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Degradation Properties of Organic Light-Emitting Diodes
with Modified Interface Charge Density via Dipolar Doping
Studied by Displacement Current Measurement

Mihiro Takeda, Alexander Hofmann, Wolfgang Briitting, and Yutaka Noguchi*

Accumulated charges at the interfaces of organic light-emitting diodes
(OLEDs) often induce exciton quenching and lead to device degradation. This
work delves into the correlations of the interface charge accumulation and
degradation properties of tris(8-quinolinolato)aluminum (Alq;)-based OLEDs.
The interface accumulated charge density is modified by spontaneous
orientation polarization (SOP) induced in the hole transport layer (HTL) by
means of dipolar doping, where N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-bip-
henyl-4,4'-diamine (NPB) or tris(4-carbazoyl-9-ylphenyl) amine (TCTA) is
employed as a hole transport material and 2,2,2”-(1,3,5-Benzinetriyl)-tris-
(1-phenyl-1-H-bensimidazole) (TPBi) as a dipolar dopant. It is confirmed that
NPB cation acts as an exciton quencher, but TCTA cation does not, depending
on the spectral overlap of Alq; emission and the absorption of the respective
cations. On the other hand, the TCTA devices degrade much faster than the
NPB devices. Moreover, the device lifetime is similar or even shorter for the
doped devices despite less interface charge density. These results suggest
that holes accumulated at the interface between the hole transport material
and Alg; due to SOP are not mainly involved in the degradation mechanism.
Furthermore, it is found that the charge traps generated due to degradation

(OLEDs).['**] Previous work has sug-
gested degradation mechanisms involv-
ing charge accumulation at the interfaces
in the vicinity of the emission zone.[*13]
Kondakov et al. reported that the rela-
tively weak carbon-nitrogen and carbon-
carbon bonds in arylamine molecules are
dissociated during device operation via
the respective singlet excited states.!%®!
Such dissociation reactions are facili-
tated at an interface exhibiting charge
accumulation, and likely mediated by
the cationic molecular species, e.g., via
exciton-polaron quenching (EPQ). The
subsequent chemical products act as
charge traps, exciton quenchers, and
nonradiative recombination centers,
leading to electroluminescent (EL) effi-
ciency loss. Although their work focused
on the archetypal fluorescent OLEDs,
similar mechanisms have been reported
in different types of OLEDs with phos-

do not act as exciton quenchers, suggesting that they rather act as

nonradiative recombination centers.

1. Introduction

Degradation of device performance is one of the main issues
to be solved in the application of organic light-emitting diodes
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phorescent and thermally activated
delayed  fluorescence  emitters.[1%1!]
The exciton distribution in the emis-
sion layer (EML) also plays a significant
role in the device degradation as a narrow
emission zone implies high carrier and exciton densities, which
leads to faster degradation.'*!°] As a factor dominating the emis-
sion zone, the electron and hole mobilities of the transport lay-
ers have been suggested.[' In addition, charge accumulation
(or blocking) at the interface is also responsible for the exciton
distribution.['”18] The interface charge accumulation is thus con-
sidered as key to understand and suppress device degradation.
Spontaneous orientation polarization (SOP) is one of the
dominant factors for charge accumulation at an interface be-
tween polar and nonpolar materials.'*2!] SOP has been fre-
quently found in evaporated films of common OLED mate-
rials, particularly electron transport layer (ETL) and emission
layer (EML) materials.?>-2*] This macroscopic polarization phe-
nomenon originates from the partial alignment of permanent
dipole moments of molecules in the bulk of an evaporated
film.[20.21:24] The spontaneous molecular orientation is inherited
from the asymmetric situation at the film surface during the film
deposition process, causing SOP in the out-of-plane direction.!?!
The polarization charge of SOP appears at the hetero inter-
faces in stacked multiple layer OLEDs, leading to substantial

