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ABSTRACT

Organic light-emitting devices (OLEDs) are a ubiquitous technology for displays with growing application in a variety of other spaces. The
future success of this technology depends on further improvements in device efficiency and stability. One pathway for improvement relies on
engineering molecular orientation in the organic thin films comprising an OLED. This review is focused on the subsequent spontaneous
alignment of molecular electric dipole moments, known as spontaneous orientation polarization (SOP), a phenomenon observed for many
common OLED materials. The magnitude of polarization fields associated with SOP rival what is experienced in an OLED under high injec-
tion and can significantly impact electronic and excitonic behavior. Here, we first review current work describing the mechanism for the for-
mation of SOP, reflecting an interplay between several factors, such as molecular shape, intermolecular interactions, and processing
conditions. We also consider several strategies to tune the polarization sign and magnitude, with emphasis on connecting observations to
quantitative models of SOP formation. Building on this discussion of SOP in organic thin films, we review how polarization in OLED active
layers impacts key aspects of device performance, including charge injection, luminescence efficiency, and stability. Finally, this review con-
cludes with an outlook on areas of future development needed to realize broad control over SOP for a variety of applications, highlighting
gaps in our current understanding of this phenomenon.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141588
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I. INTRODUCTION

Organic light-emitting devices (OLEDs) have seen great com-
mercial success over the past two decades, particularly in the field of

mobile and television displays. The first report of a thin film OLED
came in 1987,1 and implementation of a single-color passive-matrix
OLED display into a consumer product was realized in 1993 by
Pioneer,2 while a multi-color active-matrix OLED display was first
implemented into a camera product by Kodak in 2003.3 Since then, a
series of significant advances in this technology have enabled its
growth, with OLED displays predicted to reach >50% of the global
mobile display market by 2023.4 Attractive features of OLEDs include
very high contrast, lower power consumption, wide viewing angle,
slim form factor, and the potential for cost-effective roll-to-roll proc-
essing.2,5 These advantages can be exploited not only in display appli-
cations, but also in solid-state and automotive lighting,6 augmented
and virtual reality,7 and in organic injection lasers.8 The future success
of OLED technology in these areas relies on the ability to realize
high-efficiency, longer-lived devices. This requires a deep understand-
ing of the underlying device physics and development of methods to
manipulate the key properties of materials that comprise the device.
One approach to realize high-performance OLEDs that has been
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increasingly explored over the past decade is molecular orientation
engineering in thin film.

OLEDs are composed of �10–100nm thick layers of organic
small molecules that are typically deposited via physical vapor deposi-
tion under high vacuum.9 These films are generally amorphous and
do not possess long-range order. This said, molecular orientation in
these materials need not be random and isotropic. This was demon-
strated�20 years ago by overwhelming experimental evidence for par-
tial alignment of the molecular transition10 and permanent11,12 dipole
moments in organic thin films. Since then, numerous small-molecule
organic semiconductor materials have been shown to exhibit preferen-
tial net molecular alignment even in amorphous films.13–15 Nanoscale
molecular alignment gives rise to certain macroscopic film properties,
such as optical birefringence,16–20 viewing angle-dependent lumines-
cence intensity spectra,21–24 or the presence of a giant surface potential
(GSP).15,25–29 All of these phenomena vary depending on direction
within the film. For example, birefringence leads to differences in the
in-plane and out-of-plane refractive indices, and GSP is typically pre-
sent only along the growth direction of the film. While the focus of
this review is on anisotropy leading to spontaneous orientation polari-
zation (SOP), which is the net preferential alignment of molecular per-
manent (electric) dipole moments (PDMs), it is instructive to
introduce other types of anisotropy as their formation mechanisms are
interrelated. So far, four kinds of anisotropies in glassy molecular thin
films have been identified:14 (1) optical anisotropy or anisotropy of the
polarizability tensor, (2) alignment of molecular transition dipole
moments (TDMs), (3) molecular layering, and (4) alignment of molec-
ular permanent dipole moments yielding SOP.

