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ABSTRACT

Phosphorescent organic light emitting diodes (OLEDs) suffer from efficiency roll off, where device efficiency rapidly decays at higher lumi-
nance. One strategy to minimize this loss of efficiency at higher luminance is the use of non-uniform or graded guest:host blend ratios within
the emissive layer. This work applies a multi-scale modeling framework to elucidate the mechanisms by which a non-uniform blend ratio can
change the performance of an OLED. Mobility and exciton data are extracted from a kinetic Monte-Carlo model, which is then coupled to a
drift diffusion model for fast sampling of the parameter space. The model is applied to OLEDs with uniform, linear, and stepwise graduations
in the blend ratio in the emissive layer. The distribution of the guests in the film was found to affect the mobility of the charge carriers, and it
was determined that having a graduated guest profile broadened the recombination zone, leading to a reduction in second order annihilation
rates. That is, there was a reduction in triplet-triplet and triplet-polaron annihilation. Reducing triplet-triplet and triplet-polaron annihilation
would lead to an improvement in device efficiency.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152922

INTRODUCTION

Phosphorescent organic light emitting diodes (OLEDs) gen-
erally show a roll-off in efficiency with increasing luminance."”
At higher luminance, the non-radiative losses increase and, conse-
quently, the overall device performance declines. To address this
problem of roll-off, it is important to understand the processes of
excited state (exciton) decay. Phosphorescent emitters can utilize
both the singlet and triplet excited states generated in the device,
with singlets undergoing intersystem crossing to yield triplets, which
in turn can decay radiatively. The most efficient phosphorescent
OLEDs have the emitter material blended into a host material
with the goal of increasing the distance between emitters and,
hence, reducing the detrimental intermolecular interactions that can
lead to exciton quenching. In working devices, these can include
triplet-triplet annihilation (TTA) and triplet-polaron quenching
(TPQ)."~

Triplet-triplet annihilation is a process in which two triplet
excitons interact, leading to the formation of an excited singlet or
triplet, governed through spin statistics, with the other returning
to the ground state. If the singlet is formed on a phosphorescent
chromophore, it can intersystem cross back to the triplet state.
Triplet-polaron quenching is a process in which a triplet interacts
with a polaron, which leads to the triplet decaying non-radiatively
to the ground state.” Since these processes are bimolecular, a large
density of polarons or excitons within a region of the emissive layer
can increase the probability of TTA or TPQ occurring. That is, the
degree of TTA and TPQ that occurs within a phosphorescent emis-
sive film is dependent on the distribution of the emitter molecules
in the blend film and/or the recombination zone (the region of the
film in which holes and electrons recombine). For example, cluster-
ing of the emitters could lead to increased TTA, while unbalanced
charge transport within the device could lead to the accumulation of
excitons and polarons at an interface, thereby increasing TPQ.
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One strategy to decrease the impact of these exciton loss mech-
anisms is via control of the recombination zone, since a broadening
of this zone will reduce charge carrier/exciton accumulation and, in
particular, limit TPQ.° There have been a number of reports show-
ing a reduction in efficiency roll-off by introducing a guest:host
blend ratio gradient in the emissive layer normal to the substrate.” "
For example, one study by Zhang et al. attributed improved device
efficiency and lifetime to the use of a linearly graded guest:host blend
ratio.” In that study, the guest concentration was highest near the
hole transport layer (HTL) and declined linearly through the film.
They attributed the improvement to variations in hole transport
within the emissive layer, which decreased with increasing distance
from the HTL, thus reducing charge accumulation at the electron
injection/hole blocking interface. In another study, Chin et al. also
observed a similar effect for devices in which the concentration of
the guest was changed in a stepwise fashion by sequentially deposit-
ing layers having different guest:host ratios.” Interestingly, it was
found that the highest guest concentration should be near the HTL
for one material blend and near the electron transport layer (ETL)
for a different blend, with the optimal design depending on the
material and device properties.

It is important to note that while these approaches can con-
trol the average vertical distribution of the emitter materials in
the emissive layers, their distribution in the plane of the substrate
is generally unknown with atomic resolution. Indeed, molecular
dynamics simulations show that even under ideal deposition con-
ditions, emitters are not evenly distributed throughout the emissive
layer, and even at relatively low emitter concentrations in a host,
there can be interconnected pathways for exciton and polaron
migration.' e

While the reported experimental results have shown that non-
uniform guest:host blend ratios in the emissive layer can increase
device performance, there are fewer simulation studies aimed at
identifying the underlying reason for the improvement in per-
formance.” Notably, the large variation in material combinations
and device architectures means that it is difficult to systematically
address the underlying mechanisms that lead to the improvement in
performance.

