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OLED device optimization often relies on time-consuming trial-and-error experiments. While the photo
luminescence quantum yield can serve as a first indicator to find the best performing host-guest ratio, this
quantity does not consider the impact of the latter on the charge transport in the full device. Herein, we analyse
four thermally activated delayed fluorescence OLEDs with varied host-guest ratio in the emissive layer. These
devices were characterized and modelled in steady-state, under transient conditions and in the frequency
domain. In this set of devices charge injection into and transport inside the emissive layer plays a crucial role in
the performance. Evidenced by a particular transient electroluminescence turn-off overshoot, we show that for
the 5% guest concentration device electron and hole transport occurs mainly on the host molecules, with guest
molecules acting as trap states. For the other devices with higher guest concentration, we find that transport
occurs mainly on the guest molecules. As a second step, a fit of the luminance efficiency is performed, with which
we can extract the triplet-triplet annihilation and triplet-polaron annihilation rates. By comparing the extracted
parameters, we found that they increase with increasing concentration of guest molecules. Moreover, we were
able to identify triplet-polaron quenching from holes to be limiting the luminance efficiency at low current, while
triplet-polaron quenching from electrons and triplet-triplet annihilation are the dominant non-radiative decay
processes in the high current regime. Overall, we demonstrate that model-based analysis of steady-state, tran
sient and frequency domain data obtained for a thermally activated delayed fluorescence OLED allows to get a
deeper understanding of the efficiency limiting factors for various host-guest concentrations and driving
currents.

1. Introduction
Thermally-activated delayed fluorescence (TADF) OLEDs have
gained the attention of both academic and industrial research in the last
years [1,2]. The main property of these materials is their ability to
up-convert non-radiative triplet states into radiative singlet ones, which
allows moving the limit of 25% internal quantum efficiency in normal
fluorescent OLEDs up to theoretically 100% [3–5]. This makes TADF
OLEDs a very interesting technology for replacing fluorescent and
phosphorescent emitters in today’s commercial OLED products. How
ever, the device stability and efficiency has still to be improved and is
the focus of active ongoing research [6,7].
The simplest emissive layers (EMLs) of TADF OLEDs consist of the

emissive TADF molecules (guest) embedded in a matrix (host). A key
role, in this context, is played by the host-guest ratio, which has a strong
impact on the OLED’s performance. We can identify the two main pro
cesses impacted by the host-guest ratio to be: 1) modified charge in
jection and transport in the emissive layer [8–10] and 2) aggregation of
guest molecules. Studies have shown that at high concentrations the
guest molecules tend to form aggregates and agglomerates [11–13]. This
might lead to a reduction of the external quantum efficiency (EQE)
caused by the surge of second-order non-radiative decays such as
triplet-triplet annihilation (TTA), singlet-polaron quenching (SQP) and
triplet-polaron quenching (TPQ) [14] or concentration quenching,
which reduces the photoluminescence quantum yield (PLQY) [15,16].
In addition, especially in blue-emitting compounds, the energy released
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by those loss mechanisms is large enough to cause bond cleavage and
therefore a faster degradation of the device [17]. Consequently, it is
extremely important to fully understand and investigate these processes
and optimize the OLED accordingly.
Often, the host-guest ratio is simply optimized by time-consuming
and costly trial-and-error experiments. A more elegant way would be
to replace this process by combining advanced characterization tech
niques and subsequent predictive device simulations. This dual
approach allows to gain a deeper comprehension of all relevant pro
cesses and their roles in the final performance of the OLED.
In this study we analyse a series of TADF OLEDs with systematically
varied host-guest concentrations. As a first step we analysed transient
electroluminescence data (TEL), from which we identified that for low
concentration the emitter molecules act as trap state. With this
assumption, we could quantitively simulate the steady-state, transient
and impedance response of all devices at once. The final and excellent
correspondence between experiments and simulations guarantees that
the model has been defined in a correct way and that all the important
processes are captured. Moreover, this analysis allows us to estimate the
electro-optical properties of the emissive layer composed of a host-guest
mixture of specific concentration. In the last section we focused our
attention on the efficiency curves, where we investigated the role of
TTA, TPQ-n and TPQ-p in the efficiency roll-off behaviour for each
device.
We would like to emphasize the importance of analysing multiple
experimental techniques. Only with this approach a reliable estimation
of the modeling parameters can be obtained [18] which is a key
requirement for further optimizations.