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of the device structure and the experimental setup of DCM-PL. b) Energy diagram of the materials. c¢) Chemical

structure of the molecules. The SOP intensity of the neat film is indicated in the parenthesis.

charge accumulation (typically #1 mC m~2).11%20] Importantly,
the charge accumulation due to SOP occurs below the turn-on
voltage of the OLED and results in the loss of external quantum
efficiency (EQE) through exciton-polaron quenching (EPQ).[26:7]
Moreover, it potentially impacts on the degradation properties of
OLEDs.[*1320] Controlling SOP and optimizing its configurations
in the device stack is thus important for improving device perfor-
mance of OLEDs.[27:28]

Several methods have been reported to control SOP by adjust-
ing substrate temperature or evaporation rate, 32629331 mixing
of polar and nonpolar materials (dipolar doping),***¢! and mod-
ifying molecular structure.’’~*!] Using some of these methods,
active control of SOP and its influence on OLED performance
have recently been studied. Holmes et al. demonstrated an im-
provement in EQE by approximately 20% through the elimina-
tion of SOP in the ETL.[26%7] Afolayan et al. showed that eliminat-
ing SOP from the ETL of blue fluorescent OLEDs reduces oper-
ating voltage, increases EQE by 30%, and leads to a three-fold in-
crease in device lifetime.[¥! While these previous studies focused
on the elimination of SOP in the device, we have proposed an al-
ternative strategy to control interfacial charge accumulation prop-
erties, i.e., dipolar doping in the hole transport layer (HTL).13¢!
Although hole transport materials are typically nonpolar, dipolar
doping induces SOP in the HTL. In the HTL/EML stacking struc-
ture, the positive polarization charge at the top of the HTL can
partially compensate for the negative polarization charge at the
bottom of the EML. Consequently, the net polarization charge at
the HTL/EML interface is reduced to the difference between the
SOP of the HTL and EML, provided that the SOP directions of
these layers are the same. Similarly, the net polarization charge at
the EML/ETL interface is determined. Dipolar doping allows us
to control both the density and polarity of the accumulated charge
at an interface without eliminating SOP of EML and ETL, provid-
ing a useful approach for studying the role of SOP in OLEDs.

In this study, we focused on the correlations between
charge accumulation and degradation properties of tris(8-
quinolinolato)aluminum (Alq,)-based OLEDs, where the inter-
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[20,28]

face accumulated charge densities were modified by dipolar dop-
ing in the HTL (Figure 1a). N,N’bis(1-naphthyl)-N,N’-diphenyl-
1,1'-biphenyl-4,4’-diamine (NPB) or tris(4-carbazoyl-9-ylphenyl)
amine (TCTA) were used as a hole transport material and 2,2',2"-
(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-bensimidazole) (TPBi) as a
dipolar dopant (Figure 1b,c). TPBi and Alq; exhibit significant
SOP such as 1.78 mC m~2 and 1.1 mC m~2, respectively, whereas
NPB is almost nonpolar, and TCTA is nonpolar.??8] Conse-
quently, negative polarization charge appears not only at the
HTL/Alq, interface, but also at the Alq,/TPBi interface, due to
the larger SOP of TPBi compared to Alg,. TPBi was employed
as a dipolar dopant in this study because the SOP characteristics
of the NPB and TCTA layers doped with TPBi were previously
examined and confirmed that the mixed films exhibit significant
SOP depending on the mixing ratio.’3! Moreover, the TPBi does
not act as a hole trap since the highest occupied molecular or-
bital (HOMO) level of TPBi is sufficiently deeper than those of
NPB and TCTA (Figure 1b), ensuring compatibility as a dipolar
dopant.

