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Controlling Charge Accumulation Properties of Organic
Light-Emitting Diodes using Dipolar Doping of Hole

Transport Layers

Yutaka Noguchi,* Alexander Hofmann, and Wolfgang Briitting*

It is demonstrated that dipolar doping of hole transport layers (HTLs)

controls the density and polarity of the accumulated charge at the critical
interface between the HTL and the emission layer (EML) in organic light-
emitting diodes (OLEDs). Dipolar doping enables spontaneous orientation
polarization (SOP) even in nonpolar HTL, and consequently compensates for
the negative interface charge originating from the SOP of the adjacent layer.
This concept is applied to a phosphorescent OLED, where bis-4(N-carbazolyl)
phenylphosphine oxide (BCPO) is employed as a polar dopant for the HTL.
The net interface charge is completely compensated at =29.5% of doping and
further doping even facilitates the positive interface charge. The luminescence
loss due to triplet-polaron quenching is observed for both hole and electron
accumulations, and it is suppressed by reducing the net interface charge
density. On the other hand, the carrier balance factor linearly decreases with
increasing doping ratio of BCPO. The results suggest that besides the energy
level offset, SOP and permanent dipole moment of the materials should

also be taken into account for realizing efficient carrier blocking interfaces.
Dipolar doping is a versatile tool to tune charge accumulation, and to study its
influence on device performance as well as the role of SOP in OLEDs.

and device degradation.'¥1 Although
the charge accumulation properties at
organic hetero interfaces have been often
discussed in terms of the energy barrier
to charge injection, it is known that the
interface charge due to spontaneous ori-
entation polarization (SOP) also plays a
significant role.>*2l SOP originates from
the macroscopic polarization induced
by partial alignment of the permanent
dipole moments (PDMs) of polar organic
semiconducting materials in evaporated
films,®3¥ and dominates the charge
accumulation properties below the turn-
on voltage of OLEDs.>!>1% SOP has been
frequently observed in many common
OLED materials, particularly emitters
and electron transport materials, though
it is very small in most hole transport
materials.>"7-19

Recently, Bangsund et al. have demon-
strated that the excess charge accumula-

1. Introduction

Controlling charge accumulation at interfaces is an important
issue to optimize device performance of organic light-emitting
diodes (OLEDs), since it influences key device parameters, such
as the external quantum efficiency (EQE), efficiency roll-off,
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tion due to SOP can reduce the EQE of

OLEDs via exciton-polaron quenching,
and EQE can be enhanced by eliminating SOP in the device.l%
Thus far, substrate heating during deposition and use of mate-
rials with negligible SOP have been examined to eliminate the
excess charge accumulation.®”l However, substrate heating
can influence the properties of underlayers in the device stack,
since SOP is often formed in an emission layer (EML) and
electron transport layer (ETL) that are commonly deposited on
a hole transport layer (HTL). On the other hand, employing
negligible SOP materials limits the possible choice of mate-
rials and would not be the best for the overall performance
of OLEDs. For instance, many phosphorescent and thermally
activated delayed fluorescence emitters also exhibit SOP, and
ETL materials with negligible SOP are limited.>"] As an alter-
native method, Afolayan et al. have reported very recently that
SOP is efficiently eliminated in a co-evaporated film of ETL
and medium density of polyethylene.®l They demonstrated a
higher EQE and longer lifetime of a blue OLED by eliminating
the SOP of the ETL. Meanwhile, the benefits of SOP in OLEDs
are still controversial, e.g., SOP can improve charge injection
efficiency and also affect charge blocking property.2-24 Thus,
exploring methods to control the charge accumulation property
while keeping SOP is an important issue to optimize the device
performance as well as to understand the role of SOP. In that
sense, it will be intriguing to use a device stack with identical
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Figure 1. a) Schematic illustration of the device structure under study. The number in parentheses indicates the film thickness in nm. 8"/~ indicates
positive/negative polarization charge due to SOP. The chemical structure of the molecules is also shown. b) Schematic energy diagram of the device.
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of each material are indicated in eV (relative
to the vacuum level). The net interface charge density (0;,;) at the HTL/EML interface is given by the difference of SOPs of HTL (Pyr) and EML (Pgyy)-
c) The experimental setup for the PL intensity measurement under applied electric bias. A laser diode module (Oxxius, LBX-405) at a wavelength of
405 nm is used as an excitation light source, where the intensity is modulated by a function generator (HP 3314A) at a frequency of 719 Hz. The actual
laser intensity is monitored by a digital multimeter (Keithley 196), and the PL intensity from the device is detected by a lock-in amplifier (SR830). A

biasing voltage is applied to the device and current is measured by a source measure unit (Keithley 2400).

