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Highly efficient organic light-emitting diodes (OLEDs) based on thermally activated delayed
fluorescence (TADF) emitters have been realized in recent years, but the device lifetime needs further
improvement for practical display or lighting applications. In this work, we present a device design
principle by tuning the optical cavity of single-layer undoped devices, to realize efficient and long-
lived TADF OLEDs. Extending the cavity length to the second-order interference maximum by
increasing the emissive layer thickness broadens the recombination zone, while the optical outcoupling
efficiency remains close to that of the thinner first-order devices. Such a device design leads to efficient
and stable single-layer undoped OLEDs with a maximum EQE of 16%, a LTy of 452 h and LTs, of
3693 h at an initial luminance of 1000 cd m? which is doubled compared to the first-order
counterparts. We further demonstrate that the widely-used empirical relation between OLED lifetime
and light-intensity originates from triplet-polaron annihilation, resulting in an extrapolated LTz, at 100

cd m™of close to 90,000 h, approaching the demands for practical backlight applications.
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1. Introduction

Purely organic emitters based on thermally activated delayed fluorescence (TADF) have gained
tremendous attention for their use in OLEDs, since there is no need for heavy atoms such as iridium
or platinum to harvest triplet excitons.™ For TADF emitters, non-radiative triplets can be converted
to emissive singlets via the reverse intersystem crossing (rISC) process. It is possible to obtain unity
internal quantum efficiency in OLEDs when the singlet-triplet energy splitting (AEst) is comparable to
the thermal energy.m A multiple-layer structure is normally needed to balance charge carrier
transport, to confine charges and excitons within the emissive layer, and to place the emission zone
at the optimal position inside the optical microcavity."? Highly efficient monochromic TADF OLEDs
have been realized by material design and device structure engineering, with the maximum external
quantum efficiency (EQE) close to 40%."*' The next step is simultaneously achieving long

operational lifetime and high efficiency TADF OLEDs for practical applications.!**?

We have recently demonstrated an efficient and stable OLEDs based on a single-layer of the
undoped TADF emitter CzDBA (9,10-bis(4-(9H-carbazol-9-yl)-2,6-dimethylphenyl)-9,10-
diboraanthracene).”®! Notably, the operational lifetime at an initial luminance L, of 1000 cd m™
down to 50% of its initial value (LTso) was reported to be 1880 h, which is 19 times longer than
multilayer devices with the same emitter." It has further been found that for the single-layer
CzDBA OLEDs, the device degradation results from triplet-polaron annihilation.™ From previous
research, it is clear that both the material structure and device layout configuration play important
roles in the operational stability.[le_lsl Using an n-type host material, Cui et al. demonstrated green
TADF OLEDs with an LTs, of 654 h at an initial luminance of 5000 cd m?, enhancing the lifetime with

a factor of ~30 as compared to using p-type host material as a reference.!” Noda et al. showed that
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a slight chemical structure modification to a TADF emitter can enhance the charge transport and rISC
rate, contributing to an improved device performance and operational stability.[zol In addition,
different device design strategies have been introduced to enhance the device lifetime. Zhang et al.
demonstrated that a gradient doping concentration in the recombination zone can enhance the
lifetime of a blue phosphorescent OLED by a factor of 10.*" Lee et al. demonstrated that the
introduction of a molecular hot excited state manager can be used to receive the energy from
annihilation-generated hot states before causing chemical decomposition, giving rise to a lifetime

enhancement of a factor of 3.6+0.1 compared to conventional, unmanaged devices.??

Broadening the recombination zone is known to enhance the device stability, but it is also noted that
it can bring side effects of device efficiency reduction.”™ Since the cavity resonance is highly related
to the emissive layer thickness, the increase of photon trapping could be one of the main reasons for
quantum efficiency loss in OLEDs with a broadened recombination zone, i.e. thick emissive layer."?*!
For application purposes, the device is normally operated under a constant luminance level, so a
higher optical outcoupling efficiency can reduce the driving current density needed to reach the

specific luminance. From such a perspective, the careful tuning of optical cavity and therefore higher

device efficiency is also meaningful for achieving operational stable OLEDs.