measurement system or contacts. In this report, we show only one pixel
for each OLED device, whereas in the Supporting Information document
we report the JV curves for additional pixels.
3.1. Current-voltage-luminance (JVL) curves
Current-Voltage-Luminance (JVL) is the basic experiment of OLED
devices. In this case we measured JV(L) with the pulsed mode available
in Paios. Each point of the curve is measured by applying a voltage pulse
of 40 ms and the values of I and L are taken as the average during the
voltage pulse.
From the experimental results in Fig. 1a, we see that 5% emitter
concentration gives a lower current with respect to all the other devices.
The currents for the 10, 20 and 50% concentration are very similar, but
we notice a slightly steeper turn on of the 50% device. For all devices the
turn-on voltage is approx. 3.5 V.
3.2. Injection-CELIV
Injection-CELIV (charge extraction by linearly increasing voltage) is
a transient experimental technique frequently used in the character
ization of organic devices such as OLEDs or solar cells [20]. This tech
nique is frequently also used for metal-insulator-semiconductor device
structures, and in that case it can be referred to as MIS-CELIV [21].
Injection-CELIV allows the investigation of charge accumulation at
different interfaces inside the stack as well as to estimate apparent
electron and hole mobilities [22,23]. A quantitative analysis of the latter
is however fairly difficult in a multi-layer device.
This experiment consists of the application of an offset (forward)
voltage (Voffset) followed by a linearly increasing voltage ramp until a
fixed (negative) voltage is reached. The measured current is composed
of a displacement current with eventual additional peaks that can be
assigned to extracted charge carriers which were either present inside
the device beforehand or have been injected during the offset forward
voltage. We performed the experiment with different Voffset, from 1 V to
6 V with 0.5 V step. The ramp rate is 0.1 V/μs for each of the mea
surements, the final voltage is -5 V.
From the experimental results we see the formation of two separate
peaks in all the devices, a broad one is already visible with an Voffset = 2
V, below turn on (Fig. 1c), while the second one, much larger, appears
only above turn on voltage (Fig. 1d). Note that the peak at longer times is
still present in the 4.5 V experiments, even if partially covered by the
initial one.
The occurrences of a peak with an Voffset = 2 V indicates the presence
of charges in the devices well below the turn on voltage of the OLED. We
can also remark that increasing the guest concentration causes a shift of
the peak to the left i.e. to shorter carrier extraction times. Depending on
which charge carrier is already present in the device, this suggests a
change in the transport properties of the EML.
When using a Voffset = 4.5 V an additional, significantly larger peak
can be seen. This is expected since at 4.5 V the devices are already above
turn-on which occurs at approx. 3.5 V. We can also observe that the
height of the peak is different for all devices. This is directly related to
the amount of charges flowing through the device during the Voffset. This
initial peak is attributed to injected charge carriers and exhibits the
opposite trend in peak time vs guest concentration compared to the
broad peak which is present below turn on.