(non-vanishing) SOP in all layers. However, this requires the
use of HTLs exhibiting SOP.

In this study, we propose a method to control charge accumu-
lation using dipolar doping of HTLs. Dipolar doping has been
proposed by Jager et al. to control SOP of mixed films of tris-
(8-hydroxyquinolate) aluminum (Alq;) and N,N”-bis(1-naphthyl)-
N,N”-diphenyl-1,1”-biphenyl-4,4”-diamine (NPB),>*} where Alq;
is a typical polar material exhibiting SOP,12l while NPB is almost
nonpolar.' They demonstrated that the SOP of the mixed film
depends on the concentration of Alq;. Remarkably, the largest
SOP was observed at a mixing ratio of =50%, because of the
enhancement of the orientation degree of the PDM of Alq; by
reducing their mutual dipole-dipole interaction. Hofmann et al.
applied mixed films of Alq; and NPB as an HTL that possesses
SOP, and demonstrated that the dipolar doped HTL enhances
hole injection efficiency.?2 Although intrinsic HTLs typically
exhibit only small SOP, dipolar doping can facilitate SOP in

Adv. Optical Mater. 2022, 10, 2201278 2201278 (2 of 10)

HTLs. The polarization charge of a dipolar doped HTL compen-
sates for the interface charge originating from the SOP of the
adjacent layer, e.g., emission layer (EML).>®"] Consequently,
the dipolar doped HTL enables us to control the density and
even polarity of the accumulated charge without changing the
properties of other layers in the device stack.

We examined this concept of using dipolar doped HTLs in
a tris(2-phenylpyridine) iridium(III) (Ir(ppy)s;)-based OLED,
where 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi),
a typical SOP material, is used as ETL and the host of the
EML (Figure 1a,b). Here, bis-4-(N-carbazolyl)phenylphosphine
oxide (BCPO) was employed as a dopant to facilitate SOP in
an HTL consisting of 4,4"-cyclohexylidenebis[N,N- bis(4-methyl-
phenyl)benzenamine] (TAPC) as the host. Note that BCPO was
chosen as a dipolar dopant because neat films of this material
were found to exhibit record-high SOP in previous studies.!!®!
The capacitance-voltage (C-V) curves of these devices clearly
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indicate that the accumulated hole density decreases with
increasing doping ratio of BCPO, and at 29.5%, the net inter-
face charge at the HTL/EML interface was almost completely
compensated. Further doping flipped the polarity of the inter-
face charge toward positive, thus inducing electron accumu-
lation at the HTL/EML interface. Photoluminescence (PL)
measurements(®?’] (Figure 1c) reveal that both holes and elec-
trons accumulated at the HTL/EML interface contribute to tri-
plet-polaron quenching (TPQ), though the rate constant of TPQ
for electrons is =1/3 of that for holes. Importantly, a significant
PL quenching occurred below the turn-on voltage of the OLED,
and the total accumulated charge, rather than the actual device
current, is considered as a main quencher in these devices
also above turn-on. On the other hand, the EQE did not simply
increase with reducing the accumulated charge density. We
found that the carrier balance factor linearly declined with the
enhancing SOP of the HTL, and it can be attributed to a dete-
rioration of the electron blocking ability at the HTL/EML inter-
face. Despite the drawback of electron leakage, the EQE of the
doped devices can be higher than that of the un-doped device,
particularly at high current densities. Moreover, the results sug-
gest that besides the energy level offset, SOP and PDM of the
materials should be taken into account for realizing efficient
carrier blocking interfaces. Dipolar doping can therefore be
widely applied to modify the charge accumulation properties
of OLEDs, and is useful to investigate the influence of charge
accumulation on the device performance as well as the role of
SOP in OLEDs.