In this work, we report an OLED design strategy to maintain high device efficiency and long
operation lifetime simultaneously via cavity manipulation. Extending the optical cavity length by
increasing the emissive layer thickness broadens the recombination profile, leading to reduced local
charge carrier and exciton density. When the optical cavity is expanded to the second-order
interference maximum with the constructive resonance effect, high device efficiency can be

achieved together with long operational lifetime. Based on the TADF emitter CzDBA, we
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demonstrate that the second-order devices possess a maximum EQE of 16%, with a LTy, of 452 h at
an initial luminance of 1000 cd m™. The EQE is only slightly reduced compared to the first-order
device (19%), while the operational lifetime is more than doubled. We further reveal that the
empirical relation between the initial luminance and the operational lifetime for TADF OLEDs is
originated from the triplet-polaron annihilation (TPA), indicating that the development of strategies
to manipulate the exciton and polaron density is of vital importance for achieving long-lived TADF
OLEDs. With such a device design, the lifetime LT, at an initial luminance of 100 cd m? is close to
90,000 h, estimated by a degradation model based on the TPA process, approaching the demands

for commercial applications.

2. Results and discussion

The device design principle is schematically illustrated in Figure 1a. A neat CzDBA emissive layer is
sandwiched between a top cathode and bottom anode. The detailed device structure is explained in
the experimental section. Auxiliary layers, including MoO3/Cs, and TPBi layers are used as interfacial
layers to form Ohmic contacts for both anode and cathode.™ These are essentially injection layers,
the OLED comprising just an emissive layer between Ohmic contacts. Electron transport, hole
transport or exciton blocking layers, as used in multilayer devices, are absent. In our device design,
charge transport is fully governed by the emitter, and blocking layers are not needed owing to the
charge-density profiles generated by the Ohmic contacts. When varying the emissive layer thickness,

the cavity resonance is tuned correspondingly.[zs_m
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Figure 1. Device design concept. a) Schematic illustration of an OLED with a broad recombination
zone based on the TADF emitter CzDBA, in which interfacial layers MoOs/Csy and TPBi to form Ohmic
contacts for the anode and cathode have also been shown. The chemical structure is shown as an
inset. b) Sum-normalized recombination profiles for a 300 nm CzDBA device, as a function of external
driving voltage, with the modelling parameters from single carrier devices fitting, as listed in Table

S1.
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In a single-layer OLED, recombination events can occur within the entire emissive layer. The
recombination profile, determined by the position-dependent Langevin-type recombination, can be
calculated based on the charge-transport parameters of electrons and holes.” For organic
semiconductors, the charge-carrier transport has been described using the extended Gaussian
disorder model (EGDM)."*! The charge-transport parameters in the EGDM can be obtained by fitting
the temperature-dependent current density-voltage characteristics of single-carrier devices with
drift-diffusion simulations.B” With the determined electron- and hole-transport parameters, the
recombination profile for a 300 nm neat film CzDBA OLED is presented in Figure 1b. Since the hole
mobility in CzDBA is slightly lower than the electron mobilitty®, the peak of the recombination
profile is a bit closer to the anode. When increasing the driving voltage, the recombination profile is
gradually broadened, as shown in Figure 1b. The recombination zone at 3.0 V for CzDBA OLEDs with
other different emissive layer (EML) thickness is shown in Figure 2b. The recombination zone is
gradually broadened when increasing the EML thickness, since bimolecular recombination takes

place within the entire EML.