2. Fabrication
Fabrication of the devices was carried out on pre-patterned 90 nm
thick Indium Tin Oxide (ITO) on glass substrates provided by Kintec.
Substrate preparation for deposition includes cleaning which is carried
out in clean room using Acetone and Isopropyl alcohol bath in ultrasonicator each for 10 min respectively followed by UV-Ozone treat
ment with a mercury lamp for 15 min. The substrates are then spin
coated with PEDOT:PSS (Clevios™ PEDOT:PSS; AI 4083 from Heraeus)
and dried on a hot plate for 30 min at 150◦ Celsius under ambient
conditions to get rid of the water content. The ITO and PEDOT:PSS
together act as the anode for our OLED devices. The substrates are then
transported to the glovebox in wafer trays wrapped in parafilm followed
by loading them in the vacuum chamber located inside the glovebox
thus under Nitrogen environment.
The deposition of organic layers by thermal deposition was carried
under a vacuum of 10− 7mbar. The device structure includes 10 nm
Molybdenum Oxide (MoOx) (supplied by sigma Aldrich), 5 nm 3,3′ -Di
(9H-carbazol-9-yl)-1,1′ -biphenyl (mCBP) (from Lumtec) and 20 nm tris
(4-carbazoyl-9-ylphenyl)amine (TCTA) (from Lumtec) as hole transport
side (HTL). The EML consist of 20 nm of mCBP-CN and DMAC-TRZ (both
supplied by Lumtec) as host-guest system and we vary the concentration
of DMAC-TRZ to 5 wt%, 10 wt%, 20 wt% and 50 wt%. This is followed
by the deposition of 5 nm Bis [2-(diphenylphosphino)phenyl]ether
oxide (DPEPO) (supplied by TCI) as an exciton blocking layer. For
electron transport layer (ETL), we deposit 50 nm 2,2′ ,2’’-(1,3,5-Benzi
netriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (from Lumtec) topped
off with 0.5 nm Lithium Fluoride (LiF) (from Lumtec) and 100 nm
Aluminium (supplied by Lesker) as the cathode.

3.3. Impedance spectroscopy

3. Experimental results

In impedance spectroscopy (IS) an oscillating voltage (VAC) is
applied to the OLED on top of a steady-state voltage (VDC). The
impedance Z or admittance Y can be calculated from the measured
oscillating current with equation (1) [18]. In this study we focus our
attention on the imaginary part of the admittance which defines the
capacitance C that we plot vs. frequency or applied voltage.

In this section, the employed experimental techniques and obtained
results are described and discussed. The all-in-one measurement plat
form Paios was used to perform all DC, AC and time-dependent optoelectronic characterization experiments [19]. Paios allows to perform
the entire range of techniques without the need of changing
2
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Fig. 1. Experimental results of each device: (a) JV; (b) luminance vs voltage; (c) injection-CELIV with Voffset = 2 V; (d) injection-CELIV with Voffset = 4.5 V; (e) C-f
with Voffset = 0 V; (f) C–V with frequency = 70 Hz.
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1
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affect the overall results of this study.

(1)

3.4. Analysis of C–V results

here we measured IS in different conditions: keeping VDC fixed while
varying the frequency (C-f), or the opposite, keeping the frequency
constant while varying VDC (C–V).
Fig. 1e shows the C-f plot at a fixed VDC of 0 V. For all the devices the
capacitance is increasing at low frequency, it reaches a plateau in the
range of 10 kHz–300kHz – which is attributed to the geometrical
capacitance of the (empty) device – and then decreases sharply at 1 MHz
because of the series resistance. The most interesting result from the C-f
plot is the additional capacitance plateau present at low frequency. This
result suggests that at 0 V charges are already injected into the stack and
accumulate at a particular interface.
Fig. 1f shows the C–V plot at a fixed frequency of 70 Hz. For all the
devices we see a similar effect, at low bias, below -2 V, we see the
geometric capacitance (Cgeo, with values in the range of 1.1–1.3 nF for
all the devices); with increasing voltage we can see a clear transition
from Cgeo to a plateau (Cplat) at a transition voltage (Vt) of roughly -2 V,
suggesting the injection of charges already at this negative bias; finally,
above 3 V, we see a sharp increase of capacitance followed by a drop,
which indicates injection of electrons and holes and subsequent
recombination.
From Fig. 1f we can see that the 50% device has a slightly lower
geometrical capacitance. This is an indication that this device has an
unintentionally larger thickness. However, this small difference does not