2. Results

2.1. Charge Accumulation Properties

Figure 2a shows the C-V curves at a frequency of 10 Hz. A
transition from depletion to accumulation appears at a distinct
voltage, namely the injection voltage (V;y;, marked by a triangle
in Figure 2a), which is clearly below the turn-on voltage of the
device (Vg=2.4 V for all devices), because of the presence of an
interface charge.>1°2l Upon BCPO doping of the TAPC HTL,
we observe a shift of Vi,; to the positive side up to a doping
ratio of 29.5%; but further increase of the doping concentration
leads to a negative shift. At the same time, the capacitance of

www.advopticalmat.de

the accumulation state also changes to higher values after flip-
ping the direction of the V;, shift. These results clearly dem-
onstrate that dipolar doping controls the charge accumulation
properties of the device.

The geometrical capacitance of the whole device is estimated
to be 1.06 nF, corresponding to the capacitance of the depletion
state (before charge injection). Meanwhile, assuming that the
HTL/EML interface is responsible for the charge accumulation,
the capacitance of the hole and electron accumulation states
is estimated to be 1.52 and 3.54 nF, respectively. These capaci-
tances are calculated from the film thicknesses (Figure 1a), the
active device area (0.04 cm?), and the dielectric constant. Here,
the relative dielectric constant of all organic semiconducting
layers is assumed to be 3, and the contribution of the poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
layer to the capacitance is omitted. Although there are quan-
titative discrepancies between estimated and measured capac-
itances, it is reasonable to conclude that the accumulated
charges change from holes to electrons at doping ratios higher
than 29.5%.

Figure 2b shows the capacitance-frequency (C—f) curves of
the devices at a dc offset voltage of 2.5V, i.e., only slightly above
the device turn-on voltage. The relaxation frequency (f;), which
corresponds to the inverse of the RC time constant of the con-
ductive layer (see Supporting Information),”?®l is marked by a
triangle in Figure 2b. Since the capacitance is considered to be
constant, f; is proportional to the conductance. In Figure 2b, f;
shifts to the lower side as the doping ratio is increased, and the
lowest value (71 Hz) is observed at the critical value of 29.5%
doping. Then, the relaxation frequency shifts again to a higher
value (165.8 Hz) at a 40.4% doping, but only slightly increases
for further doping (245.6 Hz at 52.8%). These results indicate
that the resistance of the responsible layer for the charge trans-
port significantly depends on the doping ratio in case it is lower
than 29.5%. It is again reasonable because the responsible layer
changes from the HTL to the ETL after flipping the polarity of
the majority carrier, and the dipolar doping only affects the con-
ductance of the HTL.

The interface charge density was evaluated by integrating
C-V curves from V;, to Vy, (Figure 2c).5¢151 The broken
line indicates the calculated interface charge density from the
giant surface potential (GSP) slopes reported previously for
each material (see Experimental section). Here, we assumed
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Figure 2. a) Capacitance-voltage (C-V) curves of the device with different BCPO doping ratios at a frequency of 10 Hz. The injection voltage (V;y) of
each curve is marked by a triangle, where the color corresponds to the doping ratio. b) Capacitance-frequency curves at a dc offset voltage of 2.5 V.
The relaxation frequency of each curve is marked by a triangle. ) Interface charge density evaluated by integrating the C-V curve of each device. The
color indicates the doping ratio of BCPO. The broken line indicates the interface charge density calculated from the GSP slopes reported previously
(see Supporting Information).

Adv. Optical Mater. 2022, 10, 2201278 2201278 (3 of 10) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

od ‘1T ‘TTOT “1L01561T

sduy wouy papeof

ASULIIT SUOWWo)) dANEAI) dqeatjdde ayy £q pauIoaoS aie sa[oIE () (asn JO $an 1oj KIeIqi auluQ L3[IA) UO (SUONIPUOD-PUE-SULId) /WO’ Ka[1M" A1elqijaul[uo//:sd)y) suonipuoy) pue swld |, 9y 23S [7z07/11/90] uo Kreiqr autjuQ Lofipy ‘SingsSny [qiqsioensioatun) £q 8,710720T WOPE/ZO0 1 ([ /10p/WOd" K1’



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

that the orientation degree of PDMs is constant regardless
of the doping ratio of BCPO. Although the enhancement of
the degree of orientation has been often observed in mixed
films, 252939 such effect seems to be small for the BCPO:TAPC
films because the experimentally obtained values are close to
the calculated ones.

