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ABSTRACT

Spontaneous orientation polarization (SOP) of amorphous organic semiconducting films has attracted much
attention because of its frequent observation in common organic light-emitting diodes (OLEDs) and potential
influences on the device properties of OLEDs. On the other hand, the formation mechanism of SOP has been
controversial for a long time, ever since its discovery in 2002. Recently, the formation mechanism of SOP was
explained in terms of the surface equilibration mechanism of vapor-deposited glasses, and the understanding of
SOP has progressed significantly. Based on the improved understanding, some active control methods of SOP
have been demonstrated and further influences on the device performance of OLEDs were revealed, suggesting
that higher efficiency can be achieved by managing SOP properly. Furthermore, some applications of SOP have
also been proposed, such as a self-assembled electret and a tool for evaluating materials properties. In this paper,
recent progress in the understanding of SOP and its applications to devices are reviewed.

1. Introduction
1.1. Brief history of SOP

Spontaneous orientation polarization (SOP) of organic semi-
conducting films was discovered as giant surface potential (GSP) of an
Alqs film evaporated on a gold substrate [1]. GSP grows linearly as a
function of the film thickness without saturation, e.g., reaching as high
as 28 V at 560 nm for Alqs, and surprisingly it exceeds far beyond the
Mott-Schottky limit of metal-semiconductor interfaces at thermal equi-
librium. SOP originates from the alignment of the permanent dipole
moment (PDM) of the molecules, and the linear growth of GSP corre-
sponds to a constant orientation degree of the PDMs on average, given as

(cosby), where 6, is the tilt angle with respect to the surface normal. The
constant polarization results in a fixed density of polarization charge at
the hetero interfaces in stacked multilayer devices, such as organic
light-emitting diodes (OLEDs) [2-4]. Interestingly, such interface charge
had already been found in a typical bilayer OLED consisting of Alqs and
NPB in 2000 [5-7], that is two years earlier than the first report of GSP.
These two phenomena were concluded to have the same origin, namely
SOP, in 2008 [2]. Since then, SOP has been found frequently in evapo-
rated films of common OLED materials [3,4,8-10], and it was pointed
out to have influences on the device performance of OLEDs, such as
charge injection, accumulation, and degradation [3,11-20]. Currently,
SOP is considered as an important factor to optimize the device per-
formance of OLEDs [4,21].

Abbreviations: Alqs, tris-(8-hydroxyquinolate) aluminum; Alq-Cls, tris(5-chloro-8-hydroxyquinolinato) aluminum; Al7-prqs, tris(7-propyl-8-hydrox-
yquinolinolato) aluminum(III); BCPO, bis-4(N-carbazolyl)phenylphosphine oxide; B3PyMPM, bis-4,6-(3,5- di-3-pyridylphenyl)-2-methylpyrimidine; CBP, 4,4’-bis(N-
carbazolyl)-1,1’-biphenyl; Irdbfmis, tris(N-dibenzofuranyl-N’-methylimidazole)iridium(III); Irppy.acac, bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonate) iridium(III);
Irppys, tris(2-phenylpyridine) iridium(III); m-MTDATA, 4,4’,4”-tris(N-3-methylphenyl-N-phenyl - amino)triphenylamine; NPB, N,N’-bis(1-naphthyl)-N,N’-diphenyl-
1,1’-biphenyl-4,4'-diamine; OXD-7, 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene; PMMA, polymethyl methacrylate; TAPC, 4,4'-cyclohexylidenebis[N,
N- bis(4-methylphenyl)benzenamine]; TPA-DCPP, 7,10-Bis(4-(diphenylamino)phenyl)-2,3-dicyanopyrazino-phenanthrene; TPBi, 1,3,5-tris(1-phenyl-1H-benzimida-
zol-2-yl)benzene; T2T, 2,4,6-tris- (biphenyl-3-yl)-1,3,5-triazine; 6FAlqs, tris(6-fluoro-8-hydroxy-quinolinato)aluminum.
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Although 20 years have passed since the discovery of SOP in organic
semiconducting films, the formation mechanism of SOP has been
controversial for many years. The main reasons can be attributed to the
photoinduced decay nature of GSP and the overall small orientation
degree of PDMs. Since it has been known that GSP decays via light ab-
sorption of the film [1,22-25], one has to carefully examine the prop-
erties of SOP and, in doing so, avoid light illumination in case of
measuring the surface potential. In addition, although a huge potential
is built up across the film, the averaged orientation degree of the mol-
ecule’s PDM is typically small, that is, (cosfp) ~ 0.05 for Alqs [23]. This
tiny averaged orientation degree makes accurate evaluation difficult.
These circumstances have limited the experimental techniques being
available for investigating SOP and prevented the understanding of the
formation mechanism of SOP. Moreover, only a few molecules were
known as exhibiting SOP other than Alqs.

However, the fact that SOP is equivalent to an interface charge
opened an opportunity to investigate SOP in devices [2-4], where the
photoinduced decay can be ignored and SOP can be evaluated using
conventional methods such as capacitance-voltage (C-V) measurement,
displacement current measurement (DCM), and so on [4,26-28].
Furthermore, as many OLED materials exhibit SOP [4,10,21,29], it has
been recognized as commonly inherent in actual OLEDs.

The fundamentals of SOP and its influences on the OLED properties
investigated in earlier work have been published elsewhere [4].

1.2. Recent progress in understanding of SOP and its applications

In recent years, the understanding of the formation mechanism of
SOP has significantly progressed; specifically SOP is formed as a result of
partial equilibration at the asymmetric situation on the film surface
during physical vapor deposition [30-32]. From a microscopic view-
point, the mechanism can be understood as a balance of positive and
negative factors for increasing polarization order [33,34], where the
positive driving force is a short-range van der Waals (vdW) interaction
between the outer part of the molecule and the film surface [33], while
the negative counterpart is the PDMs’ dipole-dipole interactions be-
tween molecules on the film surface [10,34,35]. The number of stable
postures that the molecule can take on the film surface is also vital in
terms of configurational entropy [36-39]. The current understanding of
the formation mechanism of SOP is described in Section 2.1.

