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Reducing Spontaneous Orientational Polarization via Semiconductor Dilution
Improves OLED Efficiency and Lifetime
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Spontaneous orientational polarization (SOP) in the electron-transport layer (ETL) of organic light-
emitting diodes (OLEDs) is increasingly recognized as a key factor influencing their performance.
Here, we show that SOP is dramatically reduced in the common electron-transport material 2,2',2"-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) by coevaporating it together with medium-density
polyethylene. Eliminating SOP from the ETL of blue fluorescent OLEDs in this manner reduces their
operating voltage by 0.5 V, increases their external quantum efficiency (EQE) by 30%, and leads to a three-
fold increase in device lifetime. We show that the EQE and lifetime improvements both originate from
reduced exciton-polaron annihilation in the emissive layer, and that this leads to a functional relationship
between the two quantities that can be used to quantify the rate of annihilation-induced degradation in the
device. These results highlight a substantial opportunity to improve OLED performance by controlling
SOP through semiconductor dilution and suggest that this capability can be used to systematically isolate
and understand exciton-polaron degradation in the pursuit of stable blue OLEDs.
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Introduction—Spontaneous orientational polarization
(SOP) is an interesting phenomenon observed in many
organic thin films, where the constituent molecules exhibit
a net orientation of their permanent dipole moment [1,
2]. This gives rise to a macroscopic polarization density
(with corresponding surface potentials on the order of
0.05 V/nm) that, in turn, can influence the performance
of devices such as organic light-emitting diodes (OLEDs)
[1,3,4]. In particular, SOP is known to occur in many
OLED electron-transport materials (ETMs) [3], where it
induces a large hole density in the emissive layer that
can alter electron injection from the cathode [5], shift the
position of the recombination zone [1], and exacerbate
exciton-polaron quenching (EPQ) [6-8].

While these effects can be avoided by choosing an
ETM without SOP [6], the fact that so many otherwise
high-performance ETMs possess SOP motivates interest
in having a nonsynthetic pathway to control it. To this end,
some control over SOP has been achieved by depositing
materials at elevated substrate temperature [6,9]; how-
ever, the practical value of this strategy is limited by the
requirement that the rest of the OLED stack also be stable
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at high temperature. Diluting ETM materials with nonpolar
wide-energy-gap molecules offers another path to manip-
ulate SOP (and potentially also improve charge transport
[10]), yet efforts so far tend to enhance the molecular
dipole orientation instead of eliminate it [11,12].

Here, we show that diluting the common ETM 2,2/,
2'-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H -benzimidazole)
(TPBi) with medium-density polyethylene (MDPE) dra-
matically reduces its SOP without significantly affecting
charge transport. In blue fluorescent OLEDs with a 20-
nm-thick TPBi electron-transport layer (ETL), eliminat-
ing SOP in this fashion reduces the operating voltage
by about 0.5 V, increases the external quantum effi-
ciency (EQE) by about 30% (which together leads to
a 50% increase in luminous efficacy), and leads to a
threefold increase in device lifetime. We show that both
the EQE and lifetime improvement stem from reduced
EPQ in the emissive layer (EML) owing to a decrease
in the excess hole density that is normally induced by
SOP. These results highlight a substantial opportunity to
improve OLED performance by controlling SOP and sug-
gest that this capability can be used as a diagnostic tool
to quantify the impact of EPQ on OLED operational
degradation.