The enhancement of the orientation degree in mixed films
usually originates from the reduction of their mutual dipole-
dipole interaction by diluting the PDM density.?>3% However,
BCPO has a very large orientation degree (0.33) compared to
other SOP materials ever reported (typically < 0.1) even in the
neat film.[¥! The driving force of the anisotropic molecular ori-
entation of BCPO, that is mainly the van der Waals interaction
on the film surface,! is expected to be much stronger than the
PDM interaction. Accordingly, the orientation degree of BCPO
was not enhanced in the BCPO:TAPC film even though the
PDM interaction was further weakened by dilution.

2.2. Triplet-Polaron Quenching

Figure 3a shows the normalized PL intensity as a function of
applied voltage. The experimental setup is shown in Figure 1c.
The PL intensity decays at voltages already below Vy, and its
onset voltage changes similar to V;y; in the C-V curve, indi-
cating that the accumulated charge is responsible for the PL
quenching. About 20% of PL efficiency is lost below Vy, in the
un-doped device, and this behavior agrees well with previously
reported observations.[®8! Remarkably, dipolar doping reduces
the PL efficiency loss by eliminating the accumulated hole den-
sity, and the least PL efficiency loss at Vy, is observed for the
40.4%-doped device, though it is almost the same for the 29.5%-
doped device. Further dipolar doping (52.8%) leads to an even
steeper PL efficiency loss, but now due to the electron accumu-
lation. We note here that the discrepancies between the C-V
characteristics (Figure 2a) and normalized PL intensity curves
(Figure 3a), such as the onset voltage of the PL decay and V,y;
and almost the same PL losses in some devices (11.1% and
19.3%, 29.5% and 40.4%) may originate from the details of the
accumulated charge distribution in the device. TPQ depends

www.advopticalmat.de

strongly on the spatial charge distribution in the EML and
around the HTL/EML interface region defined by the Forster
radius, though the capacitance is influenced by the charge dis-
tribution throughout the device. Accordingly, the PL intensity
curve of some devices does not exactly follow the results of the
C-V curve.

It is also visible that in all devices (except the 29.5% and
40.4%-doped ones), the slope of the normalized PL intensity
changes above Vjy, indicating that bipolar charge injection
changes the charge distribution in the devices. The normal-
ized PL intensities are also plotted as a function of current
density in Figures 3b,c. The rapid PL loss occurs at the zero
current region (< 10 mA ¢cm~2, Figure 3c), corresponding to
the applied voltages below Vy,. In this range, the detected cur-
rent is just a parasitic leakage current, because the actual device
current drops exponentially below Vy, (see Figure 4a), whereas
the PL loss above Vy, depends only weakly on the current den-
sity (Figure 3b). Overall PL decay curves linearly depend on the
applied voltage (Figure 3a), suggesting that the total accumu-
lated charge rather than the actual device current dominates the
PL quenching process (see Discussion).

2.3. Current Density—Voltage and Luminance-Voltage Curves

All the doped devices show lower current densities and lumi-
nance compared with the un-doped device (Figures 4a,b).
The overall shape of the J-V curves changes at a doping ratio
between 19.3-29.5%. Around 19.3% BCPO doping, the resist-
ance of the HTL becomes comparable to that of the ETL
according to the C—f curves (Figure 2b), and the majority car-
rier type in the device switches from holes to electrons at the
29.5%-doped device. Accordingly, it is reasonable that the domi-
nant layer of the device resistance changes from the ETL to
the HTL at a doping ratio between 19.3-29.5%. We should also
mention that the highly doped devices achieve higher current
above =4 V, which might indicate leakage of electrons into the
HTL (see Discussion). Meanwhile, the L-V curves more or less
follow the current-voltage characteristics (Figure 4b) at least on
this scale.
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Figure 3. Normalized PL intensity as a function of a) applied voltage, b) current density (linear scale), and c) current density (log-scale). The injection