For devices with a broad recombination zone, we have demonstrated that the simulation of the
optical outcoupling efficiency n.,: should be weighted by the sum-normalized recombination profile

within the emissive Iayerm], quantitatively described as:

Nout = fnout(x) ‘R (x)dx (1)

in which no.(x) is the outcoupling efficiency at the recombination position x, while R(x) represents

the sum-normalized recombination intensity as a function of position.
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We then turn to investigate CzDBA OLEDs with different optical cavity length and a broad
recombination zone. Firstly, the position-dependent outcoupling efficiency n, is simulated. The
optical outcoupling efficiency to air na is shown in Figure 2a, the outcoupling efficiency to both
substrate and air, ns,, is displayed in Figure S1 for comparison. Without considering the broad
recombination profile, the first-order resonance can be realized with the emitter ~60 nm away from
the cathode and with an entire cavity length of ~80 nm. The optimized n, in the first-order cavity is
~27%. Further increasing the cavity length would result in destructive interference lowering the
outcoupling efficiency. For example, for devices with a cavity of 200 nm, the maximum optical
outcoupling is then reduced to ~21%. Further increasing the cavity length induces the second-order
constructive interference effect. In the case of devices with a 250 nm and 300 nm emissive layer
thickness, two emitter positions with optimized outcoupling efficiency have been resolved, with n,
around 25%, which is close to the outcoupling efficiency for the optimized first-order cavity (Figure
2a). It is noted that the second-order maximum for the 300 nm device is slightly lower than that of
250 nm, indicating that further increasing the cavity length would again lead to destructive

interference.

To calculate the total outcoupling efficiency for a single-layer device, the position-dependent
outcoupling efficiency has to be weighted by the position-dependent recombination profile. As
shown in Figure 1b and Figure 2b, the recombination zone is voltage and thickness dependent.
Based on Equation 1, combined with the position-dependent outcoupling in Figure 2a, it is then
possible to obtain the dependence of n, and ns, on external driving voltages, as shown in Figure 2c

and Figure S2. The optical outcoupling efficiency varies at low voltages from 2-3 V, resulting from a
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slight shift in the recombination zone. The recombination profile is quite stable at higher voltages, as

shown in Figure 1b.

From the voltage dependence, it is then possible to extract the maximum optical outcoupling for
devices with different optical cavities, as shown in Figure 2d. The n, is obtained considering the total
emission from different positions in the entire recombination profile, so the absolute value is slightly
lower compared to a device with a thin recombination zone, placed in the optimum position of the
cavity. Nevertheless, the total optical outcoupling shows a similar thickness dependence when
increasing the cavity length. For CzZDBA OLEDs, the maximum n, with a broad recombination zone is
~25% and ~18%, for the first-order and the second-order cavity, respectively. However, it is only

~12% for devices with ~200 nm CzDBA due to destructive interference.
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Figure 2. Optical resonance induced optical outcoupling efficiency variation. a) Position-dependent

optical outcoupling to air mode for dipoles located at different positions inside the device. b) The

sum-normalized recombination zone for OLEDs with different CzDBA layer thickness at 3.0 V. c)

Optical outcoupling efficiency as a function of external driving voltage because of recombination

zone shift. d) The maximum optical outcoupling efficiency for OLEDs with different cavity length. The

experimental maximum EQEs from CzDBA devices are also indicated.

The integrated optical outcoupling efficiency is slightly lower for thick devices exploiting the second-

order resonance cavity. The main reason is that the broadening of the recombination zone with

increasing layer thickness reduces the overlap between the emission zone and the constructive
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interference maxima. As a result, for thicker devices, part of the recombination events occurs at

positions inside the cavity where optical outcoupling is suboptimal.

The device performance including the current density-luminance-voltage (JVL), luminance-EQE and
electroluminescence (EL) characteristics for devices with different cavity length is summarized in
Figure 3. EL can be observed even at subgap voltages, with turn-on voltages as low as 2.1 V to reach
1 cd m?, resulting from the recombination of diffused and thermally generated charge carriers,
which is independent on the emissive layer thickness.®” A luminance of 1000 cd m? is reached at 2.5
V for the device exploiting the first-order interference maximum (L=85 nm), while the voltage of 3.7

V required for the second-order device is still low.