© 2022 American Physical Society
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Experimental methods—The OLEDs studied in this work
are fabricated at OLEDWorks LLC via vacuum ther-
mal evaporation on prepatterned, 150-nm-thick indium tin
oxide (ITO) glass substrates using sublimation-purified
TPBi, 4,6-bis(3,5-di-3-pyridylphenyl)-2-methylpyrimidine
(B3PyMPM), 1,4-bis(triphenylsilyl)benzene (UGH2),
and N, N-di(1-naphthyl)-N, N-diphenyl(1,1-biphenyl)-4,
4-diamine (NPB); the remaining EML (a blue fluores-
cent guest:host system doped at 4 wt %) and electron-
blocking (EBL) and hole-blocking (HBL) layers in
the device are proprietary. MDPE is purchased from
Sigma Aldrich (product number 427772, M,, ~ 4000,
M, ~1700) and used as received; it is degassed in
the boat for 10 min prior to evaporation. The chemi-
cal, morphological, and electrical characteristics of evap-
orated polyethylene films are described in Ref. [13].
The full device structure consists of ITO/p-doped
NPB(10 nm)/NPB(200 nm)/EBL(10 nm)/EML(20 nm)/
HBL(10 nm)/ETL(20 nm)/Li:TPBi(5 nm)/Yb(0.8 nm)/Ag
(140 nm) and has a lit area of 0.1 cm?. The devices are
packaged in a N, glove box using a glass cover with an
edge bead of epoxy.

Current-voltage-luminance characteristics are measured
using a Photo Research PR655 spectral radiometer and
source-measure unit, while fade testing is conducted at
constant current at an ambient temperature of 25 °C.
Capacitance-voltage measurements are carried out at a fre-
quency of 10 kHz with a Zurich Instruments impedance
analyzer using a 30 mV rms ac dither. Bias-dependent pho-
toluminescence is measured via the synchronous detection
method described in Refs. [6,8,13,14] using A =405 nm
laser light (incident at 45° with an intensity of approx-
imately 16 mW cm™~2) that is primarily absorbed in the
EML, resulting in a PL spectrum that closely matches the
EL spectrum, as shown in the Supplemental Material [15].

Transfer matrix-based optical and drift-diffusion electri-
cal modeling of the devices is carried out using the SETFOS
software package from Fluxim AG [16—19]. The optical
constants of each layer are determined from spectroscopic
ellipsometry, whereas the electrical parameters are esti-
mated from the literature. The effect of SOP is modeled by
introducing sheet charge densities with opposite polarity
on either side of the ETL following the approach described
in Ref. [20]; full details of the model and its parameters are
provided in the Supplemental Material [15].

Results and discussion—Figure 1(a) summarizes the
luminance-current density-voltage characteristics of three
fluorescent blue OLEDs that differ only in their 20-nm-
thick ETL [see Fig. 1(b), inset, for the full device struc-
ture], which consists either of neat TPBi, TPBi coevapo-
rated with 30 wt % of the wide-gap host material UGH2,
or TPBi coevaporated with 30-wt % MDPE [21]. Whereas
diluting with UGH2 leads to a slight voltage increase that
is expected from blending with an insulator, adding MDPE
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FIG. 1. (a) Current density—voltage—luminance characteristics

for devices with neat TPBi (black), 30-wt % MDPE:TPBI (red),
and 30-wt % UGH2:TPBi (blue) ETLs. (b) EQE of the devices
from (a), together with that from two additional devices incorpo-
rating the nonpolar ETL material B3PyMPM (solid green curve)
and 30-wt % MDPE:B3PyMPM (dashed green curve) for com-
parison. Inset, schematic of the blue OLED architecture; only the
composition of the ETL is varied between devices. Other layers
in the device include the hole-transport material NPB, as well as
proprietary EML, EBL, and HBL layers.

reduces the OLED operating voltage by about 0.5 V. More-
over, Fig. 1(b) shows that the MDPE-diluted device also
exhibits a significantly higher EQE compared with the neat
TPBi and UGH2-diluted devices. Taken together, the EQE
increase and voltage reduction achieved by diluting with
MDPE yield about a 50% boost in luminous efficacy at
100 cd/m?, which is significant for an otherwise optimized
blue OLED.

