanaka, Y. Tabata, and S. Tokito, Chem. Phys. Lett. 400, 86 (2004).
33S.-y. Takizawa, V. A. Montes, and P. Anzenbacher, Chem. Mater. 21, 2452 (2009).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 155501 (2021); doi: 10.1063/5.0062926 130, 155501-15

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0062926
https://doi.org/10.1038/nphoton.2012.31
https://doi.org/10.1002/adma.201505491
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1002/adom.201800565
https://doi.org/10.1021/acsaelm.0c00514
https://doi.org/10.1002/adfm.201802558
https://doi.org/10.1002/sdtp.12957
https://doi.org/10.1038/s41566-021-00763-5
https://doi.org/10.1002/adma.201604856
https://doi.org/10.1002/adfm.201402532
https://doi.org/10.1002/adfm.201402532
https://doi.org/10.1021/acs.jpclett.7b00688
https://doi.org/10.1021/acs.jpclett.7b00688
https://doi.org/10.1002/adom.201801644
https://doi.org/10.1016/j.orgel.2014.05.027
https://doi.org/10.1002/adfm.201703902
https://doi.org/10.1246/cl.150454
https://doi.org/10.1002/anie.201704435
https://doi.org/10.1002/anie.201704435
https://doi.org/10.1021/acsami.7b13537
https://doi.org/10.1021/acsami.7b13537
https://doi.org/10.1002/anie.201800198
https://doi.org/10.1016/j.dyepig.2018.11.022
https://doi.org/10.1039/C9CC06384F
https://doi.org/10.1016/j.dyepig.2019.107833
https://doi.org/10.1021/acs.macromol.9b02644
https://simbeyond.com
https://simbeyond.com
https://simbeyond.com
https://doi.org/10.1063/5.0019073
https://doi.org/10.1002/adfm.201804618
https://doi.org/10.1103/PhysRevB.101.035402
https://doi.org/10.1063/1.1751232
https://doi.org/10.1002/pssr.200802266
https://doi.org/10.1002/adma.200502283
https://doi.org/10.1016/j.cplett.2004.08.148
https://doi.org/10.1021/cm9004954
https://aip.scitation.org/journal/jap


34J.-H. Jung, M.-Y. Ha, D.-Y. Park, M.-J. Lee, S.-J. Choi, and D.-G. Moon, Mol.
Cryst. Liq. Cryst. 644, 214 (2017).
35C. Han, Y. Zhao, H. Xu, J. Chen, Z. Deng, D. Ma, Q. Li, and P. Yan, Chem.
Eur. J. 17, 5800 (2011).
36J. C. de Mello, H. F. Wittmann, and R. H. Friend, Adv. Mater. 9, 230 (1997).
37N. Haase, A. Danos, C. Pflumm, A. Morherr, P. Stachelek, A. Mekic,
W. Brütting, and A. P. Monkman, J. Phys. Chem. C 122, 29173 (2018).
38S. T. Hoffmann, H. Bässler, J.-M. Koenen, M. Forster, U. Scherf, E. Scheler,
P. Strohriegl, and A. Köhler, Phys. Rev. B 81, 115103 (2010).
39S. Reineke, F. Lindner, G. Schwartz, N. Seidler, K. Walzer, B. Lüssem, and
K. Leo, Nature 459, 234 (2009).
40O. V. Mikhnenko, M. Kuik, J. Lin, N. van der Kaap, T.-Q. Nguyen, and
P. W. M. Blom, Adv. Mater. 26, 1912 (2014).
41P. Friederich, V. Rodin, F. von Wrochem, and W. Wenzel, ACS Appl. Mater.
Interfaces 10, 1881 (2018).
42S. Athanasopoulos, F. Schauer, V. Nádaždy, M. Weiß, F.-J. Kahle, U. Scherf,
H. Bässler, and A. Köhler, Adv. Energy Mater. 9, 1900814 (2019).
43A. Miller and E. Abrahams, Phys. Rev. 120, 745 (1960).
44J. J. M. van der Holst, F. W. A. van Oost, R. Coehoorn, and P. A. Bobbert,
Phys. Rev. B 80, 235202 (2009).
45M. Mesta, M. Carvelli, R. J. de Vries, H. van Eersel, J. J. M. van der Holst,
M. Schober, M. Furno, B. Lüssem, K. Leo, P. Loebl, R. Coehoorn, and
P. A. Bobbert, Nat. Mater. 12, 652 (2013).
46H. van Eersel, P. A. Bobbert, R. A. J. Janssen, and R. Coehoorn, Appl. Phys.
Lett. 105, 143303 (2014).