In this paper, we seek to understand the detailed mechanism
by which performance improvement is realized for different device
scenarios. We employ a multi-scale modeling approach in which
a microscopic model [kinetic Monte-Carlo (KMC)] is coupled
to a macroscopic model (drift diffusion). The simulations are
based on a prototypical phosphorescent OLED device structure,'”
with a HTL of N,N’-diphenyl-N,N’-bis(1-napthylphenyl)-1,1'-
biphenyl-4,4’-diamine (aNPD), an emissive (EML) guest:host blend
of  fac-tris(2-phenylpyridine)iridium(I11):4,4"-bis(N-carbazolyl)-
1,1’-biphenyl [Ir(ppy)s:CBP], a hole blocking layer (BL) of
bathocuproine (BCP), and an electron transport layer (ETL) of
tris(8-hydroxyquinoline)aluminum(III) (Alqs) (Fig. 1). The layer
thicknesses were 30, 30, 10, and 40 nm for the HTL, EML, BL,
and ETL, respectively. The choice of these materials and device
architectures was based on the fact that many of the parameters
required for the simulations have been experimentally determined.
Three device architectures were considered, which differed in the
distribution of the emitter in the emissive layer. First, as shown in
Fig. 1(a), we considered an EML that has a uniform guest:host blend
ratio normal to the substrate, which represents the baseline for
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comparison. Second, we investigated an EML that was composed
of two separate layers of equal thickness containing different blend
ratios [Fig. 1(b)]. Finally, we explored an emissive layer that has a
linear graduation in the blend ratio [Fig. 1(c)]. We will demonstrate
how an optimal blend ratio configuration can be modeled for a
given material system.

METHODOLOGY
Computational modeling

We used a multi-scale modeling approach, combining both
KMC and drift-diffusion (DD) simulations.'*"'” We have previously
published KMC simulations of Ir(ppy)s:CBP films containing 2, 6,
10, 15, and 20 wt. % of Ir(ppy)s as well as neat films of the host.'° In
the previous work, it was assumed that the Ir(ppy)s molecules were
on average evenly distributed through the bulk of the film, following
a uniform random distribution [similar to Fig. 1(a)]. Since the KMC
simulations are computationally expensive, we obtained estimates of
the charge transport properties at intermediate values by interpola-
tion of the discrete data points from previously published data,'*'”
as shown in Fig. 2. The properties that were considered to vary with
blend ratio were electron and hole mobility and the yield of triplets,
i.e., the proportion of excitons formed by electron-hole recombi-
nation that successfully diffuse to a guest molecule and undergo
intersystem crossing to become triplets.

These data were provided as input into a drift-diffusion model.
The drift-diffusion model allows for blend ratio variation across the
active layer. The model, which describes the whole device, including
transport layers, is given by Eqgs. (1)-(7),
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The guest concentration is defined as pg, and the parameters that
depend upon this concentration are labeled with an explicit depen-
dence on pg. Equations (1) and (2) are the charge continuity equa-
tions for holes and electrons, respectively, where p(n) represents the
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FIG. 1. Visual representations of the three device structures explored in this paper. Each structure consists of a hole transport layer (HTL), an emissive layer (EML), a blocking
layer (BL), and an electron transport layer (ETL). The blocking layer also functions as an ETL. In the EML, the guest concentration varies from being (a) uniform, (b) having
a stepwise change in the middle of the layer, and (c) having a linear gradient across the entire active layer normal to the substrate.
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FIG. 2. Concentration-dependent mobility and exciton formation data obtained
using kinetic Monte—Carlo simulations. The exciton formation data gives the pro-
portion of recombining electron-hole pairs that either form directly on the guest
or form on the host and diffuse to the guest. These data are used as input to the
drift-diffusion model.

number density of holes (electrons) as a function of the distance,
x, from the substrate and time, t, jy(s is the hole (electron) current
density, and f is the recombination coefficient. Equations (3) and
(4) give the current density jj(, for holes (electrons), where ) (x,
pc) are the hole (electron) mobilities, respectively. The mobilities
are a function of position x, which is used to represent the mobili-
ties of each layer in the device. Within the active layer, mobility is
also a function of guest concentration, pg, as shown in Fig. 2. E(x,t)
gives the electric field, and the scalar values e, kg, and T denote the
electron charge, Boltzmann constant, and temperature, respectively.
The Einstein relation for the diffusion coefficient has been assumed
in Egs. (3) and (4).