The reported EQE increase is not an optical effect
associated with the lower refractive index of the
MDPE:TPBi blend (nTPBi: 1.71 and NMDPE = 1.49), as
there is no change in emission spectrum between the
devices, and dipole-emission modeling in the Supplemen-
tal Material [15] predicts a negligible change in outcou-
pling efficiency. Drift-diffusion simulations similarly rule
out the lower electron mobility of MDPE:TPBi (roughly
half that of neat TPBi [22]) as the cause of the EQE
increase; see the Supplemental Material for details [15].
This is consistent with the fact that the UGH2-diluted
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device, which has a similar mobility reduction, does not
exhibit an increased EQE. Given that the diluted layer is
not in direct contact with the emissive layer, and there is no
reason to expect a shift in TPBi energy levels upon adding
MDPE or UGH2, exciton confinement and injection into
the emissive layer should also remain unchanged.

Interestingly, however, Fig. 1(b) shows that, if TPBi is
replaced with an ETM, such as B3PyMPM, that does not
possess SOP, diluting with MDPE yields no EQE improve-
ment (or reduction in drive voltage; not shown). In light
of recent work by Bangsund et al. [6], who showed that
SOP is responsible for a higher rate of EPQ in TPBi-based
devices, the results of Fig. 1(b) suggest that the beneficial
effect of MDPE in TPBi may result from reducing its SOP.

Capacitance-voltage (C-V) measurements shown in
Fig. 2(a) support this hypothesis, demonstrating a pos-
itive shift in the transition voltage of the MDPE:TPBi
device relative to the others. This transition voltage, which
corresponds to the onset of hole injection in the device
as sketched in the inset (i.e., the capacitance increases
when charge is only modulated across the HBL and ETL
layers instead of the entire device thickness), decreases
linearly with increasing SOP [3]. Measuring the change
in C-V transition voltage as a function of ETL thick-
ness for a series of bilayer devices in the Supplemen-
tal Material [15], we find that the charge density accu-
mulated in response to SOP for 30-wt % MDPE:TPBi
[(0.09 £0.02) mCm™2] is over 20 times lower than that
of neat TPBi [(1.98 £ 0.02) mC m~2].

Figure 2(b) shows that the SOP-induced change in C-V
transition voltage correlates with a decrease in the EML
photoluminescence (PL) quantum yield of each device. As
in Ref. [6], we attribute this behavior to EPQ that stems
from the large density of holes induced at the EML/HBL
interface by the SOP in TPBi. Support for this interpre-
tation follows from the drift-diffusion modeling results
presented in Fig. 3, which reproduce all of the qualitative
changes caused by MDPE dilution, including the reduction
in drive voltage [Fig. 3(a)], the increase in EQE [Fig. 3(b)],
the increase in C-V transition voltage [Fig. 3(c)], and the
reduction in PL quenching [Fig. 3(d)]. The simulations
are carried out on the layer stack from Fig. 1(a) using
SETFOS, with SOP densities of 2.0 mCm~2 (TPBi) and
0.09 mC m~2 (MDPE:TPBi) implemented in the ETL fol-
lowing the approach taken in Ref. [20]. The reduction in
drive voltage for MDPE:TPBi originates from the smaller
SOP-induced potential drop across the ETL (see the band
diagram in the Supplemental Material [15]), which enables
electron injection and drift through this layer to begin at
lower applied bias. The difference in EQE and PL quench-
ing between the two simulations originates solely from
different levels of EPQ (a bimolecular rate coefficient of
Kxp = 107 ¢cm?s7! is assumed in the EML; XP stands
for exciton-polaron) due to the SOP-induced hole density,
as detailed in the Supplemental Material [15]. Reasonable
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FIG. 2. (a)Capacitance—voltage data for the blue OLEDs from