Based on the understanding of the formation mechanism, some
methods to control SOP have been demonstrated. The molecular shape
and the intermolecular interactions can be modified by attaching sub-
stituents to the outer part of the molecule, leading to significant changes
in the molecular orientation of the resultant film [8,34,36,40-45]. On
the other hand, SOP can be controlled by the evaporation conditions
during the film deposition, such as substrate temperature [30,46,47],

deposition rate [30,48], and light illumination [49]. Guest-host systems
are also very promising for tuning SOP [29,34,35,40,50,51]. Some
active control methods are introduced in Section 2.2.

Because of its frequent observation in common OLED materials, the
influences of SOP on device performance have been actively studied
(Fig. 1) [46,47,52-54]. Using the active control method, the roles of SOP
in the device performance of OLEDs have been examined. Bangsund
et al. recently revealed that the hole accumulation due to SOP induces a
significant triplet-polaron quenching (TPQ) at the interfaces affecting
the emission layer (EML) below the turn-on voltage of device operation
[46]. They demonstrated higher external quantum efficiencies (EQEs) of
Ir(ppy)s-based phosphorescent OLEDs by removing SOP. Similar
enhancement of EQE was also found in an Alqs-based fluorescent OLEDs
[47]. In Section 3.1, the influence of SOP on EQE is discussed.

The interface properties of a device are modified by SOP, e.g., the
charge accumulation at organic/organic interfaces can lead to emission
zone confinement and modifies the carrier injection efficiency at the
electrode/organic film interface [13,14,20,51,55]. Meanwhile, the
electric field in a film formed by SOP induces spontaneous exciton
dissociation [52,56,57]. Although the roles of SOP in the device per-
formance and its optimization are still actively investigated; some
studies on the SOP-related device properties are overviewed in Sections
3.2 and 3.3.

SOP has been used as a tool for evaluating material properties [29,
40,50,58-61]. Ziifle et al. proposed a metal-insulator-semiconductor-
charge carrier extraction by linearly increasing voltage (MIS-CELIV
[62]) measurement to determine the material’s charge carrier mobility
using a conventional OLED stack, where the SOP layer acts as an
excellent charge blocking layer instead of conventional insulator mate-
rials [58]. In another case, Morgenstern et al. have proposed a method
for accurate determination of molecular orientation based on the com-
bined evaluation of PDM and transition dipole moment (TDM) orien-
tations [50]. The combined analysis gives deep insights into the
molecular orientation distribution and its formation mechanism [29,40,
50,61]. These techniques are introduced in Section 4.1.

As a novel application of SOP, Y. Tanaka et al. recently proposed a
vibrational energy generator (VEG) where TPBi is used as a "self-
assembled electret (SAE)" [48,63,64]. SOP induces a significant density
of polarization charge on the film surface, typically 1-2 mC/m?. This
value is as high as the polymer-based electrets after corona charging
[65], which are widely used for microphones, sensors, and filters [66]. A
distinctive advantage of the SAE is that it does not require any charging
process during electret preparation. By utilizing this advantage, micro-
electromechanical systems (MEMS) including post-processed SAE for
VEG was demonstrated [67]. In Section 4.2, the recent studies of the
VEGs using SAE are reviewed.

Numerous studies on SOP have been reported during the last few

Fig. 1. Schematic illustration of possible influences of SOP on the properties of OLEDs. The suppression of charge dispersion and dipolar disorder relate to
microscopic potential fluctuations induced by the random orientation distribution of PDMs rather than their macroscopic orientation ordering.



years by various research groups. Although 20 years have passed since
the first GSP was reported, this research field has attracted considerable
attention that is even growing recently. In this review, we summarize
the current status of SOP and give future prospects of this research field.

2. SOP formation in amorphous organic semiconducting films
2.1. Dominant factors of SOP formation

Amorphous films of organic semiconducting materials have been
used for stacked multilayer OLEDs [68], because of their smoothness
and macroscopic homogeneity. Meanwhile, however, evaporated films
of OLED materials often exhibit electrical and optical anisotropies due to
molecular orientation [4,21,69,70]. The evaporated amorphous films of
OLED materials are thus referred to as hybrid materials that combine
some of the useful features of crystals and glasses [31].

Ediger et al. reported the surface equilibration mechanism that ex-
plains how anisotropy is an inherent feature of organic vapor-deposited
glasses (Fig. 2) [30-32]. They pointed out that key is a high mobility of
molecules at the surface of the growing film. When the molecules arrive
at the film surface during the vacuum deposition, they move around on
the surface even below the glass transition temperature (T,) because of
less interactions at the film surface than in the bulk. An anisotropic
surface layer would thus be formed due to asymmetric molecular shape
and molecular interactions at the surface region facing to the vacuum
side of the film (Fig. 2) [30,41]. Subsequent deposition covers the mo-
bile surface molecules and causes the anisotropic surface layer to be
inherited in the bulk. Finally, anisotropic amorphous films are formed.
This surface equilibration mechanism has been applied to explain the
formation of SOP in Alqs [30]. As the mechanism suggested, anisotropy
is a specific feature of vapor-deposited glasses, and it disappears in so-
lution processed films of the corresponding materials [32,71,72].

Based on an atomic Monte Carlo model that mimics the molecular
deposition process, Friederich et al. demonstrated that the simulated
GSP values of several materials are consistent with those determined
experimentally [33]. They pointed out that short-range vdW in-
teractions dominate the anisotropic orientation of the molecule at the
growing film surface, rather than the electrostatic PDM interaction be-
tween molecules. Accordingly, the shape and the outermost parts of the
molecule, that determine the vdW interaction with the film surface, play
a crucial role to form SOP. The anisotropy of the surface layer is

Fig. 2. Illustration of the surface equilibration model. An anisotropic surface
layer is formed due to the asymmetric molecular shape and interactions at the
vacuum/film interface. The anisotropic structure is inherited into the bulk at
low substrate temperatures, though the layer structure disappears at higher
substrate temperatures. Adapted with permission from Ref. [30]. Copyright
2019, American Chemical Society.

attributed to an ensemble of molecular configurations, where their
statistic distribution is determined by their stability and possible vari-
ations. This scenario can be considered as a modified "asymmetric dice
model" proposed by Isoshima et al. [36].