The correlative behavior of charge accumulation and exci-
ton quenching was examined by the simultaneous measure-
ment of displacement current and photoluminescence (PL) in-
tensity (DCM-PL technique, Figure 1a).[*?] Therein a triangu-
lar wave voltage is applied to the device under ultraviolet (UV)
light illumination. The detailed experimental conditions are de-
scribed in the experimental section. DCM is a type of capacitance-
voltage measurement that has been employed to assess charge
injection and accumulation behaviors in organic semiconduc-
tor devices.¥] Since DCM detects current during both the for-
ward and backward sweeps of the triangular wave voltage, it can
distinguish between charge injection and extraction processes.
Notably, DCM provides insights into charge trapping from the
differences in current characteristics during the forward, back-
ward, and consecutive voltage sweeps. In previous studies, a
lock-in detection technique has been used to selectively detect
PL signals from OLEDs, allowing the study of exciton quench-
ing behaviors.[262736] However, when measurements are limited
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Figure 2. a,b) DCM-PL characteristics of the NPB device and c,d) the TCTA device with different TPBi doping ratio at a sweep rate of 10 and 100V s,
respectively. a,c) DCM curves. b,d) Normalized PL intensity. The PL intensity curves were averaged over 25 cycles to improve the signal-to-noise ratio.
The triangles in the DCM curves indicate the onset voltage of hole injection estimated from the intersection of the extrapolations of the displacement

current before and after the transition as indicated by the broken lines in (a).

to below the turn-on voltage of OLEDs, lock-in detection be-
comes redundant. This situation enables simultaneous measure-
ment of DCM and PL intensity characteristics, facilitating de-
tailed analysis of the correlation between charge carrier behav-
iors and exciton dynamics. Further details have been reported
elsewhere.[*]

Herein, we demonstrated a DCM-PL study on the device degra-
dation of Alq,-based OLEDs by controlling interface charge ac-
cumulation via dipolar doping of the HTL. The DCM-PL char-
acteristics revealed that NPB cations act as an exciton quencher,
but TCTA cations do not, depending on the spectral overlap of
the Alq, emission and the absorption of the respective cations.
On the other hand, the TCTA devices degraded much faster than
the NPB devices. Moreover, the device lifetime was similar or
even shorter for the dipolar doped devices despite less interface
charge density. These results suggest that the accumulated holes
induced at the interface between the HTL and Alq, due to SOP
are not mainly involved in the degradation mechanism. Further-
more, we found that the charge traps generated due to degrada-
tion do not act as exciton quenchers, suggesting that they rather
act as nonradiative recombination centers. Although interface
charge accumulation and EPQ are often cited as causes of de-
vice degradation, our results suggest that the degradation of our
devices occurs via a different mechanism. The combination of
dipolar doping and DCM-PL is a powerful method for investigat-
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ing the degradation mechanism of OLEDs, and whether or not
EPQ is involved.

2. Results

2.1. Charge Accumulation and Exciton-Polaron Quenching in the
Pristine Devices

Figure 2a,b show the DCM and normalized PL intensity curves
(DCM-PL characteristics) of the NPB devices with different dop-
ing ratios of TPBi, respectively. Note that the DCM-PL character-
istics were measured at voltages below the turn-on voltage of the
device (%2.5 V) to focus on the hole accumulation due to SOP.
The PL intensity is normalized by the averaged PL intensity at
the voltages just below the onset of hole injection (V,;) in the
“depletion state” to evaluate the EPQ characteristics induced by
hole accumulation. In this study, V;, is determined as the voltage
at the intersection of the extrapolated displacement current in the
depletion state and the slope of the transient to the “accumulation
state”, as indicated in the DCM curve of the undoped (0%) NPB
device (Figure 2a). V,, is observed at —3.2 V for the undoped de-
vice due to SOP of the Alq, and TPBi layers(?] and shifts to higher
voltages with increasing doping ratio (Figure 2a) because SOP in-
duced in the HTL partially compensates the negative polarization
charge originating from the adjacent Alq, layer.?®l Increase of
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Figure 3. a,b) Evolutions of normalized EL intensity and voltage shift of the NPB device, and c,d) the TCTA device with different TPBi doping ratios at

50 mA cm—2

displacement current density above V,,; indicates hole accumu-
lation at the HTL/Alq, interface, and simultaneously, reduction
of the normalized PL intensity is observed at voltages higher than
Vi (Figure 2b). This reduction of PL intensity is well correlated
to the hole accumulation behaviors and thus attributed to EPQ at
the HTL/Alq, interface.