voltage estimated from the C-V curves is marked by an inverted triangle, where the color corresponds to the doping ratio.
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Figure 4. a) Current density-voltage (/-V) and b) luminance-voltage (L-V) curves. c) Normalized external quantum efficiency (EQE) as a function of
the current density. The current density for the maximum EQE is marked by a triangle, where the color corresponds to the doping ratio. d) Maximum
EQE of each device in relation to the interface charge density. The broken line is a guide to the eye.

2.4. External Quantum Efficiency (EQE)

EQE as a function of the current density is shown in Figure 4c,
where EQEs are normalized by the maximum value of each
device. The current density for the maximum EQE appears
at =6.5 X 10 mA cm™2 for the un-doped device, and it shifts
to the higher side with increasing doping ratio (Figure 4c,
marked by a triangle). Interestingly, there are two maxima of
EQE at different current densities in the 52.8%-doped device.
These characteristics may result from a combination of the
charge accumulation and the electron leakage properties at
the HTL/EML interface, where they deteriorate the radiative
quantum efficiency and carrier balance factor, respectively
(see Discussion). Meanwhile, the maximum EQE of each
device is plotted in relation to the interface charge density
(Figure 4d). Although the plots are scattered, possibly due to
the details of the device fabrication conditions in different
batches, the overall trend suggests a lower maximum EQE
at a higher doping ratio. However, the highest EQE (15.3%)
is observed for the 11.1%-doped device, and the EQE of the
doped devices can be higher than that of the un-doped device
in some regions of the J-V characteristics, particularly at high
current densities.

Adv. Optical Mater. 2022, 10, 2201278 2201278 (5 of 10)

3. Discussion

3.1. Charge Accumulation Properties Above the Turn-On Voltage

In terms of the energy diagram and location of the interface
charge, it is plausible that the electrons and holes are mainly
accumulated at the HTL/EML interface (Figure 1b). The C-V
and C—f curves reveal that dipolar doping controls the accumu-
lated charge density and its polarity below the turn-on voltage
(< =2.4 V). On the other hand, the charge accumulation prop-
erties above the turn-on voltage can be deduced from the nor-
malized PL intensity (Figure 3), since it can be attributed to
TPQ due to the accumulated charge in the EML region. For the
11.1% and 19.3%-doped devices, the normalized PL intensity
slightly increases at applied voltages above =3 V, indicating that
the accumulated hole density decreases. On the other hand, the
normalized PL intensities continuously decrease in the other
devices, indicating that the hole accumulation is facilitated for
the un-doped device, while there is electron accumulation for
the 29.8% to 52.8%-doped devices.

Considering a simple equivalent circuit (Figure 5a), the
accumulated charge density (o,.) at the HTL/EML inter-
face above the turn-on voltage is determined by the interface
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Figure 5. a) A simplified equivalent circuit of the device. The total accumulated charge density at the interface is determined by the difference between
the RC time constants of each layer and the interface charge density. b,c) Schematic energy diagram under a bias application (>Vy): b) hole and
c) electron accumulation is facilitated in case Ryp. << Rgy. and Ryr. > Ry, respectively.

charge density (i) and the difference between the products
of the capacitance and the potential drop in each layer, namely
OaceS = CerL VerL — CuriVhrL — OmeS, where Cerypryy is the
capacitance of the ETL (HTL), and Vgrypry is the poten-
tial drop in the ETL (HTL), respectively, and S is the active
device area. Here, the EML is incorporated into the ETL for
simplicity as both layers mainly consist of TPBi. The equa-
tion can be rewritten by using the current density (J) and the
resistances (Rgryuty) @S Oace = J(CeriRere — CuriRuti) — Oine
Accordingly, the difference between the RC time constants of
each layer determines how the accumulated charge density
develops,*? e.g., in case Ryry is significantly lower than Rgrpy,
hole accumulation is facilitated (Figure 5b). We note here that
Rgryryy includes the resistance for the leakage current, that
is the electron (hole) current in the HTL (ETL). As revealed in
the C—f curves (Figure 2b), Ryy, of the un-doped HTL (neat
TAPC layer) is much lower than Ry, but it is enhanced by
the BCPO doping. The 19.3%-doping results in Ryy; compa-
rable to Rgyy, and for further doping (29.8% and higher), Ryyy
becomes higher than Rgyy, and electron accumulation is facili-
tated (Figure 5c). These results are qualitatively consistent
with those deduced from the normalized PL intensity meas-
urement (Figure 3a). The dipolar doping modifies the charge
accumulation characteristics not only below turn-on but also
above the turn-on voltage, and such modification would be
responsible for the shift of the current density for the max-
imum EQE (Figure 4c).
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3.2. Triplet-Polaron Quenching due to Accumulated Charge

