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ABSTRACT

Phosphorescent organic light-emitting diodes (PhOLEDs) have been considered potential
candidates for high-efficiency blue emission. However, their short lifetime has been an issue,
and much effort has been put into resolving this. Among such efforts, understanding energy
level alignments (ELA) is one of the essential factors in understanding the degradation.
However, ELA inside the actual PhOLED is rarely studied due to technical limitations. Here,
we comprehensively investigate the degradation mechanism of blue PhOLEDs consisting of a
cohost-dopant type emissive layer (EML). The blue PhOLEDs are aged with typical operating
conditions until the luminance performance degrades. Ultraviolet and X-ray photoelectron
spectroscopy (UPS and XPS) combined with a damage-free gas cluster ion beam (GCIB)
etching and transmission electron microscopy-energy dispersive X-ray spectroscopy (TEM-
EDX) unveil the buried interfaces inside the PAOLEDs. XPS and TEM-EDX measurements
show that the dopant is unlikely to be the primary origin of the device degradation. Instead,
UPS measurements show that the ELAs at the interfaces facing the EML are significantly
altered unfavorably after device aging. This implies that the changes in the ELA are the leading
cause of PhOLED degradation. Our results highlight the importance of retaining the ELAs

during device operation to achieve long-lifetime blue PhOLEDs.

Keywords: Blue phosphorescent OLEDs; Cohost-dopant system; Energy level alignment;

Degradation; Aging; Molecular aggregation; Flrpic; UPS; XPS; GCIB; Depth profile
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1. Introduction

Organic light-emitting diodes (OLEDs) have attracted much attention in the display
research community due to their high color purity, high contrast, and high efficiency. In
particular, phosphorescent OLEDs (PhOLEDs) have been successfully commercialized by
achieving an internal quantum efficiency close to 100%, beyond the intrinsic limit of
fluorescent emission [1-8]. Recently, a cohost-dopant system in the emissive layer (EML) has
been suggested to achieve highly efficient Ph\OLEDs. In cohost-dopant PhOLEDs, holes and
electrons transported to the cohost generate exciplex states, then they transfer energy to dopants,
and finally, the dopants emit light. This cohost-dopant system significantly maximizes external
quantum efficiency (EQE) [6—14].

Despite the remarkably high EQE of the cohost-dopant PhAOLEDs, their short lifetime is
still an open problem. So far, many studies have focused on molecule dissociation as a culprit
for the short lifetime with various experimental approaches [15-22]. These studies report that
the bond breaking of blue dopants (e.g., bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium(III), Flrpic) and their J-type aggregation are the leading causes for
the degradation of blue PhOLEDs [15-17,23-25]. Mass spectroscopy, liquid chromatography,
and matrix-assisted laser desorption/ionization measurements have been employed to
determine the fragmentation route of the blue dopants [16-18,23,26]. For example, the
chemical bonds between the Ir atom and the picolinate ligands in Flrpic break upon aging
[16,17,23,24]. It has been reported that the long exciton lifetime of phosphorescence is the
driving force for bond breakage, which increases the bi-molecular processes reducing the
molecular stability [15,25,27,28].

Another critical property determining device performance is the energy level alignment
(ELA) at each interface inside PhOLEDs. For efficient PhOLEDs, the energy levels of organic

materials must be appropriately aligned at each interface inside the device. However, the
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deterioration of the ELA after device operation is rarely studied, limiting comprehensive
understanding of the PhOLED degradation. This is because there has been no experimental
method to measure the ELA inside the actual device after operation. For this reason, previous
results have been obtained by mimicking the degradation of actual PhAOLEDs using single-
layer films or solutions [16-22]. In other approach, they reconstructed the device structure step-
by-step using the bilayer consisting of two single neat films [29]. However, such indirect
approaches cannot resolve information on the interlayer charge transfer and interlayer
molecular diffusion/aggregation. In order to overcome such limitations, recent studies have
emphasized that individual PhOLEDs themselves should be studied directly, not using single-
layer films or solutions. To this end, ultraviolet/X-ray photoelectron spectroscopy (UPS/XPS)
depth profile analyses with damage-free Ar gas cluster ion beams (GCIB) have been recently
suggested [30,31]. GCIB enables surface etching by clusters of a few thousand Ar atoms
without damaging the underlying layer because the energy-per-atom of Ar GCIB is
approximately three orders of magnitude lower (a few eV) than that of a conventional Ar" ion
sputtering beam (a few keV). Consequently, GCIB enables probing of the intrinsic layer-by-
layer properties inside the actual PhOLEDs.