The electrostatic dipole-dipole interaction between PDMs also plays
an important role, though it works as a negative factor for the SOP
formation [10,34,35,50]. Several experimental results have been re-
ported that the averaged orientation degree of PDM is enhanced in
mixed films with nonpolar host materials. Accordingly, resultant SOP
can even be greater in mixtures by diluting PDM densities, since the
dipole-dipole interaction decays with increasing the intermolecular
distance, whereby the nonpolar host acts as a spacer (Fig. 3). In other
words, SOP is significantly quenched in a neat film by taking antiparallel
configurations of PDMs for reducing the electrostatic interaction energy
[35].

The SOP formation would eventually result from a balance of posi-
tive and negative driving forces (Fig. 4), where the positive factor is the
vdW interaction between the outermost part of the deposited molecule
and the film surface, and the negative factor is the PDM interaction
between molecules on the film surface. Noguchi et al. have reported the
GSP characteristics of TPBi films deposited on a Au substrate with and
without surface treatment by a self-assembled monolayer (SAM) of
dodecanethiol (Fig. 4(a)) [34]. The surface potential of the film depos-
ited on the SAM-treated Au substrate is smaller than that deposited on
the untreated substrate. On the untreated Au, the deposited molecules
do not travel over a long distance because of the strong interaction with
the substrate surface (Fig. 4(f)). Consequently, the molecules immedi-
ately cover the substrate surface (Fig. 4(b) and 4(c)), and the surface
potential grows linearly from the thin-film region. On the other hand,
the SAM-treated Au has a smaller surface free energy, that is, the vdW
interaction on the substrate surface is suppressed. The deposited mole-
cules likely form clusters because of long-distance travel on the surface
(Fig. 4(d), (e), and (g)). The PDM interaction becomes relatively domi-
nant, and consequently, the SOP formation was suppressed. However,
after the molecules have completely covered the SAM-treated surface,
the surface potential grows as well as in the untreated sample.

Fig. 3. Orientation degree of Alqs’s PDM in a mixed film of Alq; and NPB,
where the PDM of Algs (p) is assumed to be 3.9 D. The inset figures show the
molecular structures of Alqs and NPB, and their schematics. The sketches on the
top show the situation for two interacting PDMs on the surface of the mixed
(left) and neat (right) films. U, is the electrostatic potential, and ry, is the
distance between two PDMs. Adapted from Ref. [35] under the terms of the
CC-BY 4.0 license. Copyright 2016, Authors.



Fig. 4. (a) Surface potentials of TPBi neat films deposited on Au with/without surface treatment with a dodecanethiol (C12T) self-assembled monolayer (SAM). The
chemical structure of TPBi is also shown. (b)-(e) Atomic force microscopy images of TPBi films. Each image corresponds to the surface of a film indicated in panel (a).
The scale bar is 2 pm. The height range is 6 nm for panels (b), (c), and (e) and 20 nm for panel (d). (f) and (g) Schematic illustrations of the influence of the substrate
surface. A smooth film is formed on the bare Au substrate, because of the strong interaction between the molecule and the substrate (f). On the other hand, clusters
are formed on the SAM-treated substrate, because the PDM interaction between the molecules becomes relatively dominant (g). Adapted with permission from

Ref. [34]. Copyright 2021, John Wiley & Sons, Inc.

2.2. Active control methods of SOP

As suggested in the surface equilibration mechanism, SOP depends
on the evaporation conditions, such as the substrate temperature and the
deposition rate [30-32]. SOP decreases with increasing substrate tem-
perature during film deposition (Fig. 5) [30,46,47], and it finally dis-
appears at temperatures above T,. Meanwhile, it has been reported that
a faster deposition rate of TPBi results in larger SOP in the resultant film
[48]. The GSP of the TPBi film deposited at 4.0 Ass (65.4 mV/nm) be-
comes 1.8 times higher than that at 0.2 A/s. Bagchi et al. pointed out
that a faster deposition rate by a factor of 7 has the same impact on the
film structure as decreasing the substrate temperature by 10 K in the
case of Alqs [30]. The molecules on the surface travel shorter at faster
deposition rates before they are trapped by further deposition, and the
occurrence of compensation of PDM may be suppressed. This situation is
analogous to the lower substrate temperatures, where the mobility of the
molecule on the surface becomes lower. Accordingly, a faster deposition
rate results in the enhancement of SOP, as well as the deposition at a
lower substrate temperature.

Fig. 5. Grazing incidence wide-angle X-ray scattering (GIWAXS) order
parameter (red) and birefringence (blue) of Alqs films deposited at different
substrate temperatures. The GIWAXS order parameter characterizes the struc-
tural anisotropy associated with molecular layering. Results for 260 nm (cir-
cles) and 540 nm (triangles) films are shown. Reproduced with permission from
Ref. [30]. Copyright 2019, American Chemical Society.

Recent studies have also revealed quantitative difference between
the values of GSP slopes reported by several groups. For instance, the
GSP slope of TPBi neat films has been reported ranging from 43 to
88 mV/nm [3,4,10,45,46,48,63]. This variation may originate from
details of experimental conditions, such as the deposition rate, substrate
temperature, substrate material, and so on. In addition, accurate eval-
uation of the film thickness is obviously important. As a standard pro-
cedure, the GSP slope has been evaluated by Kelvin probe as the
thickness dependence of the surface potential of a vacuum-deposited
film on an ITO or Au substrate at a deposition rate of ~1 A/s. In many
cases, the substrate temperature was not controlled, so that it may
depend on the environment and configurations in the evaporation
chamber. For quantitative discussions on relations to device properties,
such details should be similar to the device fabrication conditions.

Y. Tanaka et al. reported that SOP of a TPBi film can be enhanced by
non-polarized light illumination at a wavelength of 300 nm during film
deposition [49]. In a bilayer device consisting of TPBi and NPB, they
found that the interface charge density of the illuminated device is
increased by 1.7 times of that in the control device fabricated in dark.
The increase of the interface charge density can be attributed to the
enhancement of molecular orientation, since the PDM interaction be-
tween the molecules would be attenuated by charge redistribution
induced by the light illumination. An effect of light illumination on the
interface charge density was also observed in an Alqgs-based bilayer
device, though either enhancement of molecular orientation or trapped
electrons could be responsible in this case [15].