From the experimental C–V shown in Fig. 1f, we see the presence of
capacitance plateaus occurring between 0 V and 1 V, at slightly different
voltage for each device. The increase of capacitance below 0 V is a clear
signature of the presence of one or multiple polar layers [22–25].
Assuming a permittivity of 3 we calculated the thicknesses associated to
the plateaus (Table 1) from the formula C = E 0 E r A/d.
According to the nominal thickness described in the fabrication
paragraph we can see that the thickness of TPBi + DPEPO is 55 nm and
EML + TPBi + DPEPO is 75 nm. The interpretation is that for all the
devices there is an early injection of holes starting at around -2 V which
accumulate at the TCTA/EML or EML/DPEPO interface. Simulations
described in the next chapter and in SI confirm this hypothesis.
Additionally, there are three aspects that we want to comment
Table 1
Calculated thickness associated to plateau in CV experimental results.

3

Device

Plateau

Calculated thickness

5%
10%
20%
50%

1.55 nF
1.60 nF
1.50 nF
1.65 nF

68 nm
66 nm
70 nm
65 nm
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briefly. First, at reversed bias the 50% device shows a lower Cgeo with
respect to the other devices which can be attributed to an unintended
larger thickness of this device. Second, the device with 20% concen
tration shows an additional shoulder starting at 1 V. At the moment, we
cannot explain this feature in detail. We speculate that at 1 V holes
already accumulated at the TCTA/EML or EML/DPEPO interface are
able to overcome it, which would result in an increased capacitance.
This feature could not yet be reproduced in our simulations but is further
investigated. It is also worth to mention that this feature disappears for
C–V measurements at different frequencies. Third, in 50% device the
capacitance shift from Cgeo to Cplat occurs at − 1 V, slightly higher than
the other devices. It could be explained by considering a different po
larity of the EML in this device, as explained in section 4.4.

approximately in the middle of the EML, giving rise to the short-lived
TEL overshoot. Although this explanation cannot be ruled out
completely, it is difficult to reason why this effect is here only present in
the 5% device.
In previous work, this TEL overshoot after turn-off has alternatively
been explained by the presence of trap states [27]. Indeed, we can
reproduce this effect with simulations by including traps in the EML.
Fig. 2b shows that an increased trap density in the EML give rise to a TEL
overshoot. Additional details of these simulations are shown in the SI,
where we analysed the charge density profile at different timesteps after
the voltage turn-off. This simulation was performed on a simplified
stack, different from the one indicated in chapter 4. This result is an
indication that for 5% the guest molecules in the EML act as trap states,
while for higher concentration they don’t.

3.5. Transient electroluminescence

4. Simulations

Transient electroluminescence (TEL) is performed by applying a
voltage step to the OLED while measuring the emitted light and the
respective current. We performed TEL with an offset voltage of -5 V and
a pulse duration of 500us (Fig. 2a-inset). This experiment was performed
with different pulse height, from 3 V to 7 V.
In Fig. 2a, the normalized emission decay of the four devices is
shown with a voltage pulse of 6 V. From the experimental result it is
important to note that in the 5% device a clear overshoot in the first 2–3
us of the turn-off electroluminescence decay is observed, while the other
three samples show a monotonic decay.
This overshoot has already been investigated by Regnat et al. [26]
and attributed to emission zone splitting. In this publication Regnat et al.
explained that during steady state charges accumulate at the respective
blocking layers inside the EML and once the voltage switches to reverse
bias electrons and holes start flowing backwards to Al and ITO,
respectively, thereby a large number of electrons and holes will meet