Figure 2c,d present the DCM-PL characteristics of the TCTA
devices. Similar to the case of the NPB devices, the DCM curves
(Figure 2c) reveal that dipolar doping efficiently reduces the ac-
cumulated holes at the HTL/Alq, interface; however, the normal-
ized PL intensities do not change (Figure 2d), indicating that EPQ
is negligibly small regardless of doping ratio (discussed later).

In the voltage range below the turn-on voltage, only photogen-
erated excitons are present in the Alq;, layer. If exciton dissocia-
tion at the HTL/Alq, interface were relevant for the reduced PL
intensity, it would be expected to be visible under reverse bias
voltages (below V), too. However, no such reduction is observed
in Figure 2b,d, indicating that exciton dissociation is not efficient
at these interfaces. Moreover, such a charge transfer (CT) state (or
exciplex) is hardly formed at the NPB/Alq, interfacel**] probably
due to the bulky shape of Alq;. We therefore presume that the
contribution of CT state dissociation at the HTL/Alq, interface
to PL quenching is negligible.*]

The current density-voltage-luminance and current efficiency-
current density characteristics of the pristine devices are shown
in Figure S1 (Supporting Information). The current efficiency of
the TCTA devices is typically higher than that of the NPB de-
vices. Interestingly, although the current density is not signif-
icantly influenced, the luminance—and consequently, the cur-
rent efficiency—of the NPB devices is improved by dipolar dop-
ing in the HTL. Notably, the luminous efficiency of the NPB de-

Adv. Electron. Mater. 2025, 11, 2400788 2400788 (4 of 9)

vices with a doping ratio of 30% is enhanced by approximately
40% compared to the undoped device and is comparable to that
of the TCTA devices. This enhancement in efficiency is consis-
tent with the reduction of EPQ in the NPB devices due to dipolar
doping.['72627] Conversely, although the TCTA devices do not ex-
hibit EPQ, an improvement in current efficiency is observed only
for the 10%-doped device. A modification of the carrier balance
factor would be a possible origin. Since mixed films of NPB:TPBi
and TCTA:TPBi can exhibit exciplex emissions overlapping with
the absorption band of Alg,;[“®*’] they could act as an exciplex
co-host!®®1 adjacent to the Alg, layer enhancing luminous ef-
ficiency. However, the EL spectrum of the NPB and TCTA de-
vices indicates only Alq, emission (Figure S2, Supporting Infor-
mation), and there is no clear evidence for the contribution of
exciplex states. Further investigations are required to clarify the
origin of this improvement.

2.2. Degradation Characteristics

Figure 3a,b display the evolutions of the normalized EL inten-
sity and voltage shift of the NPB devices under a constant cur-
rent operation at 50 mA cm™2, respectively. In the undoped de-
vices, the EL intensity decreases to 70% of the initial intensity
after 34 h operation (LT70), while in the 10%- and 20%-doped
devices, LT70 decreases to 24 h. In the 30%-doped device, the
degradation of the EL intensity is more pronounced, i.e., LT70
is 8 h. On the other hand, LT70 of the TCTA devices is only about
2 h (Figure 3c), and is thus much shorter than that of the NPB de-
vices. The shorter lifetime for the TCTA devices is consistent with
the “unstable Alq; cationic model”.’%%1] Since the energy barrier
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Figure 4. The DCM-PL characteristics of a,b) the undoped NPB device, and c,d) the undoped TCTA device at given operation time. The triangles in the
DCM curves indicate the onset voltage of hole injection. The PL intensity curves were averaged over 25 cycles to improve the signal-to-noise ratio.

for holes at the TCTA/Alq, interface is lower than the one at the
NPB/Alq, interface (Figure 1b), more holes penetrate into the
Alq, layer in the TCTA devices, leading to faster degradation. In
any case, dipolar doping does not mitigate degradation, though it
reduces the accumulated hole density at the HTL/Alq, interface
(Figure 2a,c). In addition, a significant voltage shift is observed in
all devices according to the EL intensity loss (Figure 3b,d), sug-
gesting the degradation of electrical properties, such as the for-
mation of charge traps.