The luminance-EQE characteristics for CzDBA OLEDs with different cavity length are shown in Figure
3b. The EQE gradually increases to its maximum at a few hundreds of cd m™, then starts to roll-off
because of triplet-triplet annihilation.®” The maximum EQE for the device with the first-order cavity
(L=85 nm) is ~19%, while it is as high as 16-17% for devices with the second-order cavity (L=300 nm).
Thus, only a marginal EQE reduction is induced when extending the optical cavity, though the
luminous efficacy has a larger decrease because of increased driving voltages, as shown in Figure S3.
The EL spectra for the second-order cavity device are shown in Figure S4. The EL spectrum is slightly
broadened at lower voltages but stable at higher bias, which may originate from a small shift of the
recombination profile. The CIE color coordinate is (0.47, 0.52) at 2.5 V, which is close to one of the

first-order cavity devices.!™
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Figure 3. Device performance. a) Current density-voltage-luminance characteristics. b) Luminance-

EQE.

The operational lifetimes of the OLEDs are summarized in Figure 4. As shown in Figure 4a, the
operational stability is gradually increased when increasing the cavity length. The LTq at an L, of
1000 cd m™ for CzDBA devices with different optical cavity length are shown in Figure 4b and Figure
S5-S7. We note that in Figure 4b also the previously reported lifetime for OLEDs with 75 nm CzDBA
has been included, already shown good device efficiency and long operational lifetime.™ The LTy is
only 44 h for the device with a 50 nm CzDBA layer. Tuning the cavity to the first-order maximum (85
nm) leads to a significant operational lifetime enhancement up to 231 h. Further extending the
cavity length to the second-order maximum of 300 nm, the LTy is enhanced to 452 h, which is ~2

times longer than that of devices with the first-order cavity.

Even though extending the cavity length increases the lifetime, the increase does not seem to be
linear, as displayed in Figure 4b. The reason is that the current efficiency is not the same for all
device thicknesses due to differences in the optical outcoupling efficiencies, as shown in Figure S3

and Figure 2. When stressing the devices at equal initial luminance, less efficient devices require a
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higher driving current density, and, as a result, the lifetime will be compromised slightly. For this
example, the more efficient 140 nm device has a similar lifetime to the 200 nm device, despite the

reduced cavity length.

The LTg, for the second-order OLEDs at different initial luminance is shown in Figure 4c. Typically, in
the OLED community the estimation of the lifetime at lower luminance is based on an empirical

relation between the operational lifetime and the initial luminance value™’**:

Lx \"
LT = 1T + (155) @)

In the above equation, LTsLéf is the LTg, for the device aged at a higher luminance Lx, while n is the
degradation acceleration factor. However, a device model that incorporates a clear physical
degradation mechanism that quantitatively explains the above formula is lacking. So far, justification
for the degradation behavior for OLEDs has been given based on differential equations that result in
a stretched exponential behavior.?® The acceleration factor is usually assumed to be 1.75, which
however may not universally apply to all OLEDs.?® The LTg, for the second-order OLEDs at different
initial luminance is shown in Figure 4c, with the luminance decay measured at different initial
luminance levels summarized in Figure S6. By fitting the experimental LTy, lifetimes with Equation 2,
an acceleration factor of 1.15 is obtained, substantially lower than the acceleration factors usually

100

assumed for phosphorescent OLEDs.?*** The extrapolated LTgy" obtained from Equation 2 equals

18746 hours.
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Figure 4. Cavity resonance enhanced device operational stability. a) Device degradation behavior for
OLEDs with different cavity length. b) LTs, for OLEDs with L, at 1000 cd m™, in which the 75 nm device
lifetime is extracted from a previous report as a comparison[13]. ¢) LTg, for OLEDs with a second-order
cavity with a 300 nm CzDBA layer thickness, degraded at different L,. The experimental degradation
is compared with the empirical relation fitting and TPA degradation model predication based on

drift-diffusion device modelling.