In this study, we report ELA changes by degradation using UPS and XPS combined with
the GCIB etching technique. As cohost-dopant PhOLEDs, we fabricated blue PhOLEDs in
which the EML consists of an exciplex cohost, N,N -dicarbazolyl-3,5-benzene (mCP) and
(1,3,5-triazine-2,4,6-triyl)tris-(benzene-3,1-diyl))tris(diphenylphosphine  oxide) (PO-T2T),
doped with a Flrpic blue emitter. The degradation of blue PhOLEDs with and without blue
dopants is compared to understand the role of dopants in degradation, where they have been
considered a leading cause of degradation [15—17,23-25]. Transmission electron microscopy-
energy dispersive X-ray spectroscopy (TEM-EDX) analysis was also conducted to observe the

molecular diffusion after device aging.
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2. Experimental
2.1 Device Fabrication

Indium tin oxide (ITO) substrates were cleaned by sequential ultrasonication with acetone,
deionized water, and isopropyl alcohol for 10 min each, followed by UV-ozone treatment to
remove  residual  contaminants on the ITO  surface.  Then, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was spin-coated onto the
cleaned ITO substrates at a rate of 500 rpm for 5 s and 1000 rpm for 45 s. Samples were then
loaded into the entry chamber and transferred to the deposition chamber at a base pressure of
4.0 x 1077 Torr. The organic layers and cathode were thermally evaporated sequentially, and
the deposition thickness was estimated via a calibrated quartz thickness monitor. As the hole

transport layer (HTL) and the electron blocking layer, 4,4"-cyclohexylidenebis[N, N-bis(4-

methylphenyl)aniline (TAPC) and mCP were deposited with rates of 1 A s™' and 0.5 A s7!,
respectively. For fabricating the cohost-dopant EML, mCP, PO-T2T, and Flrpic were co-
deposited with rates of 0.45 A s7!, 0.45 A s7!, and 0.1 A s™!. Diphenylphosphine oxide-4-
(triphenylsilyl)phenyl ~ (TSPO1) and  2,2°,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) were deposited as the hole blocking and the electron transport layer
(ETL) with rates of 0.5 A s™' and 1 A s™!. Finally, LiF and Al were sequentially deposited at
rates of 0.1 A s! and 5 A s™! as the electron injection layer and cathode. The final structure
(Fig. 1a) of the blue PhOLEDs is ITO (150 nm)/PEDOT:PSS (40 nm)/TAPC (10 nm)/mCP (10
nm)/mCP:PO-T2T:FIrpic (25 nm, 0.45:0.45:0.1 in wt%)/TSPO1 (5 nm)/TPBi (20 nm)/LiF (1.5
nm)/Al (200 nm). The PhOLEDs without Flrpic were fabricated in the same way. The current
density-voltage-luminance (J—V-L) characteristics of PhOLEDs were measured using a
Keithley 2400 source-measure unit (Tektronix Inc.) combined with a Konica Minolta CS-2000

spectroradiometer.
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2.2 UPS, IPES, and XPS measurements