Fig. 1(a). The increase in capacitance, which is associated with
the onset of hole injection into the emissive layer illustrated in the
inset (§* and §~ denote the SOP-bound charge in the ETL), shifts
to higher bias when TPBi is diluted with UGH2 and MDPE.
(b) Emissive-layer PL quantum yield for each device (normal-
ized to its value at short circuit), demonstrating that the onset
voltage of PL quenching scales with the capacitance transition
in (a). Data are collected with a chopped A = 405 nm excitation
beam (which selectively excites the blue-fluorescent dopant in
the EML) using the synchronous detection method from Refs.
[6,13] to reject background electroluminescence. Colored arrows
in both plots indicate the transition voltage that marks the onset
of hole injection determined from the capacitance-voltage data
in (a).

agreement between the simulated and experimental EQE
and PL quenching results, as well as an independent ratio-
metric analysis of the two quantities provided in the Sup-
plemental Material [15], strongly support the conclusion
that the EQE improvement realized from diluting with
MDPE is due to reduced EPQ.

In addition to improved device performance, Fig. 4(a)
shows that the MDPE:TPBi device degrades much more
slowly than its neat TPBi and UGH2:TPBi counterparts
(driven at equal current density), resulting in more than a
threefold increase in lifetime (to 90% of initial luminance,
Tgp). Since these devices are virtually identical, except for
the magnitude of the SOP-induced hole concentration in
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FIG. 3. Simulated current—voltage

(a), external quantum efficiency (b),
capacitance—voltage (c), and normal-
ized photoluminescence quenching
(d) characteristics of the TPBi (solid
curves) and MDPE:TPBi (dotted-
dashed curves) devices using a SETFOS
drift-diffusion model. The only dif-
ference between the two devices is
the polarization charge built into their
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ETL, which is 2.0 mCm™ for the
TPBi device and 0.09 mCm™2 for the
MDPE:TPBi device based on the giant
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surface potential slopes measured in
the Supplemental Material [15]. The
difference in EQE and PL quenching
behavior between the devices is due
to EPQ with holes based on a rate
coefficient of Kxp = 10" cm?®s~!;
full details on the model and the
parameters used in it are provided in
the Supplemental Material [15].
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their EMLs, it seems reasonable to conclude that holes
(i.e., molecular cations) play a role in the chemical degra-
dation process that takes place there. Indeed, previous
work [23,24] has established that molecular degradation
in devices with SOP concentrates in the EML at the loca-
tion of the SOP-induced hole density (i.e., adjacent to the
EML/HBL interface). These studies postulated that degra-
dation originates from the instability of excitons in the
EML,; however, this cannot be the primary mechanism in
our case, since the exciton density (and thus, any exciton-
driven degradation rate) of all three devices is similar
based on their initial luminance. We rule out direct instabil-
ity of cationic host or dopant molecules based on the fact
that the shelf life of the devices does not differ (i.e., does
not correlate with the large difference in their equilibrium
hole concentration shown in the Supplemental Material
[15]), which leaves bimolecular EPQ-driven degradation
[25,26] as the most likely mechanism. This is not to say
that other modes of degradation do not take place in par-
allel (and in other layers of the device as well) [27,28],
only that the change in lifetime from MDPE dilution is
tied to the change in EPQ originating from the lower SOP-
induced hole density in the EML, since this is the primary
difference established between these devices.

Given that the EQE difference between these devices is
also attributed to EPQ, this degradation hypothesis implies
that their EQEs and lifetimes should be correlated. The
Supplemental Material [15] formalizes this notion, show-
iIlg that Tgo X [J(X ¢PLO — nIQE):rl in OLEDs where EPQ
is the principal driver of both internal quantum efficiency
(IQE) loss and molecular degradation in the EML. In this

3 4 5 6

Voltage (V)

expression, ¢pro is the PL quantum yield of the pristine
EML (i.e., in the absence of EPQ and degradation); y is
the radiative exciton spin fraction; and niqg is the IQE of
the pristine OLED at the fade current density, J.