In terms of molecular design, the molecular shape and the outermost
part of the molecule would be important for the active control of SOP.
For instance, Al(7-prq)s and Al(q-Cl)s, which are derivatives of Alqs
with modified ligands, show very large GSP slope of -103 and 94 mV/
nm, respectively (Fig. 6(a)) [8,13,34,36]. These values are approxi-
mately double the GSP slope of Alqs (48 mV/nm), although the PDM
magnitudes of these derivatives are even smaller than that of Alqs. On
the other hand, the GSP slope of 6FAlqs is only 29 mV/nm [4], possibly
due to the weak interaction of the fluorinated ligands and the film sur-
face. Furthermore, Schmid et al. have reported molecular orientations
(TDM orientations) of Ir(dbfmi); and its multiple derivatives, where
different functional groups were attached to the ligands (Fig. 6(b)—(e))
[40]. They demonstrated that the anisotropy of films varies depending
on the aspect ratio and local electrostatic interactions of the dye mole-
cule with the film surface during deposition. Jung et al. obtained similar



Fig. 6. (a) Chemical structure of Alqs, Al(7-prq)s, Al(q-Cl)3, and 6FAlqs. The PDM magnitude and GSP slope of each molecule are also shown. (b) Chemical structures
of Ir(dbfmi)s and its derivatives. For the compounds A-1-A-5, the imidazole group was modified with different alkyl chains. The dibenzofuran was modified for the
materials B-1-B-3. (c) and (d) TDM orientation in dependence of the (c) molecular aspect ratios and the (d) difference between the maxima and mean values of the
electrostatic surface potential of the dyes. (e) Schematic representation of the interaction of fac-Ir(dbfmi)s (left) and fac-A-5 (right) during the deposition process. In
the case of fac-Ir(dbfmi)s, the imidazole group is able to strongly interact with the previously deposited molecules, leading to a preferential alignment of the dye in
the film. For fac-A-5, the imidazole group is shielded from its surrounding by the additional phenyl rings. This leads to an isotropic distribution of the molecules
within the film. (b)-(e) Adapted with permission from Ref. [40]. Copyright 2020, ACS Publishing.



results of the roles of the ligands on molecular orientation, and
demonstrated highly efficient Ir complex-based OLEDs owing to the
enhancement of horizontal TDM orientation [43].

As another method, Wang et al. have recently reported the SOP
enhancement by tuning molecular conformations [45]. They attached
ethyl groups to the N-phenyl moieties of TPBi and eliminated a
conformer with C; symmetry which contributes less to SOP than another
conformer with C3 symmetry. Here, the population of the conformer
with C3 symmetry is estimated to be 17% in the normal TPBi film, while
it increases to 100% in their modified TPBi (p-ethyl-TPBi) film. As a
result, the GSP slope of the p-ethyl-TPBi film was enhanced 1.8 times as
compared to the normal TPBi film.

Recently, M. Tanaka et al. have demonstrated a molecular design
concept to control SOP including its magnitude and polarity [44]. They
employed trifluorometyl (CF3) groups to define the molecular orienta-
tion, and attached it to the molecular backbone with other functional
groups responsible for the magnitude and polarity of the PDM. Because
of its weak vdW interaction, CF3 groups are likely to appear at the
vacuum side on the film surface. Based on this molecular design concept,
they successfully controlled the GSP slope of the resultant films over a
remarkably very wide range, both in the positive and negative
directions.

It should be noted that although SOP has been frequently observed in
the films of common OLED materials, their polarity is mostly positive,
corresponding to positive polarization charge induced on the film sur-
face. Specific reasons for such biased occurrence of positive SOP have
not yet been understood in detail. Nevertheless, according to the for-
mation mechanism of SOP and the molecular design proposed by M.
Tanaka et al. [44], key would be the relative position of the functional
groups responsible for the electronegativity (related to PDM) and the
strong electrostatic interaction with respect to the molecular framework.
These functional groups of common materials are often identical or
located on the same side of the molecule since the majority of the
functional groups consists of H, C, O, and N.

Another method to control SOP is to suppress the negative factor,
that is, the PDM interaction, by diluting PDMs in the film with a
nonpolar host [34,35,50,51]. As mentioned in Section 2.1, SOP is even
enhanced in mixed films. Jager et al. have proposed a concept of "dipolar
doping", where SOP of the resultant film can be controlled as a function
of the doping ratio of polar molecules [35]. They examined the interface
charge density of bilayer devices, where the NPB films doped with Alqs
were employed as an electron transport layer (ETL) (Fig. 7(a)). The

interface charge density (corresponding to the polarization charge
density of SOP) induced by the doped layer varies significantly. The
highest interface charge density is observed at a doping ratio of 50% and
the value is about 17% higher than that of a neat Alqs film (Fig. 7(b)).
Similar enhancement of SOP was observed for mixed films of TPBi and
nonpolar host materials [34]. Fig. 7(c) shows the GSP slope of mixed
films as a function of the TPBi ratio. Peaks appear at a TPBi content of
50% for the TCTA and CBP hosts similar to the Alqs3:NPB mixture,
however not for the NPB host. The calculated intermolecular interaction
energies suggest that NPB does not act as a good spacer for TPBi, unlike
for Algs and the other combinations of host and guest molecules [34,37].

3. Influences of SOP on OLED performance
3.1. Exciton quenching due to SOP

SOP induces excess charge accumulation at organic hetero in-
terfaces, and their amount is comparable to the maximum total charge
accumulated in a typical OLED under operation [4]. When the accu-
mulation site is located at the EML interfaces, the accumulated charge
would confine the emission zone [4,20,46,53], act as a quencher of
excitons [46,47,54,73], and lead to a faster device degradation (Fig. 1)
[4]. Importantly, such excess charge accumulation occurs at biases
below the device turn-on voltage, indicating that their influences are
included in the characteristics of the device, though it has not typically
been taken into account.

Bangsund et al., have revealed TPQ by the accumulated holes due to
SOP in Ir(ppy)s-based OLEDs (Fig. 8), where TPBi is used as an ETL and
as host of the EML [46]. Using lock-in detection of photoluminescence
(PL), they evaluated the luminescence loss below turn-on to be more
than 20%. Moreover, they demonstrated that the maximum EQE in-
creases by more than 15% by eliminating SOP with substrate heating
during deposition or using a negligible SOP material (B3PyMPM)
instead of TPBi.