UPS and XPS measurements were performed using a hemispherical energy analyzer
(Nexsa, Thermo Scientific Inc.) with He la ultraviolet (hv = 21.22 eV) and Al Ka X-ray (hv =
1486.6 eV) light sources. An Ar GCIB source (MAGCIS, Thermo Scientific Inc.) was used for
sequential etching for the organic layers. Inverse photoelectron spectroscopy (IPES)
measurements were performed in isochromat mode with a low-energy electron gun and a
bandpass filter (SrF>—NaCl combination for 9.5 eV pass energy). The energy reference of UPS,
IPES, and XPS was calibrated using clean Au. The encapsulated PhOLEDs were loaded into
the Ar-filled glove box, and then the top LiF/Al layers were peeled off after removing the cover
glass to exclude any possible degradation by environmental exposure [32,33]. The samples
were then transferred from the glove box to the analysis chamber without breaking the Ar
atmosphere. The base pressure of the analysis chamber was maintained at 1.0 x 107'° Torr.
During the LiF/Al peel-off process, the underlying TPBi layer can be damaged by the residual
LiF and mechanical stress. Thus, the TPBi layer was removed by GCIB etching before the

depth profile measurements and was not considered for the interface analysis.

2.3 Optimization and calibration of GCIB etching

The reliability of GCIB etching was tested by changing the Ar-cluster sizes in the range
of 1,000 ~ 4,000 atoms and the acceleration voltages in the range of 2 ~ 4 keV. The optimized
Ar-clusters size and acceleration voltage for damage-free etching were 1000 Ar atoms and 2.0
keV for our instrumental setup. With such conditions, we obtained reliable etching results for
conserving pristine layer properties (Fig. S1). This condition is comparable with previous
studies [30,31]. The GCIB etching rate was calibrated from the total thickness of PhOLEDs
determined by TEM with the total etching time. The average etching rate of GCIB was ca. 2.5

nm min !, and the etching time between depth profile measurements was set at 1 min.



2.4 TEM-EDX measurements

TEM-EDX measurements were conducted to explore the molecular distribution of pristine
and aged PhOLEDs. Cross-section samples were prepared using a focused ion beam milling
technique (FIB; Helios NanoLab 600, FEI), and TEM images were obtained with Talos F200X
(FEI) equipped with four windowless Si drift detectors. The EDX signals were collected at an
accelerating voltage of 200 kV (Schottky X-FEG gun) for 10 min corresponding to 3.5 ms

ixel ! dwell time, which is sufficient to guarantee a high signal-to-noise ratio.
p gu gh s1g



1

[\

AN DN kA~ W

10

11

12

13

14

15

16

3. Results and discussion
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Fig. 1. (a) Device structure and J—V—-L characteristics of PhOLEDs with and without Flrpic.
EL spectra of LT100, LT80, LT50, and LT20 with (b) and without (c) Flrpic at a bias of 5 V.
(See the text for the definition of LT100, LT80, LT50, and LT20).

The blue PhOLEDs were fabricated with and without the Flrpic dopant to understand
the role of the dopant in the degradation process. Fig. 1a shows the PAOLED structure and the
J-V-L characteristics. The PhOLED with Flrpic shows much better J-V—L characteristics,
resulting in a higher EQE of 16.7 % than without Flrpic of 7.6 % (Fig. S2). This implies that
the Flrpic dopant significantly improves blue emission efficiency. Figs. 1b and 1c show the
electroluminance (EL) spectra of PAOLEDs with and without Flrpic according to the degree of
degradation. The PhOLED showing an initial EL intensity of 1000 cd m 2 is denoted as LT100.
After continuous operation upon constant-current aging, the EL intensity of the PhOLED

decreases to 80 %, 50 %, and 20 % from its initial EL intensity. These degraded PhAOLEDs are

denoted as LT80, LT50, and LT20. Comparing the EL spectra of PhAOLEDs with (Fig. 1b) and
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without (Fig. 1c) Flrpic, the spectral shapes are different due to their different light emission
processes (the mCP:PO-T2T cohost exciplex predominates emission spectra without Flrpic
whereas phosphorescent emission occurs by energy transfer from the cohost exciplex to the
Flrpic dopant with Flrpic, see Fig. S3). However, both PhOLEDs show a similar degradation
tendency regardless of the Flrpic doping, as shown in Figs. 1b and 1c. Notably, the EL intensity
gradually decreases with a similar rate in both PhOLEDs. Thus, Flrpic dopants are unlikely to
be the leading cause for the EL decrease in our PhOLEDs, showing discrepancies from previous
reports [ 15-17,23-25]. To find the origin of EL reduction, we first investigated each molecule's