Figure 4(b) plots the lifetime of each device versus
its EQE for the two fade current densities, demonstrat-
ing that this EPQ scaling relationship describes the data
remarkably well based on the known singlet spin fraction
(x = 0.25), outcoupling efficiency (nrqe = 0.37nigE; see
the Supplemental Material [15]), and PL quantum yield
(¢pLo = 0.95) of the device. We note that, at sufficiently
high current, the injected hole density will eventually
overwhelm that due to SOP, which, in turn, would be
expected to eliminate the lifetime difference between the
TPBi and MDPE:TPBi devices. The point at which this
occurs would correspond to the current density where the
two EQEs converge (since their difference is attributed
solely to EPQ from the SOP-induced excess hole density),
which is higher than the 20 mA cm™2 maximum used in
our fade measurements, according to Fig. 1(b). The model
in Fig. 4(b) naturally includes this high-current regime,
since, when the EQEs become equal, so do the lifetimes.

While more data from devices with varying SOP (e.g.,
more dilution concentrations) and different fade currents
would be required to rigorously fit this model, the results
in Fig. 4(b) are sufficiently compelling to motivate the use
of dilution-controlled SOP as a diagnostic tool to deter-
mine whether EPQ degradation is significant in a given
device architecture. This is notoriously difficult to deter-
mine based on standard performance and lifetime data
[25], but it is important for guiding the development of
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FIG. 4. (a) Luminance fade results for the TPBi, UGH2:TPBi

and MDPE:TPBi OLEDs at constant current densities of J =10
and 20 mA cm~2. (b) Degradation lifetime (to 90% of initial
luminance) plotted as a function of initial EQE at the fade current
density, demonstrating the EPQ scaling relationship (blue lines)
presented in the text.

a long-lived blue phosphorescent (or thermally activated
delayed fluorescence) EML formulation, which remains an
elusive goal for the OLED industry.

In this context, it is worth considering why MDPE
is so much more effective than UGH2 at suppressing
SOP in TPBi (as well as other common ETL materi-
als; see the Supplemental Material [15]). The answer is
likely related to different steric effects, where a compact
molecule such as UGH2, can pack in the TPBi matrix
with minimal disruption, while the flexible MDPE chain
fragments possess active radicals and can partially repoly-
merize, forming a fibrous network around TPBi molecules
that restricts their natural orientational alignment. Similar
networks are known to form in the case of other coevapo-
rated polymer—small-molecule blends [29,30], where the
restricted molecular motion manifests in an increased
glass-transition temperature [29]. The disruptive effect
of MDPE on molecular orientation is also evident from
ellipsometry, where it eliminates the normally anisotropic

refractive index of molecules such as B3PyMPM [31]; see
the Supplemental Material [15] for details.

These observations suggest that a dilution molecule,
purposely built to frustrate SOP (as opposed to the ran-
dom chain fragments that result from thermal evapora-
tion of a polymer), might take the form of an aliphatic
oligomer, with low enough molecular weight to evapo-
rate and form a fibrous network in the deposited film, yet
large enough not to spontaneously sublime under vacuum.
With a better understanding of the minimum concentration
needed to frustrate SOP while preserving charge-carrier
mobility [29], such a dilution molecule could provide a
powerful solution for controlling SOP in the many OLEDs
that possess it.

Conclusion—We show that the SOP in TPBIi can be vir-
tually eliminated by diluting with MDPE, and that this
significantly improves the efficiency and lifetime of blue
OLEDs that employ a TPBi electron-transport layer. Both
changes stem from a decrease in EPQ owing to fewer
excess holes in the recombination zone, which results in
a correlation between EQE and lifetime that can be used
to quantify EPQ degradation in the EML. Given that SOP
is significant in most OLED ETMs, the capability to con-
trol it via semiconductor dilution has the potential not
only to benefit many existing devices, but also to sys-
tematically isolate and understand EPQ-driven operational
degradation in the pursuit of longer-lived blue OLEDs.
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