Similar enhancement of EQE by eliminating SOP has been observed
in Algs-based bilayer OLEDs [47]. Esaki et al. have reported that the SOP
of Alqs decreased by one half with increasing substrate temperature
during deposition of Alqs from 260 to 328 K. The EQE of the resultant
device increased by 40%. They assigned the contributions of the
enhanced EQE as follows; improving PL quantum yield (PLQY) (3.7%),
increasing outcoupling efficiency (10.5%), and eliminating
singlet-polaron annihilation (~25%).

Fig. 7. (a) Schematic illustration of the device structure used for a "dipolar doping" bilayer device. (b) Interfacial charge densities for different Alqs doping ratios. The
interface charge density was estimated from the capacitance-voltage curve of the bilayer device (inset). Reproduced from Ref. [35] under the terms of the CC-BY 4.0
license. Copyright 2016, Authors. (c) GSP slope of mixed films of TPBi and nonpolar host materials (CBP, TCTA, and NPB). Note that NPB is only slightly polar (0.34
D). The broken lines indicate the calculated GSP slopes by assuming the same orientation degree of TPBi as in a neat film. Reproduced from Ref. [34]. Copyright

2021, John Wiley & Sons, Inc.



At the Alqs/NPB interface, the main quencher of the singlet exciton
has been attributed to cationic NPB™, because it has an absorption band
around 500 nm [27]. On the other hand, Ir(ppy)3 is likely the triplet
quencher in the Ir(ppy)s-based phosphorescent OLEDs [74]. SOP in-
duces the accumulation of excess holes or electrons at the interface
depending on the polarity and layer stacking, though the negative po-
larization charge is induced on the bottom side of the film in most cases
[4]. To maximize the EQE of OLEDs, one should consider the density,
polarity, and location of the interface charge with respect to the EML in
the device stack.

The spatial distribution of the accumulated charge is also important
because it directly influences the exciton-quenching probability. As a
conventional technique, the Mott-Schottky analysis has often been used
to determine the accumulated charge (or dopant) distribution in the
bulk region [75-77]. A modified approach to evaluate the hole distri-
bution at the interface region was proposed and applied to the NPB/Alqs
interface [18]. The results suggest that the accumulated charge density
decays exponentially from the interface, but it distributes to the middle
of the NPB layer. As an alternative method, a combined analysis of DCM
(or C-V) and PL quenching characteristics would be promising [46,60].
Bangsund et al. have estimated the hole distribution width at the CBP:Ir
(ppy)s/TPBi and TCTA/TPBi:Ir(ppy)s interfaces to be 3-4nm by
assuming an exponential decay of the accumulated charge density [46].
Actual devices involve rather complex situations, particularly at applied
voltages above turn-on, and thus device simulations would be helpful for
further understanding of the charge distribution including its dynamics
under operational conditions [53,78].

3.2. Exciton dissociation

GSP typically decays via light absorption of the molecule [1,63]. This
photoinduced decay nature was already reported in the first GSP paper
[1]; however, the mechanism had been controversial for several years
[22-25]. Two different mechanisms were mainly discussed; one is the
light stimulated reorientation of molecules in the film, and the other is
the photo-induced generation of the compensation charge while main-
taining molecular orientation in the film. Although the properties of
Alqgs films had been mainly studied using Kelvin probe and optical
second harmonic generation in the first several years, after identifying

Fig. 8. (a) Device structure of the Ir(ppy)s-
based OLED. The EML and ETL were deposited
with heating to eliminate SOP. (b) External
quantum efficiency (EQE) as a function of cur-
rent density. Higher EQEs are observed for the
devices heated at higher temperatures. (¢) DCM
curves. The hole injection voltage shifts to the
higher side for the heated devices, indicating
that SOP is eliminated by heating. (d) Normal-
ized PL intensity of Ir(ppy)s as a function of
applied voltage. Significant PL drop is observed
below turn-on, which is consistent with the hole
injection behaviors in the DCM curves. Adapted
from Ref. [45] under the terms of the CC-BY 4.0
license. Copyright 2020, The Authors, pub-
lished by the American Association for the
Advancement of Science.

SOP as the origin of the interface charge in OLEDs [2,3,15], the latter
mechanism has been widely accepted. The fact indicates that SOP forms
a sufficiently strong electric field to dissociate excitons generated in the
film.

Yamanaka et al. reported that exciton dissociation even occurs
spontaneously in a film which consists of a polar TADF molecule, that is,
TPA-DCPP (13.05 D) doped with a CBP host (Fig. 9) [56]. When excitons
are generated, part of them is dissociated due to the electric field formed
by SOP in the doped film. The excited state is “stored” as separated
electrons and holes in the film, and some of them result in “long-lived
emission” with a lifetime of the order of milliseconds depending on the
excitation pulse width. The separated charges remain at least for 1 h at
the film interfaces as compensation charges of SOP.

Further studies of the spontaneous exciton dissociation were recently
reported [52,57]. Ueda et al. investigated the dissociation of charge
transfer excitons (CTE) in donor-acceptor blends, such as m-MTDATA:
T2T and TAPC:T2T, where the m-MTDATA film exhibits larger SOP
(15 mV/nm) than the TAPC film (4.3 mV/nm). Because the exciton
binding energy of CTEs is weaker than Frenkel excitons, CTE dissocia-
tion is expected with relatively weak electric field. Spontaneous exciton
dissociation was actually found in the m-MTDATA:T2T film due to the
electric field of SOP, whereas that in the TAPC:T2T film is too small. As a
result, the total PLQY of the m-MTDATA:T2T film (5%) appears much
smaller than that of the TAPC:T2T film (75%).

The PL lifetime measured in polar films may include the contribution
of long-lived emission via exciton dissociation due to SOP. Accordingly,
the PLQY may be underestimated for analyzing device properties of
OLED:s if spontaneous exciton dissociation occurs in a film, because the
electric field of SOP is compensated at forward bias voltages in OLEDs
under operation. On the other hand, this effect may act positively in
applications like organic photovoltaics and organic long persistent
luminescence systems [79].