chemical state changes inside PhOLEDs via XPS depth profile measurements.
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Fig. 2. (a) TEM-EDX cross-sectional image showing different elements for each layer of the
PhOLED and corresponding XPS depth profiles of the LT100 with Flrpic. (b) Normalized XPS
core level spectra of the EML for LT100, LT80, LT50, and LT20 (EL intensity of the PhnOLED
decreases to 80 %, 50 %, and 20 % from its initial EL intensity by device degradation) with
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and without Flrpic. (Similar comparisons for other layers are presented in Figs. S5 and S6).

Fig. 2 shows the XPS depth profile measurements with GCIB from the TSPO1 ETL to the
ITO anode for pristine and degraded PhOLEDs. The cross-sectional TEM-EDX analysis
confirms a well-defined multilayer structure, and corresponding XPS depth profiles are shown
in Fig. 2a. The evolution of the exclusive elemental peak for each layer (Si 2p for TSPO1, P 2p
for TSPO1 and PO-T2T, Ir 4f for Flrpic, and S 2p for PEDOT:PSS, Fig. S4 for chemical
structures of each molecule) indicates successful GCIB etching. (Small features in Ir 4f panel
at PEDOT:PSS region correspond to Na-based impurities from PEDOT:PSS.)

In Fig. 2b, the normalized XPS core-level spectra of the EML are shown to thoroughly
observe possible chemical state changes of Flrpic or the cohost. Remarkably, none of the XPS
core-level spectra shows any chemical state change signal, and the core-level spectra remain
virtually identical from LT100 to LT20. Furthermore, the other layers also do not show
significant changes in XPS core-levels (Figs. S5 and S6). Although a tiny amount of molecular
bond changes below the XPS detection limit (approximately 0.1 %) cannot be completely ruled
out, most molecules inside the device, including Flrpic, are chemically robust enough to resist
the aging process. This suggests another mechanism is causing the EL performance
deterioration observed in Fig. 1; e.g., molecular diffusion and aggregation are one of the well-
known origins of EL reduction [19,25,34,35]. Therefore, we investigated the molecular

diffusion/aggregation by device operation via TEM-EDX elemental mapping..

10
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Fig. 3. TEM-EDX elemental maps at the interface of ETL (TSPO1)/EML (mCP:PO-T2T:
Flrpic)/HTL (mCP). Ir (FIrpic), P (PO-T2T), and Si (TSPO1) map for LT100 (a) and LT20 (b).
Three different positions were analyzed for LT20 (b) to confirm the diffusion reliably.

Fig. 3 shows TEM-EDX elemental maps for the EML and adjacent layers in LT100 and
LT20. The elemental maps for LT20 were measured at three different positions to see the
diffusion reliably. The TSPO1 (ETL)/EML interface in Figs. 3a and 3b is distinguished clearly
by the Si atoms in the TSPO1 layer (yellow region). This suggests that the interfacial molecular
diffusion/mixing between TSPO1 and EML is negligible under the experimental detection limit
(approximately 1 %). Ir and P clearly identify the Flrpic and PO-T2T in the EML in Fig. 3a;

the LT100 shows a uniform Flrpic and PO-T2T distribution. However, LT20 (Fig. 3b) shows a

significant molecular aggregation of Flrpic in the EML while PO-T2T is still uniform. Wang

11
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et al. reported that the J-type aggregation of Flrpic leads to broader emission in the EL spectra
[25], which is also observed in the EL peak (Fig. S7). The applied electric field was suggested
as the driving force for the Flrpic aggregation. However, in Fig. 3b, although the electric field
is applied to the vertical direction, Flrpic does not aggregate directionally but rather randomly
at various positions. This indicates that the electric field cannot be the sole cause for the
aggregation. We propose additional thermal diffusion assisted by Joule heating during device
operation as another possible driving force for the observed aggregation [36—38].