While the obtained acceleration factor seems to be low, it should be noted that there are not that
many reports about the experimental determination of the acceleration factor for TADF OLEDs. A
recent study involving TADF OLEDs reported acceleration factors of 1.13 and 1.30 for a single-stack
multilayer device and a double-stack tandem device, respectively.?® This demonstrates that small
acceleration factors are not exclusive to single-layer OLEDs. Unfortunately, experimentally

determined values like these are rather limited.

As a potential source of different acceleration factors in different OLEDs, we identify the efficiency
roll-off. For devices with a strong roll-off, a comparatively higher current density is required at high
luminance, implying faster degradation. Some experimental observations can support this
deduction. A 140 nm CzDBA OLED has a slightly higher acceleration factor than a 300 nm device, and
also exhibits stronger efficiency roll-off, as shown in Figure S7 and Figure S8. As a result, the
dependence of the driving current on luminance is also slightly stronger for the 140 nm device,
considering the similar optical outcoupling efficiency for these two devices. However, as these are

the same types of OLEDs, the difference is very minor.

The simplicity of the structure of single-layer CzDBA OLEDs allows us to quantitatively address device
degradation using a numerical device model. In order to explain the physical origin of the

dependence of the lifetime on initial luminance, we recall that the degradation in CzDBA OLEDs
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mainly results from the generation of charge carrier traps by TPA, in which the trap generation rates
are correlated to the product of the charge-carrier and triplet densities.™ In this model the lifetime
is described with drift-diffusion simulations, which contain the experimental charge-transport
parameters and the resulting positional dependence of the charge and exciton densities. The model
consistently describes the voltage increase when aging at constant current with a proportionality
constant for the trap formation rate as only unknown input parameter. Knowing this constant then
allows us to predict the dependence of OLED lifetime as function of light intensity, which has been
previously determined from the voltage increase and luminance decay under current stress.™ As
such, this model does not contain any fitting parameters to describe the dependence of the lifetime
on the initial luminance. Therefore, we also use the TPA model to describe the LTg, for the 300 nm
CzDBA OLEDs under different initial luminance levels, i.e. charge carrier and exciton densities. As
shown in Figure 4c, the experimental and TPA-modelled result agrees very well, with the TPA-
modelled LT42° of 20510 h. Remarkably, the predicted trend of OLED lifetime with light intensity
also closely follows the fit from the empirical model over 2 orders of magnitude. This shows that a
device model using TPA as main degradation mechanism can fully reproduce the trend of the widely-

used empirical relation.

For backlight purposes, the luminance level required can be down to 100 cd m™. Considering the
good match between the LTgys estimated by the physically defined TPA model and the
experimentally measured values at different initial luminance levels, we apply the same TPA model

Tsl(?o, which is as long as 89423 hours, as shown in Figure S9. Notably, it is among

to estimate the L
the most long-lived single-unit (non-tandem) yellow TADF OLEDs. Representative yellow TADF OLEDs

with their maximum EQE, emissive color and lifetime values at the initial luminance of 1000 cd m™
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are summarized in Table S2, though some of the reported lifetimes were obtained by fitting with
Equation 2 with an acceleration factor as large as 1.7-1.75."****2% |t should be noted that the
estimated LT23° for 300 nm CzDBA OLEDs in this work would be more than 660000 hours, with an
acceleration factor of 1.75 based on the experimentally measured LTs,(209.2 h) at the initial

luminance of 10000 cd m?, as shown in Figure S6.

1030

—

o
w
o

140 nm

: 1025

: 1020

Charge carrier density (m™)

|
0O 25 &0 0 50 100 O 70 1400 150 300

Position (nm)

10151 : ; 015

Langevin recombination rate (m>s")

Figure 5. Mechanism of cavity tuning enhanced device stability. Position dependent electron- (n) and
hole (p) densities at the given current densities to obtain 1000 cd m™ are presented. The black dashed
line is the sum of the electron and hold densities. The Langevin recombination rate R,,,to form

excitons is plotted to demonstrate the difference in exciton density.