3.3. Charge injection and accumulation

SOP induces polarization charges on both the top and bottom sides of
a film, which have the same density but opposite polarity. If a film
exhibiting SOP is used as an ETL, one should consider this polarization
charge not only at the interface of the EML side, but also at the interface



Fig. 9. (a) Dependence of time-resolved PL profile on excitation pulse width for a 50%-TPA-DCPP:CBP blend. Chemical structure of TPA-DCPP is also shown. A 470-
nm light source was used as excitation light, and power density was fixed at 25 mW/cm? Longer lifetime of the long-tailed component is observed with increasing
excitation pulse width, though it saturates for the pulse width longer than 375 ps. (b) Schematic of spontaneous exciton dissociation and recombination processes in
solid films containing organic polar fluorophores. Reproduced from Ref. [55] under the terms of the CC-BY 4.0 license. Copyright 2019, The Authors.

of the cathode side. Noguchi et al. pointed out that the polarization
charge at the ETL/cathode affects the electron injection efficiency, based
on experimental results of Alqs and Al(7-prq)s-based OLEDs, where Al
(7-prq)s induces a negative polarization charge at the cathode side
interface in contrast to Alqs [13]. The declining charge injection effi-
ciency due to the negative polarization charge at the cathode interface,
or vice versa, is also supported by simulation results based on
drift-diffusion modeling [14], the observation of relaxed electron states
[80], and a DCM study of electron-only MIS devices [55].

Hofmann et al. applied the concept of dipolar doping to enhance hole
injection efficiency (Fig. 1) [51]. They comprehensively studied the
electrical properties of the bulk and the interfaces of hole-only devices,
where the mixed films consisting of NPB as a nonpolar host and Alqs as a
polar dopant were employed as active layer. The dipolar doping of Alqs
leads to SOP in the mixed film and the maximum hole injection effi-
ciency appeared at a doping ratio of about 5% (0.4 mC/m?). It should be
noted that SOP of most HTL materials is very small owing to their small
PDM [4,54], thus dipolar doping would be useful to induce SOP in HTLs.
Hofmann et al. also pointed out that this effect is valid when the initial
energy offset is relatively high, as e.g. at the ITO/NPB interface [51].
Similarly, based on the results of a three-dimensional kinetic Monte
Carlo simulation (3D KMC), Coehoorn et al. indicated that an
improvement of electron injection efficiency due to SOP is only expected
for a large energy barrier (> 0.6 eV), in the case of the TPBi/cathode

interface [53].

Coehoorn et al. reported a simulation study on the effects of PDM and
its orientation on many aspects of OLED properties using 3D KMC,
where TPBi is employed as a polar ETL material [53]. They calculated
the electron and hole density profiles across the device in operation with
varying SOP of TPBi. Interestingly, hole blocking at the EML/TPBi
interface is imperfect when the negative polarization charge density is
relatively high, leading to hole leakage and a loss of internal quantum
efficiency (Fig. 1). The hole leakage could be attributed to the presence
of the negative interface charge, since it may enhance “hole injection”
into the TPBi layer. A photoelectron spectroscopy study suggests a
similar positive charge transfer across organic/organic interfaces
involving SOP layers (OXD-7 and TPBi), possibly due to the presence of
negative interface charges [81].

Another important aspect accompanied by SOP is broadening of the
density of states (DOS) of a polar film, though it originates from the
microscopic potential fluctuations induced by disorder of PDMs (Fig. 1).
The tail states of the broad DOS act as charge traps and reduce the
charge carrier mobility of materials [53,82,83], while they assist in
charge injection from the electrode [84]. On the other hand, the charge
dispersion along the organic hetero interface consisting of polar films
can be suppressed by the PDM-induced potential fluctuation [3,85].
Thus, besides macroscopic influences of SOP on charge injection and
accumulation properties, one needs to take into account these dipolar



disorder effects that are inherent in amorphous films of polar materials.
4. Applications of SOP
4.1. SOP as a tool for evaluating material properties

To investigate the specific properties of device such as charge in-
jection and transport, MIS structures and unipolar devices have been
often used as a model system instead of the actual device structure [51,
55,62,77,86,87]. Charge blocking at organic/organic interfaces often
relies on the energy offset of two materials. To block current leakage
across the interface, insulating materials, such as SiOz, PMMA, and so
on, have been typically used, because of their wide energy gap (e.g.,
~9 eV for SiO; [88], >5 eV for PMMA [89]). In unipolar devices, hole or
electron blocking layers with a relatively deep highest occupied mo-
lecular orbital (HOMO) or shallow lowest unoccupied molecular orbital
(LUMO) level have been widely used to restrict a specific charge current.
However, the current insulation of such charge blocking layers would be
insufficient. On the other hand, some excellent insulators can hardly be
formed on organic layers without damaging them. A careful selection of
the materials combinations as well as their layer stacks are often
required.

Ziifle et al. proposed a MIS-CELIV measurement to determine a
material’s charge carrier mobility, where an Alqs layer acts as an
excellent charge blocking layer instead of usual wide-energy gap ma-
terials (Fig. 10) [58]. The charge blocking property of the Alqs layer
relies on its SOP, where the interface charge guarantees charge accu-
mulation of the opposite polarity without leakage current until it is
compensated, regardless of the energy offset between the materials.
They applied this concept to a typical Alqs-based bilayer OLED and
estimated the hole mobilities of NPB in this way. A similar concept was
used to determine the hole transport activation energy and injection
barrier by combining MIS-CELIV and capacitance-frequency-
temperature measurements [59].

Another important aspect of SOP is molecular orientation, as it
originates from the alignment of PDMs. Molecular orientation has
already been widely accepted as key parameter to maximize the device
performance of modern OLEDs [69,70]. Although molecular orientation
has been often evaluated in terms of TDM alignment using optical

Fig. 10. (a) and (b) Schematic energy level diagram of bilayer devices, where
(a) a conventional wide-energy gap material or (b) an SOP material is used as a
charge blocking layer. (c) MIS-CELIV curves of an NPB/Alqs bilayer device. The
hole extraction currents across the NPB layer are observed. Reproduced from
Ref. [57] under the terms of the CC-BY 4.0 license. Copyright 2017, Author(s).

techniques such as variable angle spectroscopic ellipsometry (VASE) and
angular dependent PL (ADPL) [69,70], measuring PDM orientation —if a
given material has a non-vanishing electric dipole moment — can provide
additional information. For instance, often films of some materials are
isotropic in terms of TDM orientation, but anisotropic in terms of PDM
orientation (e.g., Alqgs, see Fig. 5), and vice versa [10,50]. Furthermore,
the combined analysis of TDM and PDM orientations would be useful to
analyze SOP in mixed films consisting of multiple polar molecules [29,
40,61].