This dopant (emitter) aggregation would deteriorate the EL efficiency in two ways. The
first is the emission zone reduction due to the emitter aggregation observed in Fig. 3. The other
and more fundamental aspect is that the dopant aggregation would lead to a new Fermi level
(EF) equilibrium, which modifies the ELA near the EML. Therefore, we measured the ELA at

each interface inside the PhOLEDs before and after device operation..

12
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Fig. 4. UPS and IPES spectra of neat films of (a) mCP, PO-T2T, and Flrpic and (b) TSPOI,
and TAPC.

Prior to measure the ELA inside PhOLED device, we measured the single neat films as
a reference as shown in Fig. 4. The work function (WF) of single neat films are determined by
the onset of the secondary elecctron cutoff spectra. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of single neat films are evaluated
by onset of UPS and IPES spectra, respectively. The ionization energy (WF + HOMO), electron
affinities (WF — LUMO), and transport bandgap (HOMO + LUMO) of each neat films are
summrized in Table 1.

Table 1. The ionization energy (IE), electron affinities (EA), transport bandgap (Eg) of mCP,
PO-T2T, Flrpic, TSPO1, and TAPC.

mCP PO-T2T Firpic TSPO1 TAPC
IE 6.00 eV 7.45 eV 6.17 eV 733 eV 553 eV
EA 1.77 eV 251 eV 2.36 eV 2.50 eV 1.95 eV
Eg 423 eV 494 eV 3.81 eV 4.83 eV 3.58 eV

13
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Fig. 5. UPS depth profiles for the HOMO region of PhOLEDs for LT100, LT80, LT50, and
LT20 (a) with and (b) without Flrpic. The HOMO onset of each layer was cross-checked from
single neat molecular films (Fig. 4).

Fig. 5 shows the UPS depth profiles for the full PhOLEDs with and without the Flrpic
dopant according to the degree of degradation. With the information about neat films, each
spectrum in Fig. 5 was identified by comparing it with the above spectrum. For all panels in
Fig. 5, the spectral features gradually evolve from TSPOI1 to PEDOT:PSS, indicating well-
defined layer structures. Both PhOLEDs in Figs. 5a and 5b show quite similar spectral
evolution across each layer for all degradation stages (LT100 ~ LT20) regardless of Flrpic
doping. For quantitative analysis, HOMO onset of each spectrum was evaluated, shown as
dashed lines in Fig. 5. Unlike the other layers, the EML has a composite structure consisting of
mCP, PO-T2T, and Flrpic. Thus, the onsets of individual HOMO were estimated with the peak
deconvolution process (Fig. S8). The LUMO level of each layer was estimated from the energy

difference between transport bandgap and estimated HOMO level. With these evaluated onset

14
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values, we obtained the ELA at the interfaces inside the whole PhOLEDs, as shown below.
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Fig. 6. Energy level diagrams for LT100 and LT20 in blue PhOLEDs with (a) and without (b)
Flrpic. The energy level positions are indicated with respect to the Er, and the dashed circles
show the electron (blue) and hole (red) injection barriers at EML interfaces. The transport levels
in the EML are evaluated from the cohost levels, i.e., HOMO of mCP and LUMO of PO-T2T.

The ELA at each interface obtained from the UPS depth profiles is presented in Fig. 6.
Here, the hole and electron transport levels in the EML are evaluated from the deconvoluted
cohost level, i.e., HOMO of mCP and LUMO of PO-T2T. To clarify the effect of dopant on the
ELA, LT100 and LT20 were compared with and without Flrpic dopant, respectively.