The negative interface charge at the HTL/EML interface forms
an electric field that prevents hole injection into the EML at
applied voltages between Vi and V. Accordingly, it is rea-
sonable to assume that holes are mainly located in the HTL.
However, some holes may also exist in the EML, although their
amount is limited to the interface region because of charge
diffusion, thermal, energetical, and structural fluctuations at
a practical interface. Comparing the HOMO levels, TAPC and
Ir(ppy); are likely to capture the holes at the HTL/EML inter-
face, so that TAPC and Ir(ppy); cations are possible quenchers
in the hole accumulation state. Actually, the absorption band
of TAPC and Ir(ppy); cations overlaps with the emission band
of Ir(ppy)s.>*3% Note that only TAPC cations that are located
roughly within the Forster radius (typically a few nanometers?4)
from the HTL/EML interface can be exciton quenchers.

The TPQ rate constant of Ir(ppy); for holes (krpy) has been
reported for different host materials by several groups, and the
reported values are widely distributed in the range of 107 to
1072 cm? 71163639 The quantitative difference may be attrib-
uted to the different experimental approaches and modeling.
Bangsund et al., however, have reported that krpj in a TPBi
host (3 x 107 cm? s7Y) is =40% lower than that in a CBP host
(5 x 108 cm?® s7Y, where TPBi and 4,4’,4”-tris(N-carbazolyl)
triphenylamine (TCTA) was employed as an ETL and HTL,
respectively.®l They pointed out that the lower krpy, would be
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attributed to SOP of the EML because it shifts the hole accu-
mulation site from the EML/ETL to the HTL/EML interface,
and a portion of the accumulated holes distributes in the TCTA
HTL which contributes to less quenching. The normalized PL
drop observed in our study quantitatively agrees well with their
results,l® and kppy, = 3 x 1073 cm?® s7! is also consistent with
our results (see Figure S1, Supporting Information), though the
HTL materials are different. Accordingly, the Ir(ppy); cation,
rather than the TAPC cation, is likely the main quencher in the
devices under study.

In the electron accumulation state, the charges may reside
in TPBi or Ir(ppy); at the HTL/EML interface. Reineke et al.
reported that the TPQ rate constant of Ir(ppy); for electrons
(krpe = 2 x 1073 ecm? s7Y) is slightly lower than that for holes
(krppn = 3 x 1072 cm? s7) in a TCTA host, % which is similar to
the results obtained in our study (krp. =~ 1 X 107 cm? 57, and
krpp = 3 x 1078 cm? 57, see Figure S1, Supporting Informa-
tion). On the other hand, Oyama et al. reported that Ir(ppy);
anions have no pronounced absorption within the emission
band of Ir(ppy)s, and krp . is very small in a CBP host.*® Thus,
a possible quencher in the electron accumulation state would
be anions of the host materials rather than Ir(ppy);. However,
comparing the lowest unoccupied molecular orbital (LUMO)
levels of these materials, Ir(ppy); is most likely to capture elec-
trons, while the host materials are rather unlikely.***! There-
fore, further studies are required to identify the quencher in the
electron accumulation state.