Morgenstern et al. have proposed a method of accurate determina-
tion of the orientation distribution of molecules based on the evaluations
of both PDM and TDM alignment. They examined typical phosphores-
cent emitters, like Ir(ppy)s and Ir(ppy)a(acac), in a guest-host system
(Fig. 11) [50]. The preferential alignment of Ir(ppy)2(acac) has a narrow
orientation distribution of the molecular C; symmetry axis, with its
maximum close to the normal direction, whereas Ir(ppy)s exhibits
random orientation of its C3 axis. Furthermore, the degree of aggrega-
tion in Ir(ppy)a(acac)-based guest-host systems was also estimated,
where aggregates with an anti-parallel PDM alignment are formed above
10% dye content and reduce SOP while keeping the TDM orientation
unchanged.

Nagqvi et al. have extended the combined study of PDM and TDM
orientations to guest-host systems including TADF emitters and various
polar host materials [29]. They examined the TDM orientation of TADF
emitters by ADPL measurement as well as the PDM orientation of the
host materials by Kelvin probe or impedance spectroscopy. From the
correlations of TDM and PDM orientations, they pointed out three main
factors for the formation of TADF emitter alignment that include their
molecular shape, the T, of the host material as well as the tendency of
alignment of the host molecule, though the electrostatic PDM interac-
tion between host and emitter is less important. The conclusions are
consistent with those obtained from orientation analyses of phospho-
rescent emitters of Ir complexes [40].

4.2. SOP films as an electret material

Since SOP was first found in an Alqs film, as discussed in the previous
sections, much research has been devoted to clarifying the mechanism of
spontaneous orientation of polar molecules and the effect of polarization
charges on OLED performance [4]. Alqs is, of course, a representative
organic semiconducting material, but as has already been pointed out in
the first GSP paper [1], Algs films showing GSP can be regarded as an
electret. An electret is a dielectric material with a quasi-permanent
electrical charge or dielectric polarization and has been widely uti-
lized as the foundation of air filters, microphones, sensors, and VEGs
[66]. Among them, electret-based VEGs (E-VEGs), which can generate
electrical power from ambient vibration, are of particular interest as an
alternative to batteries for wireless sensor nodes [90-95]. There are
several kinds of VEGs utilizing piezoelectric effect, electromagnetic in-
ductions, etc., while the E-VEG is classified as an electrostatic energy
generator. An advantage of E-VEG is that they can generate relatively
high output voltage even at lower vibrational frequencies than around
100 Hz, which are widely available in the environment [92,95]. Further,
E-VEGs are generally compatible with MEMS processes which enables
the miniaturization of the device. The output power of E-VEGs is typi-
cally below 1 mW; however, the possibility of powering the wireless
sensors by E-VEGs is growing mainly due to advances in low power
processing and wireless communications.

E-VEGs typically have a capacitor structure in which vibrational and
fixed electrodes sandwich electret and air-gap (Fig. 12(a)). In the E-
VEGs, vibrations of the top electrode cause the air gap distance to
change, thus changing the capacitance, causing charges to redistribute
and generate a current which is proportional to the rate of change of the
capacitance. In other words, the E-VEG acts like an AC voltage source
wherein a DC voltage source composed of the electret is in series with a
variable capacitor. The electrical charges on the electrodes are induced



Fig. 11. (a) Three-dimensional molecular structure of Ir(ppy)z(acac) (top) and Ir(ppy)s (bottom). The red and green arrows indicate PDM and TDM, respectively. (b)
Experimentally determined orientation degrees of PDM (A) and TDM (@) values for Ir-(ppy)z(acac) at various concentrations doped into CBP. Reproduced with

permission from Ref. [49]. Copyright 2017, American Chemical Society.

Fig. 12. Schematics of (a) E-VEG and (b) SAE film and chemical structure of
Alqs and TPBi. Reproduced from Ref. [62] under the terms of the CC-BY 4.0
license. Copyright 2020, The Authors.

on the vibrational electrodes by the electric field formed by the electret,
and thus the output power of the device is proportional to the square of
the surface potential of the electret. Therefore the electret is a key ma-
terial and indispensable for E-VEGs. But unfortunately, a charging pro-
cess like corona discharge to dielectric materials is necessary for the
fabrication of conventional electrets, leading to low productivity and
high manufacturing costs of devices. Note that the charging process
could be skipped by substituting conventional electrets with self-
assembled electrets (SAEs), i.e. molecules exhibiting GSP such as Alqs
and TPBi (Fig. 12(b)). Y. Tanaka et al. demonstrated that an SAE-based
VEG generates current during vibration [63] and recently showed that
the generated current is proportional to the surface potential of the SAE
[96]. These results suggest that an increase in the film thickness can
enhance the output power of the SAE-VEG. We will discuss adequate
materials for SAE-VEG in the last two paragraphs of this section.

To realize the practical use of SAE-VEG as a power source for elec-
tronic devices, including wireless sensors, it is important to integrate
SAEs with MEMS, which can downscale device size while increasing the
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output power per unit volume [97]. Conventional electrets can be in-
tegrated; however, there are limitations to MEMS designs and their
fabrication processes, owing to the requirement of high voltages and/or
high temperatures for electret preparation. Further, charging processes
generally make monolithic integration of MEMS and electrical circuits
challenging to fabricate using post-processing [98,99]. To overcome
these, Yamane and co-workers recently demonstrated a MEMS VEG
followed by post-processing the SAE [67]. In the proposed device, a SAE
is deposited on the fixed electrode via through-holes provided to the
movable (vibrational) one (Fig. 13(a) and (b)). As shown in Fig. 13(c),
the output currents are generated during vibration and their intensities
depend on the acceleration amplitudes as previously reported [100].
Further, the output current is attenuated after UV irradiation, indicating
the contribution of GSP to the electrical power generation. The opti-
mized load resistance is the MQ range (Fig. 13(d)), that is comparable to
the conventional electret-based MEMS VEGs [93,97]. With this inte-
gration technology, SAE-based MEMS VEG can be implemented with
MEMS sensors, including wireless transceiver circuits, leading to
single-chip autonomous wireless sensors.