The ELA at all interfaces for LT100 in Figs. 6a and 6b is nearly identical regardless of
the Flrpic doping. This indicates that the Flrpic doping does not essentially influence the ELA

within PhOLEDs before the degradation. On average, the electron injection barrier (®.) of 0.35
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eV from TSPOI to EML and the hole injection barrier (®y) of 0.46 eV from mCP to EML, 0.22
eV from TAPC to mCP, and 0.48 eV from PEDOT:PSS to TAPC are induced in both LT100
with and without Flrpic. For the extreme LT20 degradation, significant changes are observed
from the initial LT100. In Fig. 6a, ®. at the TSPO1/EML interface increases from 0.34 to 0.95
eV. @y at the EML/mCP, mCP/TAPC, and TAPC/PEDOT:PSS interfaces changes from 0.46 to
0.71 eV, from 0.21 to 0.25 eV, and from 0.48 to 0.46 eV, showing that @, are essentially
unchanged except at the EML/mCP interface. Even in the absence of Flrpic, the changes are
similar to the case with Firpic. That is, in Fig. 6b, ®. at the TSPO1/EML interface changes
from 0.36 to 0.63 eV. @, at the EML/mCP, mCP/TAPC, and TAPC/PEDOT:PSS interfaces
increases from 0.45 to 0.98 eV, from 0.23 to 0.23 eV (unchanged) and from 0.47 to 0.51 eV,
showing that @y, is also essentially unchanged except at the EML/mCP interface.

The trend of energy level changes is nearly identical for both PhOLEDs with and without
the Flrpic dopant. This is also consistent with the lifetime characteristics (Fig. S9). As seen in
Figs. 6a and 6b, both the TSPO1 and EML energy levels are lowered after the LT20 aging, but
the TSPO1 lowering is much larger than EML. In contrast, mCP, TAPC, and PEDOT:PSS in
the HTL side are nearly intact after the LT20 aging. These asymmetric lowerings in different
layers result in substantial increases in barriers at the EML interfaces. These barrier increases
accord well with the reduced J-V-L and EQE characteristics (Fig. S10, S11, and Table S1). We
speculate that the rise of ®. and ®, would originate from the exciplex/emitter irradiation and
electrical/thermal stress near the EML interfaces over the molecular aggregation observed. This
stress could form an interface state inducing interlayer charge transfer, particularly near the EML.
This interlayer charge transfer can pin the Er away from its original position. In consequence,
the presence of such stress-induced interface state can alter the ELA at the interface [39—41]. It is
very consistent with the previous understanding suggested by Yang et al. and Fahlman. They

reported this interlayer charge transfer hinder the forming the simple vacuum level alignment,
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resulting in the re-alignment of interface energy level. [42-44]. Further, it is reported that the
changes in ELA signficanrtly impact on the electrical properties of devices [45].

We can summarize our observations: (1) Flrpic is not directly involved in the EL
degradation process within the detection limit of the current analysis. It only shows broader
and reduced EL emissions driven by diffusion/aggregation. (2) the aging-induced energy level
mismatch to the adjacent layers to the EML is crucial for the degradation. We propose that this
energy level mismatch stems from stress-induced interface state at the EML interface. Our
results strongly suggest that focusing on the origins of ELA changes at heterointerfaces is
essential for understanding the EL degradation process and ultimately overcoming the short

lifetime of PhOLEDs.
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4. Conclusion

We investigated the degradation of PhAOLEDs consisting of the cohost-dopant type EML.
The PhOLEDs were aged with typical device operating conditions until the device performance
decreased to 80, 50, and 20 % of the initial EL intensity. Before and after the degradation, XPS
and UPS depth profile technique with GCIB revealed the changes in chemical bond and energy
level alignment at each interface inside the PhnOLEDs. XPS depth profiles suggest that most
molecules remain intact in each layer of PhOLEDs within the detection limit. The Flrpic dopant
is also stable enough upon device operation, and only molecular aggregation is observed. Most
importantly, the energy level alignment at the interface facing the EML is changed significantly
after device aging, regardless of the Flrpic doping. Thus, the dopant itself is not the dominant
factor for the PAOLED degradation, but the degradation correlates with the changes in the
energy level alignment after device operation. Our results emphasize the importance of
retaining the optimized energy level alignment under device operation for achieving long-

lifetime blue PhOLEDs.
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