Figure 4a,b illustrate the DCM-PL characteristics of the un-
doped NPB device at given operation time during electrical degra-
dation. V;,; in the DCM curve shifts toward higher voltages with
proceeding operation time (Figure 4a). The V,,; shift corresponds
to the reduction of the net interface charge density due to forma-
tion of hole traps (discussed later).*-'] Additionally, the normal-
ized PL intensity curves also shift to higher voltages accordingly
(Figure 4b). As a result, the EPQ at the HTL/Alq, interface in the
sub-turn-on voltage region was even suppressed in the degraded
devices. Interestingly, the slope of the PL reduction over the ac-
cumulated charge density did not change even after degradation
(Figure S3, Supporting Information), suggesting that the EPQ
rate constant is similar. Consequently, a contribution of EPQ to
degradation was not detectable.

Figure 4c,d present the DCM-PL characteristics of the un-
doped TCTA device. Similar to the NPB devices, the V, . shift dur-

inj

ing device degradation is observed, though it is much larger in

Adv. Electron. Mater. 2025, 11, 2400788 2400788 (5 of 9)

the TCTA devices than in the NPB devices even with shorter op-
eration duration. On the other hand, the normalized PL intensity
does not depend on the applied voltage at any given operation
time, indicating that the charge accumulation at the HTL/Alq,
interface is not responsible for the efficiency loss even in the
degraded devices. These trends are commonly observed in the
doped devices (Figures S4 and S5, Supporting Information).

We examined the properties of charge traps formed in the
degraded devices by the cycle dependence of the DCM-PL
characteristics.['%1 Prior to the application of a triangular wave
voltage, a constant reverse bias of —6 and —3 V was applied to the
NPB and TCTA device, respectively, for 10 s under intense UV
light illumination at a wavelength of 400 nm. This procedure fa-
cilitates the release or annihilation of trapped charges from the
device (Figure 5a). Consequently, the trap sites can be assumed
to be empty or only partially occupied before the DCM-PL mea-
surement (Figure 5b). By applying successive cycles of triangu-
lar wave voltages, the traps are occupied by the injected charges
(Figure 5c) and the device transfers to the steady state (Figure 5d).

Figure 6a,b show the cycle dependence of the DCM-PL char-
acteristics of the undoped NPB device after 46 h aging. Only
the results of the first and fifth cycles are shown for clarity. The
DCM curve of the pristine unaged device is also displayed as a
reference. Note that the PL intensity is not normalized to exam-
ine its cycle dependence. The V,,; for the first cycle is -5.1V,
while it increases to —1.8 V for the fifth cycle, indicating that
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Figure 5. Schematicillustrations of trap occupation state at the HTL/EML interface during the DCM-PL measurement. The polarity of the applied voltage
is indicated outside of the device. a) Release or annihilation of the trapped holes before the measurement due to absorption of UV light in the HTL or
the adjacent EML. b) Unoccupied hole traps before charge injection of the 1st cycle of the voltage sweep. c) Trap filling process during charge injection
with the amount of Q;,,; in the Tst cycle of the voltage sweep. d) Extraction of the accumulated free holes, where the amount is less than the injected
holes (Qex < Qinj), While the trapped holes remain in the device for the consecutive voltage sweeps.