Finally, let us discuss polar organic molecules suitable for E-VEGs.
The electret’s high surface potential is essential to realize E-VEGs with
high output power because the power is proportional to the square of the
potential. In conventional electrets composed of fluorinated polymers,
the surface potential has reached approximately 1500 V after corona
charging [65], while that of SAEs is only a few tens of volts [63],
implying that a drastic improvement is needed. But the surface charge
density of polymer electrets is approximately 2 mC/m?, which is com-
parable to that of TPBi (1.7 mC/m?): in other words, the difference in
surface potential between the conventional electrets and SAEs is mainly
due to the difference in film thickness. If the SAE thickness is increased
to more than ten micrometers, which is equivalent to that of the polymer
electret, a surface potential on the order of kV could be realized in SAEs.
Thus, one can safely state that SAEs have the potential for practical use
as an electret for E-VEGs. Nevertheless, it is essential to develop SAE
films with a high charge density because the amount of the required
material can be reduced, resulting in reductions in tact time and
manufacturing costs. Combining dipolar doping, high dipole moment
molecules, and molecular design to achieve preferred PDM orientation is
key to achieving high-performing E-VEGs.

At the same time, if SAE-VEGs are supposed to perform in the field
for distributed sensors, the long-term stability of SOP is an essential



Fig. 13. (a) Schematic of the integration of the MEMS device and SAE. (b) Integration results of SAE and MEMS VEG using the MEMS post-process with or without
UV light irradiation. (c) Output current waveforms under vibration with various acceleration. (d) Output power and its density as a function of load resistance.
Reproduced with permission from Ref. [66]. Copyright 2021, Authors, AIP Publishing.

parameter. In fact, much effort has been devoted to evaluating and
improving the stability of polymer-based electrets, and Kashiwagi et al.
have demonstrated that the surface charge remained over 2500 h [65].
Although the retention time of the 10% loss in TPBi is approximately
140 h in the dark and air conditions [63], Sugi and co-workers showed
that the SOP decay rate of Alqs was approximately 10 years for 10% loss
in dark and vacuum conditions. Thus, developing new materials with
long stability and/or encapsulation techniques for SAE-VEGs are vital
for practical application. Similarly, thermal stability is also a key
parameter and has been evaluated in polymer electrets by using a
thermally stimulated discharge measurement [65,92]. In contrast,
though studies about thermal stability for SOP are limited, Kajimoto
et al. have reported that the surface potential of Alqs decreased at the
substrate temperature higher than 100 °C, resulting from randomization
of dipole moments together with the injection of electrons from the
metal substrate below the Alqs film [24]. Note that TPBi and Alqs show
T, of 129 °C and 177 °C [101], respectively, which are higher than the
conventional polymer electrets (around 110 °C [65]). A relationship
between T, and thermal stability of SOP is still unclear. But we believe
that molecular design developed for OLED materials to achieve high T,
are also applicable for high-performance SAEs.

11

5. Summary and outlook

Recent progress in the understanding of SOP and its applications to
devices are reviewed. Over the years, the essential points of the for-
mation mechanism of SOP have become clearer in terms of the surface
equilibration mechanism of vapor-deposited glasses, where the key
feature is an anisotropic layer formed on the film surface during depo-
sition. From a microscopic viewpoint, the vdW interaction between
molecules and the film surface is considered to be the main driving force,
indicating that molecular shape, including conformers, and substituents
at the outer part of a molecule play an important role. On the other hand,
dipole-dipole interactions among PDMs typically reduce SOP.

SOP can be controlled by evaporation conditions, e.g., the substrate
temperature and the deposition rate, and by the doping ratio of guest-
host systems. Furthermore, light illumination during deposition is sug-
gested to enhance SOP of films. In terms of molecular design, attaching
substituents to a specific molecular framework would be promising to
independently control the alignment of molecules and their PDM
magnitude and polarity, and thus tuning their film SOP.

Recent progress in understanding the influence of SOP on device
performance of OLEDs has gained considerable importance. In partic-
ular, significant exciton quenching due to the SOP-induced charge
accumulation at EML interfaces has been demonstrated, suggesting
there is room for further improvement of EQE by the active management



of SOP in the device stack. The charge accumulation characteristics at
interfaces is also crucial in terms of efficiency roll-off and device
lifetime.

SOP has attracted increasing attention in recent years. Our under-
standing of SOP and its influences on OLED characteristics have pro-
gressed significantly. We should consider to manage SOP for optimizing
device performance. A fine-tuning method of the interface charge den-
sity as well as the appropriate choice of polar and non-polar materials
would be key issues. From the viewpoint of applications, the demon-
stration of a vibrational energy generator composed of materials
showing SOP represents an important step. Further applications are
expected for utilizing this class of materials.

Finally, we comment on some next challenges. Although many OLED
materials exhibit SOP, most of them are ETLs or emitters. Polar HTLs
would extend possible device stacks in terms of controlling charge
accumulation in them. Similarly, only few materials are known to
exhibit negative SOP, which induces a negative polarization charge on
the film surface. To establish molecular design rules to control SOP
while keeping key materials functionality would open a new concept of
OLED device architectures. On the other hand, dipolar disorder and SOP
have been studied independently in most cases. Understanding the effect
of SOP on DOS broadening may be another challenge. It would also be
important to reveal how large SOPs can be achieved, since in many cases
PDM alignment is significantly quenched in terms of their averaged
orientation degree, e.g., (cosf,) < 0.1; however, the largest GSP slope
ever reported is 163 mV/nm for a film of BCPO, corresponding to (cosd,)
of 0.33 [29]. Exploring materials with extremely large SOP as well as
their robustness under environmental conditions are obviously impor-
tant for the applications of SAEs. Such materials could potentially be
used as ferroelectric or piezoelectric materials, too, and enable new
emerging organic semiconductor devices.
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