To analyse and understand the results described in the experimental
section, we modelled the device behaviour with the simulation software
Setfos [28]. Setfos allows to perform electrical simulations based on the
drift-diffusion
approach
(in
steady
state,
transient
and
frequency-domain), as well as electro-optical simulations based on the
dipole emission and transfer-matrix models [18].
In these sections the key physical processes governing these OLEDs
are discussed and explained with the support of simulations. The final
simulations are performed with the parameters indicated in Table 2 and
the resulting plots are shown in Fig. 4.
The modelled stack is presented in Fig. 3. We must note that with
Setfos we cannot include different molecular species in one layer and
therefore the EML is modelled with an effective HOMO/LUMO energy
level and electron/hole mobility. Another approximation done in the
study is related to the presence of multiple polar layers inside the stack
(DPEPO, mCBPCN and TPBi). For simplicity, we consider in simulations
only TPBi to be polar (apart from the device 50%, where the polarity of
the EML appears to play an important role, see chapter 4.4).
4.1. Charge transport in the EML
Before going into detail about the modeling of the different devices,
Table 2
In the “Reference” column the values from literature are indicated. The actual
values used in simulation are indicated in the “Used in simulation” column.

Fig. 2. Transient EL analysis: (a) experimental TEL turn-off normalized emis
sion with a voltage pulse of 6 V (inset: schematics of the applied voltage pulse);
(b) simulated TEL turn-off normalized emission with different hole trap density
in the EML.
4

Parameter

Reference

Used in
simulation

Hole injection barrier (eV)
TCTA HOMO LUMO level (eV)
TCTA hole mobility (cm2V− 1s− 1)
TCTA electron mobility
(cm2V− 1s− 1)
DPEPO HOMO LUMO level (eV)
DPEPO hole mobility
(cm2V− 1s− 1)
DPEPO electron mobility
(cm2V− 1s− 1)
TPBi HOMO LUMO level (eV)
TPBi hole mobility (cm2V− 1s− 1)
TPBi electron mobility
(cm2V− 1s− 1)
TPBi sheet charge density (mC/
m2)
TPBi electron trap density (cm− 3)
TPBi electron trap depth (eV)
TPBi electron trap capture rate
(cm3s− 1)
Electron injection barrier (eV)
DMAC-TRZ HOMO LUMO level
(eV)
mCBPCN HOMO LUMO level (eV)

–
[29] 5.8/2.4
[35] 3 × 10−
–

0.2
5.8/2.4
3 × 10−
1 × 10−

4

[36] 6.1/2.0
–
[37] 5.62 × 10−

4
6

6.1/2.25
1 × 10− 9
6

5.62 × 10−

6

[38,39] (6.2–6.7)/2.7
–
[40] 3.16 × 10− 5

6.5/2.5
10–6
3.16 × 10−

[41]0.93–1.1 [42];1.4
[43];2.6
–
–
–

2.64

–
–

0.1
See Table 3

6.1/2.5

See Table 3

5

5.48 × 1018
0.225
10–10
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molecules [29]. With the support of the TEL simulation’s result, we can
identify two distinct regimes depending on the guest concentration: the
“low concentration” regime, where transport occurs on the host mole
cules and the guest molecules act as trap states, and the “high concen
tration” regime, where injection and transport occurs on the guest
molecules. To replicate these two regimes in simulations, we assume the
HOMO/LUMO energy levels of the EML to be similar to the guest (host)
ones and exclude (include) trap states in case of high (low) guest con
centration. The “low concentration” regime is applied to the device with
5% guest concentration while the “high concentration” regime to all the
other devices (see Table 3).
4.2. Additional simulation details
From the previous sections we see that in multiple experiments there
is an initial injection of charges in the stack already at negative bias
(injection-CELIV, IS (C-f, C–V)). These results suggest the presence of a
polar layer. As described by W. Brütting et al. [25], having a polar layer
inside the stack introduces an additional (fixed) electric field inside the
polar layer. The origin of this electric field is spontaneous orientation
polarization and it can be expressed by a net positive and negative sheet
charge density at the two extremities of the layer. This phenomenon can
be simulated with Setfos as described in S. Altazin et al. [24] with the use
of two thin boundary layers with positive and negative carrier doping.
Modeling of TPBi plays a crucial role in these simulations. TPBi
molecules possess a large permanent dipole moment, which - combined