Figure 6. a,b) Cycle dependence of the DCM-PL characteristics of the undoped NPB device, and ¢,d) the undoped TCTA device after aging. Triangles
indicate the injection voltage. The PL intensity curves were not averaged and normalized. The DCM curves of the pristine devices are also shown as a
reference.
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significant amount of injected holes (~1.04 mC m~2) are trapped
in the device. Since this voltage shift was not observed in the pris-
tine device (see Figure S6, Supporting Information), the charge
traps are formed due to device operation. In the pristine device,
the V;; is observed at —3.2 V, which is 1.4 V lower than that in
the 5th cycle of the degraded device (Figure 6a), suggesting that
the negative interface charge due to SOP of Alq, is partially com-
pensated by the trapped holes. Conversely, the V,, in the pris-
tine state is 1.9 V higher than that in the first cycle after degra-
dation, indicating the presence of trapped electrons before the
measurement. The trapped electrons are eliminated by the in-
jected holes during the first cycle of the DCM-PL measurement,
and the trapped holes remain in the device (Figure 5d). Despite
such differences of trap site occupation, the PL intensity (not nor-
malized) characteristics of the first and subsequent cycles are al-
most identical (Figure 6b), indicating that the trap sites and the
trapped charges do not contribute to PL quenching.

Figure 6¢,d present the DCM-PL characteristics of the un-
doped TCTA devices after 21.7 h aging. Similar to the NPB de-
vices, a notable shift of the V;,,; is observed, i.e., —1.8 V in the first
cycle, while it is +1.0 V in the fifth cycle. In the pristine state, the
hole injection voltage appears at —1.5 V (Figure 4c). The nega-
tive shift of the injection voltage is —0.3 V for the undoped TCTA
device. This result suggests that the trap sites generated in the
TCTA device are likely to trap holes. Additionally, no cycle de-
pendence is seen in the PL intensity characteristics (Figure 6d),
suggesting that the trap sites and the trapped charges do not con-
tribute to PL quenching here as well.

3. Discussion

3.1. Correlations of Charge Accumulation and Degradation
Properties

Dipolar doping in the HTL controls the charge accumulation
properties at the HTL/EML interface, and it is thus a useful tech-
nique to investigate the correlations between charge accumula-
tion and device degradation. Moreover, the DCM-PL characteris-
tics revealed that EPQ is significant in the NPB devices, while it
is negligible in the TCTA devices. These observations agree well
with the absorption band of the respective polarons, i.e., the ab-
sorption band of NPB cations overlaps with the emission spec-
trum of Alq,, while that of TCTA cations does not (see Figure
S1, Supporting Information of ref. [52]). Although the EPQ was
suppressed by dipolar doping (Figure 2b) or by using a transpar-
ent material (TCTA) for the Alq, emission (Figure 2d), the de-
vice lifetime was unaffected or even reduced (Figure 3a,c). These
results indicate that the hole accumulation induced by SOP at
the HTL/Alq, interface is unlikely to contribute to the degrada-
tion mode of our devices, though molecular decomposition via
the excited state of cation species is often referred as a trigger of
degradation.>1233]