3.3. EQE and Charge Blocking Properties at the Hole Transport
Layer/Emission Layer Interface

Since the PL efficiency loss can be suppressed by eliminating
interface charge, the highest EQE is expected for the 29.5%-
doped device because of the almost vanishing interface charge
density. However, the measured EQEs do not seem to corre-
late well with the interface charge density (Figure 4d). Since
the light-outcoupling efficiency is almost identical for all devices
(see Figure S2, Supporting Information), another possible
factor to impact on the EQE is the carrier balance.*!l Although
the carrier balance factor () cannot be measured directly, it can
be derived by dividing the measured EQE by the outcoupling
efficiency and the normalized PL intensity at a given current
density (Figure 6), where the intrinsic radiative quantum effi-
ciency and triplet formation ratio of Ir(ppy); were assumed
to be unity. Note that yis normalized by the maximum value
for the un-doped device to eliminate quantitative discrepancy
between the normalized PL intensity and radiative quantum
efficiency that originates from the differences of the exciton
distribution in the PL and EL measurements. As shown in
Figure 6, the normalized carrier balance factor correlates well
with the interface charge density; it decreases approximately
linearly with increasing interface charge density.

The deterioration of the carrier balance factor can be attrib-
uted to the electron leakage across the HTL/EML interface. To
confirm this hypothesis, the current-voltage characteristics of
electron only devices (EODs) were examined (Figure 7). The
device structure of the EODs is the same as for the OLEDs
under study (Figure 1a) except for another TPBi layer inserted
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Figure 6. Normalized carrier balance factor at the maximum EQE in rela-
tion to the interface charge density. The broken line is a guide to the eye.

between the HTL and the PEDOT:PSS layer as a hole blocking
layer (Figure 7a). An electron leakage current was observed for
the devices including the doped HTL, whereas this does not
happen for the un-doped one (Figure 7b). The shift of the cur-
rent onset voltage (marked with triangles) is attributed to the
elimination of the negative interface charge at the HTL/EML
interface. In Figure 7c, the J-V curves with reference to the
onset voltage are shown on a linear scale. The results clearly
indicate that the dipolar doping of BCPO induces the electron
leakage, and it causes the deterioration of the carrier balance
factor in the doped devices.

In addition to the bipolar charge transport nature of BCPO, 3!
the electron injection efficiency at the HTL/EML interface
should be considered. If we simply consider the LUMO level
offset at the HTL/EML interface, the energy barrier of BCPO is
lower by =0.19 eV than that of TAPC.[*! Although the accurate
estimation of the barrier height at actual organic hetero inter-
faces has been controversial,*>#! particularly for electrons,!
there would be an energy offset of =0.51 eV between the LUMO
levels of BCPO and TPBi according to the typically reported
values.'#] The electron leakage current across such an inter-
face, as estimated by a device simulation software (Setfos 5.2,
FLUXIM AG), is much smaller than the measured current
density in the EODs (Figure S3, Supporting Information).
However, there would be additional factors to facilitate electron
injection at the HTL/EML interface. For instance, the PDM of
BCPO (=3.5 D) induces the density of states (DOS) broadening
of HTL, due to the dipolar disorder effect.?**$%] The tail states
of the broad DOS reduce the effective barrier height at the
interface.*°% In addition, the presence of a positive polariza-
tion charge originating from the SOP of the doped HTL would
also enhance the electron injection efficiency. Such an effect
has been reported for charge injection at electrode/organic
and organic/organic interfaces.?%24 Thus, the electron leakage
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Figure 7. a) Schematic illustration of the structure of the electron only device (EOD). A TPBi layer on the anode side is inserted as a hole blocking
layer. The number in parentheses indicates the film thickness in nm. b) Current density-voltage curves of the EODs. The current onset voltage (V,,,
marked by a triangle) shifts to the negative side because the doped HTL eliminates the negative interface charge at the HTL/EML interface. c) Current

density-voltage curves with reference to V,,.

current was also simulated using a simplified model®! as a
function of the interface charge density of the HTL (Figure S3,
Supporting Information). The simulation result indicates that
the interface charge enhances the leakage current on a linear
scale, and it is qualitatively consistent with the linear depend-
ence of the carrier balance factor on the interface charge den-
sity (Figure 6).