Next, Egs. (5) and (6) denote the voltage (V) and electric field
within the device, respectively. The voltages at the electrodes are

held at a fixed value. The scalar values ¢, and ¢, are the relative and
vacuum permittivity, respectively.

Finally, Eq. (7) specifies the continuity equation for triplets
within the emissive layer, where T is the time- and position depen-
dent number density of triplets on the guest. Due to the large
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TABLE I. Model parameters.
Parameter Symbol Value References
aNPD hole mobility” Hy-aNPD 322x 107 ecm® V7' s 23
aNPD electron mobility Ho-anpD 0cm®V7's!
1 -3 21 1
CBP hole mobility Ui-cap 2x10 ) cm2 A% ] s ] 24
CBP electron mobility Yo crp 3x107"ecm” V' s~
BCP electron mobility Uopcp 55x 10 cm® Vs 25
BCP hole mobility U -pcp 0cm* Vst
Algs electron mobility” He-Alg, 43x10°cm?*V!s! 26 and 27
Algs hole mobility Hn-alg, 0cm?*V!'s! e
Relative permittivity & 2 16
Intersystem crossing rate kisc 6.9 x 102 57! 28
Triplet-triplet annihilation rate krra 3x107 2 em’s™! 4 and 29
Triplet-polaron annihilation rate krpa 2x107 B em?®s7! 4
Triplet diffusion length Lp 6.8x10° m 21
Temperature T 300 K

The reference’s Poole-Frenkel mobility was evaluated at an electric field of 1 x 10° V. cm™.

TABLE II. Guest concentration dependent parameters. Radiative and non-radiative
decay rates, which are provided as a function of guest concentration. Data from
Ref. 14.

Guest concentration  Triplet radiative  Triplet non-radiative

(wt. %) decay rate kr (s™hH decay rate ki, (sH
1 7.59 (£0.44) x 10° 1.84 (+0.44) x 10°
6 7.54 (+0.44) x 10° 1.39 (+£0.44) x 10°
10 6.83 (£0.40) x 10° 1.94 (+0.40) x 10°
20 5.82 (+0.35) x 10° 3.61 (£0.35) x 10°
50 5.91 (+0.40) x 10° 6.91 (£0.40) x 10°

intersystem crossing rate of Ir(ppy)s, it is assumed that all sin-
glets that form either directly on the guest or diffuse to a guest
molecule immediately undergo intersystem crossing to become
triplets. The proportion of excitons reaching a guest molecule was
obtained from the KMC simulations, as plotted in Fig. 2. These
values appear in the drift-diffusion model as a yield parameter for
guest exciton formation, kger. Since we assume a very fast inter-
system crossing rate, all excitons reaching the guest are considered
to instantaneously become triplets and, therefore, singlet excitons
are not modeled. This is an approximation which assumes that the
concentration of singlets is much less than the concentration of
triplets.”” For Eq. (7), k1v(pg) and kry,,(pg) are the radiative and non-
radiative triplet decay rates, respectively, which are a function of
guest concentration. These values were sourced from experimental
measurements utilizing Photoluminescence Quantum Yield (PLQY)
and triplet lifetimes, which are published in the literature.'* kr7y is
the triplet-triplet annihilation rate, and krpq is the triplet polaron
annihilation rate. The triplet diffusion coefficient Dy was calcu-
lated through the relation Lp = \/6Dr7p, where Lp is the measured
three dimensional diffusion length and 7p is the measured triplet
lifetime.”!
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FIG. 3. Internal quantum efficiency (IQE) as a function of current density for opti-
mum devices with uniform, stepwise, and linear graded EMLs. The non-uniform
doping profiles show an improvement in IQE. The inset shows the roll-off losses
calculated from the same data, where the roll-off loss is defined as the difference
between the maximum IQE and the IQE at the given current density.

To further constrain the number of parameters in the model,
we have assumed that there is no energetic barrier to electron and
hole injection from a transport layer into the emissive layer, and
all particles (holes, electrons, and excitons) within the EML are
assumed to be confined there. As a result of these assumptions,
charge carrier energy levels were not included as input parameters.
Furthermore, we have assumed ideal ohmic charge injection, which
we define to be where charges rapidly inject until the electric field
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FIG. 4. (a) Visual representation of the optimal blend ratio distribution for devices with uniform, stepwise, and linear EML blends. In addition, shown are the resulting (b) hole
and (c) electron mobilities. HTL refers to the hole transport layer, and ETL refers to the hole blocking layer and electron transport layer.

at the interface is completely screened.”” This ensures that our sim-
ulated devices are always operating in the regime of space-charge-
limited current. Other material properties, such as the mobilities in
the transport layers and the exciton rate constants, were sourced
from the literature. The parameters used in the model are given in
Tables T'and I1.