The conductivity of electron and hole transport layers has also
been suggested as a significant factor in device degradation. Qin
et al. proposed a degradation model based on carrier lifetimes
within the device.['®] According to this model, higher charge car-
rier mobilities in the transport layers result in longer carrier life-
times within the exciton formation zone at a constant current
density, leading to a broader emission zone and extended device
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lifetime. Since dipolar doping often deteriorates HTL conduc-
tance, likely due to the dipolar disorder effect,3**¢] we examined
the conductance of the doped films by impedance spectroscopy
measurements at a sub-turn-on voltage of 2 V (Figure S7, Sup-
porting Information). In this voltage range, only hole injection
occurs in the device, allowing the selective detection of the in-
dividual conductance of the HTL.?®! The results revealed that
the conductance of TCTA:TPBi films decreases markedly with
increasing doping ratios, while the conductance of NPB:TPBi
films remains comparable to that of undoped NPB films. The
degradation characteristics of the doped devices deviate from
the trends predicted by the carrier lifetime model. Specifically,
the degradation of TCTA devices is relatively unaffected by the
TPBi doping ratio, whereas that of NPB devices decreases signif-
icantly with doping. Furthermore, considering the HOMO off-
sets at the interfaces, a higher hole-blocking ability is expected
at the NPB/Alq, interface compared to the TCTA/Alq, interface.
Consequently, the emission zone in the NPB devices is con-
fined to the NPB/Alq, interface, while in the TCTA devices, the
emission zone extends into the Alq, layer. This scenario is sup-
ported by device simulations (Figure S8, Supporting Informa-
tion). Although a broader emission zone generally correlates with
longer device lifetimes, our experimental results indicate the op-
posite trend, with the TCTA devices exhibiting much shorter life-
times than the NPB devices. We thus speculate that the degra-
dation of Alq; through the unstable cationic state is dominant
in our devices.>!l Another possible contributing factor is para-
sitic leakage current through the device. Relatively large leakage
currents were observed in the TCTA devices at the low voltage
region after degradation (not shown), compared to those in the
NPB devices, although the exact origin remains unclear. While
this leakage current was not severe enough to cause catastrophic
failure, it could alter the relative conductance of HTL and ETL,
thereby potentially facilitating device degradation.

Kondakov et al. found a negative linear relation between the
luminous efficiency and V,; in the degradation process, where
the shift of V;,; corresponds to the amount of trapped holes.*!
This negative linear relation has frequently been observed in var-
ious types of OLEDs,[1®!1] and thus suggests the presence of a
common origin leading to the loss of luminous efficiency, such
as charge traps acting as a nonradiative recombination center
and an exciton quencher. To evaluate the contribution of trapped
holes to luminance loss, we constructed Figure 7, which plots
the normalized EL intensity as a function of V;; of the NPB and
TCTA devices during the degradation process. The normalized
EL intensity and V,,; at given operation time were derived from
Figures 3 and 4 (or Figure S4, Supporting Information), respec-
tively. Note that the results of the 10%- and 20%-doped TCTA
devices during degradation are not shown in Figure 7 because of
the leakage current in the DCM curves at the low voltage region.
A negative linear trend is seen in the undoped and 10%-doped
devices. Surprisingly, a similar slope is observed for the undoped
NPB and TCTA devices, suggesting that the charge traps formed
in these devices similarly contribute to the efficiency loss. On the
other hand, nonlinearity appears for the 20%- and 30%-doped
devices. A possible explanation of the nonlinearity is the shift
in the location of the hole traps as the negative interface charge
at the HTL/Alq, interface becomes compensated. For instance,
as this compensation occurs, the charge accumulation zone may
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Figure 7. Normalized EL intensity as a function of injection voltage during
device degradation. Broken lines are a guide for the eye.

shift toward the Alq,/TPBi interface due to the negative interface
charge at this boundary. Such a transition is likely to occur in de-
vices with higher doping ratio.

The DCM-PL characteristics revealed that the device lifetime
does not depend on the amount of accumulated charge induced
by SOP and subsequent EPQ. Furthermore, the cycle dependence
of the DCM-PL characteristics indicated that the trap sites do not
contribute to exciton quenching. Accordingly, they are probably
responsible for the efficiency loss by acting as a nonradiative re-
combination center, though the chemical origin of the trap sites
has not been identified. This hypothesis is consistent with the
observation of the linear relation with a similar slope in the dif-
ferent HTL devices, since the efficiency loss linearly depends on
the density of the nonradiative recombination centers.[1!