To obtain more insight into the effect of cavity thickness on the device lifetime, the charge carrier
densities to achieve 1000 cd m™ are plotted in Figure 5, while the Langevin recombination rate is
shown to visualize the significant difference in exciton density when extending the cavity length.
Since the charge carrier transport is quite balanced for CzDBA OLEDs, the peak of the recombination

profile is not far from the center of the emissive layer (Figure 1b). Therefore, we can compare the
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densities at the middle of the neat film to estimate the role of annihilation processes for CzDBA
OLEDs with different cavities. The corresponding electron density is ~4.7 X 10*> m™ for the 50 nm
CzDBA OLED, being reduced to 1.8 x 10 m™ for the 85 nm device, a reduction by a factor of 2.5.
Similarly, the exciton density is found to be reduced by a factor of 12. Such a density decrease
strongly reduces the polaron-exciton annihilation, which is responsible for the degradation.
Therefore, the LTq at 1000 cd m™ of the 85 nm OLEDs (230 h) is higher (5.3 times) than that of the
50 nm OLEDs (20.3 h). Extending the optical cavity to the second-order outcouple maximum with a
CzDBA thickness of 300 nm, the electron density is decreased further to 5.4x10** m™, while the
exciton density is reduced by another factor of 10, compared to the first-order device (85 nm).
Therefore, material decomposition induced by TPA is suppressed even further, giving rise to an
increase of LT to 452 h, with a factor of 2 compared to 85 nm CzDBA devices with the first-order
constructive interference resonance. Because the outcoupling efficiency is close for the first-order
and the second-order devices, the lifetime change is mainly resulting from the impact of
recombination zone expansion on the device electrical properties. The high optical outcoupling
efficiency is thus another positive effect obtained by extending the resonance cavity to the second-

order interference maximum, which in the end leading to high EQE.

Such a device design principle can be used for other TADF emitters with balanced charge transport,
in which the recombination zone can be tuned by the layer thickness. For emitters with significant

trapping or unbalanced transport which can be experimentally verified by single-carrier devices, "
the recombination zone is less sensitive towards the change of the emissive layer thickness, with the
recombination profile mainly located in the vicinity of electrode interface injecting the charge carrier

with a lower effective mobility.!***¥
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To explore the potential of exploiting the second-order cavity for single-layer OLEDs of different
colors, we carried out additional simulations for different emission spectra. When assuming the
emitters in the blue and green OLEDs with photoluminescence spectra in Figure S10a, we can then
estimate the optical effect of broadening the emissive layer thickness, with an assumed dipole
orientation factor in a reasonable range. Here, for simplicity, the dipole orientation factor is
assumed to be 0.148 (same as for CzDBA), with the same device structure shown in Figure 1a. The
optical constants and photoluminescence spectra are the experimental values obtained for the blue
emitter 10,10’-(4,4’-Sulfonylbis(4,1-phenylene))bis(9,9-dimethyl-9,10-dihydroacridine (DMAC-DPS)
and the green emitter bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyllmethanone (DMAC-BP). The
position of both the first- and second-order constructive interference maxima shift slightly toward
shorter distances from the metallic cathode and have their maximum value for shorter cavity lengths
(Figure S10b and Figure S10c), as expected. The maximum values are dependent on the exact optical
parameters chosen, which differ for different materials. Assuming the same charge-transport
parameters as for CzDBA, the integrated optical outcoupling efficiency (Figure S10d) shows a similar
trend for green and blue OLEDs, but with slightly reduced optimal cavity lengths because of the
shorter wavelength emission. It is demonstrated that also for green and blue OLEDs a similar
difference in outcoupling efficiency can be expected when moving from the first-order to the
second-order cavity. These simulation results demonstrate that similar effect can be maintained for
blue and green OLEDs, based on emitters that have shown excellent device performance in host
materials or neat films if balanced charge transport is maintained.”>™® Therefore, broadening the
recombination zone to the 2" order cavity resonance maximum has the general importance for