47X. de Vries, P. Friederich, W. Wenzel, R. Coehoorn, and P. A. Bobbert, Phys.
Rev. B 97, 075203 (2018).
48S. Gottardi, M. Barbry, R. Coehoorn, and H. van Eersel, Appl. Phys. Lett. 114,
073301 (2019).
49D. Graves, V. Jankus, F. B. Dias, and A. Monkman, Adv. Funct. Mater. 24,
2343 (2014).
50S. P. Kersten, A. J. Schellekens, B. Koopmans, and P. A. Bobbert, Phys. Rev.
Lett. 106, 197402 (2011).
51Y. Wang, K. Sahin-Tiras, N. J. Harmon, M. Wohlgenannt, and M. E. Flatté,
Phys. Rev. X 6, 011011 (2016).
52We have used the software tool Mathematica, see https://www.wolfram.com.
53Z. G. Yu, F. Ding, and H. Wang, Phys. Rev. B 87, 205446
(2013).
54N. B. Kotadiya, A. Mondal, S. Xiong, P. W. M. Blom, D. Andrienko, and
G.-J. A. H. Wetzelaer, Adv. Electron. Mater. 4, 1800366 (2018).
55A. Massé, P. Friederich, F. Symalla, F. Liu, R. Nitsche, R. Coehoorn,
W. Wenzel, and P. A. Bobbert, Phys. Rev. B 93, 195209 (2016).
56E. Aprá et al., J. Chem. Phys. 152, 184102 (2020).
57From density functional theory calculations using NWChem (STO-3G basis
set, B3LYP density functional), the molecular dipole moment of structurally
optimized gas-phase CzSi molecules is 2.7 D (E. Torun, unpublished). The effect
on the disorder energy sigma is small: assuming a nominal value of the sigma
(without dipoles) of 0.10 eV, randomly oriented molecular dipoles are expected
to enhance sigma to only approximately 0.11 eV.
58H. Yoshida and K. Yoshizaki, Org. Electron. 20, 24 (2015).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 155501 (2021); doi: 10.1063/5.0062926 130, 155501-16

Published under an exclusive license by AIP Publishing

https://doi.org/10.1080/15421406.2016.1277490
https://doi.org/10.1080/15421406.2016.1277490
https://doi.org/10.1002/chem.201100254
https://doi.org/10.1002/chem.201100254
https://doi.org/10.1002/adma.19970090308
https://doi.org/10.1021/acs.jpcc.8b11020
https://doi.org/10.1103/PhysRevB.81.115103
https://doi.org/10.1103/PhysRevB.81.115103
https://doi.org/10.1002/adma.201304162
https://doi.org/10.1021/acsami.7b11762
https://doi.org/10.1021/acsami.7b11762
https://doi.org/10.1002/aenm.201900814
https://doi.org/10.1103/PhysRev.120.745
https://doi.org/10.1103/PhysRevB.80.235202
https://doi.org/10.1038/nmat3622
https://doi.org/10.1063/1.4897534
https://doi.org/10.1063/1.4897534
https://doi.org/10.1103/PhysRevB.97.075203
https://doi.org/10.1103/PhysRevB.97.075203
https://doi.org/10.1063/1.5079642
https://doi.org/10.1002/adfm.201303389
https://doi.org/10.1103/PhysRevLett.106.197402
https://doi.org/10.1103/PhysRevLett.106.197402
https://doi.org/10.1103/PhysRevX.6.011011
https://www.wolfram.com
https://www.wolfram.com
https://doi.org/10.1103/PhysRevB.87.205446
https://doi.org/10.1002/aelm.201800366
https://doi.org/10.1103/PhysRevB.93.195209
https://doi.org/10.1063/5.0004997
https://doi.org/10.1016/j.orgel.2015.01.037
https://aip.scitation.org/journal/jap

	Suppressing exciton deconfinement and dissociation for efficient thermally activated delayed fluorescence OLEDs
	I. INTRODUCTION
	II. MATERIAL SELECTION AND CHARACTERIZATION
	III. PHOTOLUMINESCENCE EXPERIMENTS
	A. PL spectra and PL efficiency
	B. Time-resolved PL experiments

	IV. ANALYSIS
	A. No deconfinement or dissociation
	B. Deconfinement
	C. Dissociation
	1. Experimental evidence of dissociation
	2. Simulation model
	3. Fraction of electron–hole pairs
	4. PL efficiency
	5. Time-resolved PL intensity
	6. Time-integrated CT-state emission spectrum
	7. Time-resolved contribution of CT-state emission


	V. SUMMARY AND CONCLUSIONS
	SUPPLEMENTARY MATERIAL
	DATA AVAILABILITY
	References