4, Conclusion

Correlations between the charge accumulation and degradation
properties of Alq,-based OLEDs incorporating dipolar doped
HTLs were investigated by the DCM-PL technique. The accumu-
lated charge density at the HTL/Alq, interface was modified by
using dipolar doping in HTLs. Regardless of the HTLs, however,
the lifetime of the doped devices was similar or even shorter than
that of the respective undoped device. On the other hand, the life-
time of the NPB devices was much longer than that of the TCTA
devices, though they indicate significant EPQ due to energy trans-
fer from Alq; excitons to NPB cations. Moreover, the DCM-PL
characteristics revealed that the charge traps generated during
device aging do not act as an exciton quencher. The amount of the
trapped charge was approximately proportional to the efficiency
loss, and surprisingly, the slopes of the linear relation observed
in the NPB and TCTA devices are similar to each other. Our re-
sults clearly indicate that the accumulated charges due to SOP
and subsequent EPQ do not cause the efficiency loss during de-
vice degradation. It is rather the generated charge traps that are
directly involved, probably by acting as a nonradiative recombi-
nation centers. DCM-PL in combination with dipolar doping is
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a promising technique for elucidating the degradation mecha-
nisms of OLEDs.

5. Experimental Section

Materials:  TPBi and Alg; exhibit significant SOP such as 1.78 and 1.1
mC m~2, respectively, while NPB’s SOP is small (0.16 mC m~2), and TCTA
is nonpolar.[2028] Significant SOP of the NPB:TPBi and TCTA:TPBi mixed
films was confirmed previously.3*] Moreover, TPBi is unlikely to act as a
hole trap in NPB and TCTA, since its HOMO level is deeper than that of
NPB and TCTA. The study thus employed TPBi as a dipolar dopant. The
doping concentration to cancel out the interface charges from TPBi and
Alg; was set at 0-30% for NPB devices and 0-20% for TCTA devices. All
organic materials used in this study were sublimed grade (>99.5%) pur-
chased from Luminescence Technology Corp., and used without further
purification.

Device Fabrication: An indium-tin-oxide (ITO)-coated glass substrate
was purchased from Q-Lights Co. Ltd. The ITO thickness is 50 nm and the
sheet resistance is 50 Q/sq. The ITO-coated glass substrate was cleaned
by sequential ultrasonication in detergent, pure water, acetone, and iso-
propanol. Then the substrate was annealed at 150 °C for 1.5 hours (in
a N,-filled glove box). Subsequently, a plasma treatment was performed,
just before the substrate was loaded to the vacuum chamber for material
deposition. All organic materials were successively deposited using a con-
ventional thermal evaporation technique at a deposition rate of 1.0 As~!
without controlling substrate temperature followed by LiF and Al deposi-
tion. A base pressure during the film deposition was ~107* Pa. The device
was then transferred to a N,-filled glove box for encapsulation. Note that
the device was exposed to air for a short time during transportation. The
dimensions of the device active area were 0.2 x 0.2 cm?.

Device Characterization: For the DCM-PL, the study used a function
generator (3390, Keithley) as the voltage source, with the sweep rate of the
triangular-wave voltage ranging from 10 to 1000 V s™'. The current was
detected using a current amplifier (SR570, Stanford Research Systems).
A UV laser was used at a wavelength of 405 nm (M00846504, THOR-
LABS) as the excitation light source. The excitation light was nonpolar-
ized, and the incident and detection angles were 0° with reference to the
surface normal direction. The study measured the PL intensity through
an LPF (cut-in wavelength: 450 nm) using a photomultiplier-tube mod-
ule (H11901-20, Hamamatsu Photonics) with another current amplifier
(SR570, Stanford Research Systems). The voltage, current, and PL inten-
sity were recorded through an analog-to-digital (A/D) converter (USB-
6210, National Instruments).l*?] Post-electrical degradation detrapping
was carried out by illuminating an intense UV light at a wavelength of
400 nm from a Xe lamp (MAX-302, Asahi spectra Co., Ltd.) through a band
pass filter with applying reverse bias voltage. Degradation was induced by
applying a constant current density (50 mA cm~2), and the evolutions of
voltage and EL intensity were recorded. A two channel source measure
unit (2612A, Keithley) was used for the measurement. The DCM-PL char-
acteristics at a given operation time were measured separately.
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the author.
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