Fig. 3. Device structure considered in simulation. TPBi has been assumed to be
the only polar layer in the stack for 5-10-20% devices. The energy levels
indicated in the image are the ones found in literature, see Table 2.

we tackle the process of charge transport in the EML, which is
concentration-dependent. As seen from the energetic diagram in Fig. 3,
there is a significant HOMO/LUMO energy difference between the host
and the guest molecules. It is reasonable to infer that for small guest
concentrations, the guest molecules act as trap states. In this case the
large distance between guest molecules precludes any transport among
them. Increasing the dye dopant concentration, the distance between
guest molecules decreases, allowing charge transport via the guest

Fig. 4. Simulation results of each device: (a) JV; (b) luminance vs voltage; (c) injection-CELIV with Voffset = 2 V; (d) injection-CELIV with Voffset = 4.5 V; (e) C-f with
Voffset = 0 V; (f) C–V with frequency = 70 Hz.
5
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4.3. Simulation parameters

Table 3
EML parameters used in simulations.
Parameter

5%

10%

20%

50%

EML HOMO LUMO level (eV)

6.00/
2.25
7×
10− 7
4.64 ×
10− 5
10–6

5.9/3

5.9/3

5.9/3

2×
10− 5

3.87 ×
10− 7
4.64 ×
10− 5
6×
10− 7
2×
10− 5

2.44 ×
10− 7
4.64 ×
10− 5
3×
10− 7
2×
10− 5

2.7 ×
10− 7
4.64 ×
10− 5
4.37 ×
10− 7
2×
10− 5

–
1017
0.75
10–12

–
–
–
–

–
–
–
–

− 0.7
–
–
–

1017
0.2
10–12

–
–
–

–
–
–

–
–
–

EML zero field hole mobility
(cm2V− 1s− 1)
EML field-enhancement
coefficient-for holes (m1/2V− 1/2)
EML zero field electron mobility
(cm2V− 1s− 1)
EML field-enhancement
coefficient-for electrons (m1/
2 − 1/2
V
)
EML sheet charge density (mC/m2)
EML electron trap density (cm− 3)
EML electron trap depth (eV)
EML electron trap capture rate
(cm3s− 1)
EML hole trap density (cm− 3)
EML hole trap depth (eV)
EML hole trap capture rate
(cm3s− 1)

The simulation software requires several input parameters such as
the refractive indices, the layer thicknesses, HOMO/LUMO energy levels
and electron/hole mobilities. In Table 2 all the values used in simula
tions are indicated. Obviously, the material parameters of the mixed
host-guest EML with various concentrations has not been characterized
before in detail. Therefore, one of the goals of this study is to be able to
provide an estimation for the electrical material parameters by opti
mizing the agreement between experimental and simulation results. The
extracted parameters of the EML layer are shown in Table 3. The exci
tonic parameters were extracted from transient PL performed on films
(see Table 4).
4.4. Effect of polarity and focus on 50%
Assuming TPBi to be the only polar layer [44], with simulations we
obtain a good agreement for all the experiments for 5-10-20% devices.
We extracted a sheet charge density of 2.64 mC/m2 (positive charge at
the TPBi/Al and negative at the DPEPO/TPBi). Having a polar layer
inside the stack influences the entire electrical characteristic of the
OLED, but the clearest evidence is visible in C–V, C-f and
injection-CELIV. In C–V there is a negative Vt, in C-f (Voffset = 2 V) an
increase of capacitance is visible at low frequency and in
injection-CELIV (Voffset = 2 V) a clear peak is present, indicating the
extraction of accumulated charges. In Fig. 4 we can see that all the three
results are well reproduced by simulations. Further simulation results
are indicated in SI, where the charge profile is analysed at different
voltage, clearly showing that the accumulation of holes occurs mainly at
the TCTA/EML and EML/DPEPO interface.
In the device with 50% guest concentration we see three main dif
ferences with respect to the other devices: in JV there is a slightly lower
current turn-on, in capacitance-voltage Vt is shifted from − 2 to -1 V and
in injection-CELIV with Voffset = 2 V the rise attributed to hole accu
mulation starts at 0 us (as soon as the linear reversed ramp is applied).
All these experimental results indicate a different polarity effect in this
device, and as the only difference to the other devices is the EML, our
initial approximation supposing a non-polar EML does not hold
anymore. Since both the host (mCBP-CN) and the guest molecules
(DMAC-TRZ) possess a permanent dipole moment, it is challenging to
understand the role of increasing guest concentration. One could assume
that in 5%–10%–20% devices the EML possess a certain polarity which is
reduced when increasing guest concentration to 50%. In our case,
having assumed 5%-10%–20% to have a non-polar EML, we suppose the
EML with 50% to be polar and the best agreement with the experimental
results is obtained with a sheet charge density of − 0.7 mC/m2 (opposite
direction with respect to TPBi). From Fig. 5, we see the comparison of
the experimental results and simulations considering a polar and nonpolar EML for device 50%. Clearly, this additional complexity in the
model is required to explain the various measurements.