RESULTS

Figure 3 shows the internal quantum efficiencies (IQEs) of
the highest performing devices with uniform, stepwise, or linear
blend EMLs. These optimum configurations were found through an
exhaustive search of all possible blend ratio configurations in incre-
ments of 1 wt.%. The optimum blend ratio configuration for the
linear device was a concentration of Ir(ppy); that linearly decreased
from 10 wt. % at the hole-injecting interface (HII) to 6 wt. % at the
electron-injecting interface (EII). For the stepwise device, the same
concentrations of 10 and 6 wt. % at HII and EII, respectively, were
also optimal. For the uniform device, the optimum concentration
was 6 wt. %, aligning with the reported experimental results.”’ As is

evident, the two non-uniform devices exhibit performance improve-
ments and a reduction in roll-off, as plotted in the inset in Fig. 3.
Both linear and stepwise EML blends exhibit an overall reduction
in roll-off that improves with increasing current density. This shows
that non-uniform blend ratios can provide a performance benefit.
It is also important to note that the stepwise blend profile in the
EML, which is far simpler to fabricate, is just as effective as the linear
profile.

We note that at low current densities, the non-uniform blend
ratios in the EML lead to a reduction in IQE compared to a device
with a uniform EML. At low current densities, the primary loss
mechanisms are the non-radiative decay of triplets on the guest
and the loss of excitons that form on the host but do not transfer
to the guest. In this regime, the increase in doping concentration
for the two devices with non-uniform EMLs leads to an increase
in non-radiative decay, as presented in Table 1I, resulting in an
overall increase in triplets lost non-radiatively."* At a current den-
sity of ~6 mA cm ™2, triplet density becomes significant, and second
order annihilation (TTA and TPQ) become the primary loss mech-
anisms, driving the efficiency roll-off losses. As such, devices with
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FIG. 5. Internal quantum efficiency (IQE) for the varying guest:host blend ratios, where the blend ratio in the EML changes (a) linearly and (b) in a step. The horizontal and
vertical axes indicate the guest concentration at the hole-injecting interface (HIl) and electron-injecting interface (Ell), respectively (Please refer to Fig. 1 for the interpretation
of these interface layers and the resulting blend profiles). The solid black line indicates a uniform blend ratio. The highest IQE is indicated with a small black circle at 6 wt. %
at the Ell and 10 wt. % at the Hll for both (a) and (b). These two circles represent the optimal linear and stepwise EML blends that were shown in Fig. 3.

non-uniform EMLs driven at higher current densities begin to show
a benefit.

Figure 4 depicts the blend ratio distributions for the opti-
mal devices whose performance was shown in Fig. 3. The figure
also shows the hole and electron mobilities that result from these
blend ratios. As is evident, the introduction of a higher guest
concentration at the hole-injecting interface leads to an approxi-
mate halving of both the electron and hole mobilities, which arises
from the fact that the Ir(ppy)s guests act as charge traps in the
CBP host.

Figure 5 shows the predicted performance across the design
space of all possible linear and stepwise blend ratio configurations
for the EML. In particular, the heatmaps show the predicted IQE at
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FIG. 6. Spatial profile of charge carrier recombination rate (calculated as fnp)
(LHS) and charge carrier density (RHS) for three different EML types. A disconti-
nuity in the recombination rate can be observed at the interface, where the guest
concentration undergoes a stepwise change, which is shown with the vertical dot-
ted line at 15 nm. The consistent charge carrier injection for the three devices
ensures an equal exciton generation rate.

a constant current density of 20 mA cm ™2, which in similar devices
was measured to correspond to an approximate luminance of
3500 cd m™2.’! It is evident that there is a region of non-uniform
guest distribution within the host that exhibits an increased IQE for
both linear and stepwise EML profiles. Furthermore, the EML with a
linear distribution of the emissive guest in the host has a wider zone
of improved device performance, which indicates a potential for
robustness in device performance against variations that can arise
during manufacturing.

To understand the mechanism of performance improvement,
these optimum devices were investigated in more detail. Figure 6
shows the recombination rate and charge carrier densities for the
three optimum device configurations. We note large hole accu-
mulation at the electron injection interface and a low concen-
tration of electrons across the EML, which can be attributed
to the strong mobility imbalance of the transport and emissive
layers.
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FIG. 7. Spatial profile of triplet concentration within the EML for three sampled
devices at a steady state current density of 20 mA cm~2 (which corresponds to an
approximate luminance of 3500 cd m—2). The optimal profiles show a broadened

and more uniform concentration of triplets, especially toward the middle of the
layer.
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FIG. 8. Proportional loss of triplets due to (a) triplet-triplet annihilation (TTA) and (b) triplet-polaron quenching (TPQ) as a function of current density for three sampled devices.
The graph clearly shows a reduction in loss processes for the two devices with non-uniform EMLs.