achieving efficient and stable OLEDs, regardless the emissive color.
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It is worth to note that the strategy presented here is fundamentally different from exploiting the
second-order cavity in multilayer OLEDs. In multilayer OLEDs, this is achieved by tuning the thickness
of the doped charge transport layer, rather than thickness of the emissive layer as reported in the
present work.”*?”'Since the emission zone is not broadened, triplet-polaron interactions remain
similar in such devices. In the present work, the device is designed with a single-layer manner,
without the need of the charge transport layer. Extending the optical cavity reduces triplet-polaron
interactions, leading to long operational lifetime, while maintaining high device efficiency because of

constructive optical interference.

Conclusion

In summary, we presented a device design strategy to simultaneously obtain high efficiency and long
operational lifetime for OLEDs based on TADF emitters by extending the optical cavity of single-layer
OLEDs. Using OLEDs with a neat CzDBA film as the emissive layer, expanding the optical cavity to the
second-order constructive interference maximum and thereby broadening the recombination zone
can improve the operational lifetime by a factor of 2, while maintaining a high external quantum
efficiency of ~16%. In the end, the second-order devices possess a LTy lifetime of 452 h at an initial
luminance of 1000 cd m™. Based on a physically meaningful TPA degradation model, the estimated
LTs at 100 cd m™ is close to 90000 h, reaching a level that becomes interesting for applications. We
anticipate that the work can open avenues for highly efficient and operationally stable single-layer

TADF OLEDs, which accelerates their utilization in display and lighting products.

Experimental Section
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OLED Fabrication: ITO substrates are cleaned with detergent solution, before moving to an
ultrasonic bath for 5 min each in acetone and isopropyl alcohol. ITO substrates are then UV-ozone
treated for another 20 min. Afterwards, a PEDOT:PSS (Al4083) layer (40 nm) is coated and annealed
at 140 °C. The following layers are then deposited in vacuum chambers with a pressure of 4-6x10~
mbar. The evaporation rates and layer thicknesses are tracked by quartz crystal monitors. A layer of
6 nm MoOj3, 3 nm Cg, CzDBA layer with a thickness of 50 nm, 85 nm, 140 nm, 200 nm, 250 nm and
300 nm are deposited, sequentially with an additional 4 nm 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) layer. Inthe end, an aluminum layer about 100 nm is deposited as

the cathode.

Device characterization: the voltage-current density behavior is measured with a Keithley 2400, with
the light output simultaneously recorded by a calibrated Si photodiode. The calibrated Si photodiode
has a larger area size to the emissive pixel and it is placed close to the OLED pixel while not touching
it. The detected photons are treated as the sum of emitted photons. Integrated EL spectra are
measured by a USB4000-UV-VIS-ES spectrometer (Ocean optics) close to the emitting area at
different driving voltages. The degradation tests are also tracked by a calibrated photodiode, with
constant current densities. The maximum EQE statistics shown in Figure 2c was averaged among 5-
15 devices with the standard deviation. Different current densities are set to investigate the
degradation behavior with different initial luminance. These degradation measurements are done in

a glove box filled with nitrogen without further encapsulation.

Recombination profile simulation: The voltage dependent recombination profiles are obtained based

on the Extended Gaussian Disorder model (EGDM).”® The electrical parameters are adopted from a
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previous systematic investigation on transport properties of CzDBA.P% The parameters used in

EGDM was summarized in Table S1.

Optical Simulations: The refractive index and dipole orientation factor for the CzDBA neat film has
been verified experimentally.”® For all the other materials, complex refractive indices determined

by experimental measurements are used.
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