with a strong molecular orientation - induce the whole layer to be polar.
According to Coehoorn et al. [30], a direct consequence of the strong
dipole moment of TPBi is that electron transport is highly dispersive. We
modelled these two effects separately in Setfos: polarity can be recreated
with fixed positive and negative charge densities at the two extremities
of TPBi, as described above, while the dispersive transport is considered
by adding trap states for electrons. In the SI a brief analysis to clarify the
necessity to introduce trap states in TPBi is described.
The excitonic parameters used in simulations are indicated in
Table 4, and they are estimated from transient PL experiments with use
of a specific fitting procedure [31]. Details about the method and
experimental results are shown in the SI.
In our simulation (Setfos), the excitonic model is implemented with
customizable 1D rate equations which are fully coupled to the charge
densities obtained from the drift-diffusion model [32,33]. For each
exciton, several parameters must be defined: generation coefficient,
radiative decay rate, non-radiative decay rate, triplet-triplet annihila
tion rate, singlet-singlet annihilation rate and optionally other param
eters. We can distinguish mono-molecular (like radiative, non-radiative,
intersystem crossing, …) and bi-molecular (like triplet-triplet annihila
tion, triplet-polaron quenching, …) excitonic rates. The first type does
not depend on the exciton or charge density, and therefore the unit of
these rates is s− 1, while the second instead depends on the exciton or
charge density, and the unit, in this case, is cm3s− 1. Alternatively, for
further in-depth analysis and consideration of long-range interactions
across nearest neighbours and layer interfaces a 3D master equation
model for exciton dynamics is available in Setfos [34]. The use of this
hybrid and coupled 1D drift-diffusion and 3D master equation model is
beyond the scope of this paper and will be subject of follow-up work.

4.5. Analysis of efficiency roll-off
The efficiency roll-off is the result of an interaction of many pro
cesses: triplet-triplet annihilation (TTA), singlet-triplet annihilation
(STA), singlet-singlet annihilation (SSA), triplet-polaron quenching with
electrons (TPQ-n), triplet-polaron quenching with holes (TPQ-p),
singlet-polaron quenching with electrons (SPQ-n) and singlet-polaron
quenching with holes (SPQ-q) [45].
In TADF emitters the population of triplets is usually larger than the
population of singlets and this causes density-dependent annihilation
processes involving triplets (TTA, TPQ-n and TPQ-p) to be the most
critical processes influencing the efficiency roll-off [46,47]. For this
reason we will include only them in our model. In some cases also SPQ
has been found to play an important role, however we assume it to be
absent in this study.