The simulated devices with non-uniform EMLs show an
increased spread of both hole and electron (Fig. 6) and triplet (Fig. 7)
concentrations throughout the EML, which is directly reflected in
the broadening of the recombination zone. We attribute this behav-
ior to a blend-ratio-induced decrease in hole mobility across the
EML, with the strongest effect at the hole injection interface, which
counteracts the mobility mismatch between the transport layers.
The higher blend ratio corresponds to increased charge carrier trap-
ping on the Ir(ppy)s guest molecules, reducing the mobility in
that region. In this way, a targeted decrease in mobility can lead
to improved device performance by compensating for imbalances
elsewhere.

To directly examine the loss mechanisms, Figs. 8(a) and 8(b)
show the percentage losses of triplets due to TTA and TPQ across
a range of current densities. There is a clear reduction in these loss
mechanisms in devices containing a non-uniform blend ratio in the
EML.

These results clearly indicate that the devices with non-uniform
EMLs performed better because they improved the mobility balance.
However, there are several ways that mobility balance can be defined.
There is a balance between hole and electron mobility within the
EML, but there is also a balance between the hole mobility in the
HTL and the electron mobility in the ETL.

The time-dependence of the turn-on process (video in the
supplementary material) was examined, and it was observed that
the “wave fronts” of injecting holes and electrons first make con-
tact near the edge of the ETL. Hence, it is likely that the HTL/ETL
imbalance (not the EML imbalance) is most critical in these devices.
A consequence of this proposition is that if the relative mobili-
ties were swapped so that electrons in the ETL had faster mobility,
our analysis would lead to a mirror reflection of the heatmaps
(Fig. 5) about the diagonal line. That is, the highest guest con-
centration should be at the electron-injecting interface instead of
the hole-injecting interface. To test whether the analysis was cor-
rect, we simulated a mirrored device with the resulting structure

of HTL/BL/EML/ETL. The mobilities were mirrored such that the
original HTL hole mobility became the new ETL electron mobility
(and vice versa). The blocking layer was swapped to the other side
of the device, and its electron and hole mobilities were swapped.
In essence, this device has an identical EML, but the charge trans-
port properties of the transport layers are swapped so that electrons
have faster transport. The results of these simulations are shown
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FIG. 9. Performance of a “mirrored” device configuration where the mobilities of
electrons and holes in the transport layers are swapped such that the electron
transport layer is faster than the hole transport layer. In comparison to Fig. 5(b),
there is approximately a mirror reflection in the overall heatmap. Hence, it is the
mobility in the transport layers that critically determines how the profile of the guest
in the EML should be optimized.
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in Fig. 9. Notably, this heatmap is indeed close to a mirror reflec-
tion of Fig. 5. This confirms that the mobility imbalance in the
transport layers is also a critical factor in determining the optimum
guest profile in the EML, at least for the materials and geometries
studied here.

CONCLUSION

In this paper, we have examined how non-uniform blend ratios
of guest and host materials can improve performance in a proto-
typical Ir(ppy)3:CBP OLED system. Kinetic Monte—Carlo modeling
highlighted that varying the profile of the blend ratio has a large
impact on the carrier’s mobility. Multi-scale modeling found that
an imbalance in transport layer charge mobilities of the studied
devices containing Ir(ppy)s:CBP emissive layer blends resulted in
an accumulation of holes at the electron-injecting interface of the
emissive layer, restricting the recombination zone and maximizing
exciton losses. By increasing the blend ratio at the hole-injecting
interface of the emissive layer, the hole mobility could be effectively
tuned and some mobility balance restored. The resultant devices
with non-uniform EMLs showed increased device performance.
This behavior was attributed to a broadening of the recombina-
tion zone, which was a direct consequence of the effective grading
of the hole mobility. Consequently, careful tuning of the spatial
profile of the blend ratio can minimize losses due to triplet-triplet
annihilation and triplet-polaron quenching. This study has high-
lighted the potential benefits that can be realized through non-
uniform guest:host blend ratios within the emissive layer. However,
maximizing efficiency was found to be dependent on the emis-
sive layer structure as well as the relative charge mobilities in the
transport layers.

SUPPLEMENTARY MATERIAL

See the supplementary material for a video showing the elec-
tron and hole densities in the device during the turn-on process, as
referred to in the main text.
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