4, Conclusion

We proposed the use of dipolar doping to modify the accumu-
lated charge density and polarity at the interfaces of OLEDs. In
this study, the charge accumulation properties of an Ir(ppy)s-
based OLED were modified by using dipolar doping of the
HTL, namely TAPC doped with BCPO, and the influence on
the device properties were investigated. The negative interface
charge in the un-doped device, which results in hole accumula-
tion at the HTL/EML interface, was almost completely compen-
sated by the 29.5%-doped HTL and further doping facilitated
the formation of a positive interface charge, yielding electron
accumulation at the interface. The luminescence loss due to
exciton-polaron quenching was suppressed by reducing the net
interface charge density at the HTL/EML interface. Meanwhile,
the carrier balance factor decreases linearly with increasing
SOP of the HTL due to less electron blocking ability at that
interface. Although the dipolar doping deteriorates the carrier
balance factor, it can shift the current density for the maximum
EQE to the higher side, and the EQE can be higher than that
of the un-doped device at high current densities. Such opti-
mization of the device operation would be an advantage of
using dipolar doped HTLs. Moreover, our results suggest that
besides the energy level offset, the dipolar disorder effect and
SOP should be considered to realize efficient carrier blocking
interfaces. We anticipate that dipolar doping can be applied to
any other layer to tune charge accumulation at interfaces, and
it is therefore very useful to investigate the influences of charge
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accumulation on the device performance as well as the role of
SOP in OLEDs.

5. Experimental Section

Materials: BCPO was employed as a dopant to facilitate SOP in a TAPC
HTL. BCPO is a polar material with a high triplet energy of 3.01 eV,
and is known as a material exhibiting very large SOP.'®l Moreover, it was
unlikely to act as a hole trap in TAPC, since its HOMO level was deeper
than that of TAPC (Figure 1b).* TPBi was used as an ETL and a host
material of the EML, and Ir(ppy); as an emitter. All these materials are
polar and exhibit more or less SOP.[57-123033] The GSP slopes of neat
films of these materials have been reported as 4.3 mV nm™ (TAPC),*
163 mV nm™" (BCPO),M® —3.6 mV nm™ (Ir(ppy)s),”! and 63 mV nm™
(TPBI).% Here, SOP corresponds to the product of the GSP slope and
the dielectric constant,l which is similar (relative dielectric constant =3)
in all these materials.

Device Fabrication: The PEDOT:PSS (CLEVIOS P VP CH 8000, Heraeus
Deutschland GmbH & Co. KG) film was spin-coated onto a precleaned
indium tin oxide (ITO)-coated glass substrate at 5000 rpm for 30 s.
After spin-coating, the film was annealed at 125 °C for 40 min. All other
organic films were successively deposited using a conventional thermal
evaporation technique without controlling substrate temperature at
a deposition rate of 1-1.5 A s followed by LiF and Al deposition. The
thicknesses of each layer are shown in Figure 1a. The dimensions of the
device active area are 0.2 X 0.2 cm?.

Device Characterization: The C-V and C—f curves were measured by
an electrical and optical characterization platform (Paios, FLUXIM AG).
The J-V and L-V curves were measured by a 2-channel source-measure
unit (Keithley 2602B, Keithley Instruments, Inc.) with a calibrated
modular light detector (PD-9302-VL, Gigahertz-Optik, GmbH.). All
above measurements were performed in a Nyfilled glove box at
room temperature. The PL measurement was performed in air after
encapsulation of the devices. The experimental setup is illustrated in
Figure 1c. The PL intensity was measured by a photodiode (SM1PD1B,
Thorlabs, Inc.) through a long pass filter (LPF) with a cut-in wavelength
of 450 nm using a lock-in detection technique as a function of applied
voltage (SR830, Stanford Research Systems, Inc., and Keithley 2400,
Keithley Instruments, Inc.). A laser diode module with a wavelength of
405 nm (LBX-405, Oxxius) was used to excite only Ir(ppy)s in the devices,
where the averaged power density and modulation frequency was
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=1 mW cm~2 and 719 Hz, respectively. The laser intensity was monitored
by a digital multimeter (Keithley 196, Keithley Instruments, Inc), and the
modulation was given by a function generator (3314A, Hewlett Packard,
Inc.).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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