Table 4
Excitonic parameter extracted from TrPL fitting (see SI).
Parameter
− 1

Radiative decay – singlet (s

)

− 1

Intersystem crossing rate (s )
Reverse intersystem crossing
rate (s− 1)
Generation efficiency – singlet
Generation efficiency – triplet

5%

10%

20%

50%

2.38 ×
107
2.92 ×
107
7.5 × 105

2.06 ×
107
2.68 ×
107
7.5 × 105

2.12 ×
107
2.46 ×
107
8 × 105

1.81 ×
107
2.34 ×
107
8.3 × 105

0.25
0.75

0.25
0.75

0.25
0.75

0.25
0.75
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Fig. 5. Experimental and simulated results of device with 50% guest concentration considering the EML polar and non-polar. (a) JV; (b) C–V with frequency = 70 Hz;
(c) injection-CELIV with Voffset = 2 V; (d) injection-CELIV with Voffset = 4.5 V.

Estimating those rates from a roll-off curve has been done in several
studies [48,49], but we are aware that being able to distinguish those
rates from a simple roll-off curve can be challenging. Nevertheless, we
performed a fit of the luminance efficiency for all the devices, leaving
the three parameters free for each device. In this way, for each device, a
set of three parameters is extracted (TTA, TPQ-n and TPQ-p rates). The
resulting fit is shown in Fig. 6a. At high currents, the fit well replicates
all the experimental results, while for low currents the 5% simulation
shows a lower efficiency. The reason could be that we modelled the 5%
device such that transport in the EML occurs purely on the host mole
cules. It might be that a small amount of charge can be injected directly
on the guest molecules even with only 5% concentration. In this case,

the energy barrier between ETL and EML is reduced, and the emission
starts at lower voltage. In Fig. 6b the correlation matrix of the resulting
fit is shown for the 10% device. As we can see, the correlation is rela
tively high especially for TTA and TPQ-n (ρTTA-TPQ-n (10%) = 0.92). This
result is an indication that it is rather difficult to distinguish the two
effects separately, which makes the specific extracted numbers not
extremely solid. TPQ-p shows instead an acceptable correlation with the
other two effects. The reason is that we found the TPQ-p to have a
greater impact on the luminance efficiency curve at lower currents while
TTA and TPQ-n rates affect the curves at higher currents. This effect is
totally in line with what we described above, the polarity of TPBi in
duces an injection of holes already below turn-on voltage and the high
Fig. 6. The efficiency roll-off is analysed. a)
Experimental data (solid line) and fit (dashed
line) of the luminance efficiency roll-off for
all the devices; b) correlation matrix of the
luminance efficiency roll-off fit shown in a)
for device 10%; c) plot of the triplet exciton
losses contribution of device 10%, direct
output of Setfos; d) The extracted TTA, TPQn and TPQ-p are plotted vs guest concentra
tion of the EML in a log-lin scale; the dashed
line indicates the fitting performed with
equation (2). The fitted coefficient c1 and c2
are indicated in Table 5.
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density of holes already at low voltage causes the TPQ-p to be the
prevalent loss mechanism at low currents.
This effect can be easily identified using the exciton losses plot,
which is a direct output from Setfos 5.2. In Fig. 6c we see the different
contributions to triplet losses for the 10% concentration device. At low
currents, we see that the dominant loss is coming from TPQ-p while at
higher currents TTA and TPQ-n give a much larger contribution.
The plot in Fig. 6d displays the extracted values of TTA, TPQ-n and
TPQ-p for the four devices. We can observe that all the three rates are
increasing with concentration. In particular, we find an empirical log
arithmic relation with the concentration for concentration higher than
5%. Equation (2) was used to produce the fit in Fig. 6d. Table 5 provides
the resulting c1 and c2 values.
f (x) = c1 ln(c2 * x)

Table 5
Extracted coefficient of equation (2); the fit is shown in Fig. 6d.
c1 (cm3/s)
TTA
TPQ-n
TPQ-p

− 13

1.8 × 10
1.6 × 10−
1.5 × 10−

12
14

c2
9.31
1.33
0.14
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