Section I will briefly cover the types of molecular anisotropy, fol-
lowed by an in-depth discussion of SOP that focuses on current models
developed to elucidate the role of dipole alignment in OLED physics.
Having established a basic understanding of SOP, Sec. II will discuss the
factors that have been shown to impact molecular permanent dipole ori-
entation, along with explanations of the underlying physical mechanisms.
Section III will focus on how an understanding of SOP in the context of
device operation can be applied to enhance OLED performance, which is
the emphasis of this paper. Several aspects of device performance are con-
sidered, including charge injection, luminescence efficiency, and degrada-
tion, showing how each can be engineered by manipulating the molecular
permanent dipole moment alignment. Section IV will provide a perspec-
tive on future areas of research and open questions related to SOP, con-
sidering the additional advances needed to fully exploit the application of
SOP in OLEDs, pathways toward better understanding of SOP formation
mechanisms, and its future application in other types of organic
semiconductor-based devices.

A. Molecular anisotropy in vapor-deposited organic
films

For glassy organic thin films, optical anisotropy is typically mea-
sured as the difference between the out-of-plane (ne or nz) and in-
plane (no or nxy) components of refractive index [Fig. 1(a)], with the
birefringence defined as16

Dn ¼ ne � no: (1)

Since amorphous films frequently show in-plane isotropy (x-y
plane),30 there is often no distinction made between the x- and y-

directions. The physical origin of birefringence is the alignment of
absorbing TDMs reflecting excitation of the molecule from the ground
to excited state (conversely, emissive TDMs reflect the transition from
excited to ground state).16 In this work, the impact of TDM orienta-
tion on light emission is discussed separately as it involves different
characterization techniques and potential device applications.
Molecular birefringence is typically probed via variable angle spectro-
scopic ellipsometry, which captures the changes in phase and intensity
of the s- and p- components of the polarized light reflected from the
sample.31,32 These changes are then modeled to extract anisotropic
material optical constants, an example of which is shown in Fig. 1(a).

Several factors influence the strength of optical birefringence. For
films vacuum deposited under typical conditions (Tsub� 300K, rate
� 0.05–1nm/s), the magnitude of optical anisotropy is primarily dic-
tated by molecular shape.17,33 Yokoyama et al. found that compact,
bulky molecules [e.g., tris(8-hydroxyquinolinato)aluminum (Alq3)]
are more optically isotropic, while long or planar molecules [e.g., 4,40-
bis((N-carbazole)styryl)biphenyl (BSB-Cz)] tend to lie flat, resulting in
negative birefringence with its strength proportional to the length of
the molecule as shown in Fig. 1(b).16,17,34 Optical anisotropy may also
be controlled by heating the substrate during film deposition, with the
molecular orientation being perturbed even when the substrate tem-
perature is lower than the material glass transition temperature
(Tg).

18,35 This phenomenon is attributed to the enhanced mobility of
molecules at the growing film surface compared to the bulk.36

Generally, birefringence is reduced for high substrate temperatures
(Tsub> 0.8Tg), as shown in Fig. 1(d), although this trend also depends
on the roughness of underlying substrate as it impacts molecular
mobility and aggregation.35 Interestingly, the orientation of some
rod-shaped molecules switches from horizontal to vertical at
Tsub¼ 0.95Tg,

33,37 before eventual transition to isotropic orientation
at and above Tg. This is manifest as a change in the sign of birefrin-
gence as shown in Fig. 1(d). Such a behavior has been supported by
theoretical calculations, where the simulated orientation of the free
surface as an equilibrium liquid was linked to molecular orientation of
the vapor-deposited glass, with all temperature-dependent trends
being reproduced at a qualitative level.33,37 Birefringence has also been
noted to depend on thin film deposition rate, and both temperature
and rate have been considered together in a “rate-temperature super-
position”38,39 framework that will be discussed later in this review.

Transition dipole moment orientation is also notable for its
important impact on OLED performance. Electroluminescence can be
modeled as radiation from an oscillating dipole in a microcavity with
an oscillation direction pointing along the emissive TDM of the
molecule.40–43 The amount of light that escapes the OLED stack to the
forward viewing direction is maximized when the TDM is oriented in-
plane and parallel to the substrate44,45 since the direction of emitted
light in this case is orthogonal to the dipole moment vector and thus
the substrate plane. Transition dipole orientation is quantified by the
orientation factor H,46

H ¼

X
i
~pi � ẑ
� �2

X
i
~pi
� �2 ¼ cos2ah i; (2)

where a is the angle between the TDM vector and the substrate
normal (ẑ). As such, H¼ 0, 0.33, 1.0 correspond to completely hori-
zontal, random/isotropic, and vertical orientations, respectively. The
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orientation factor is frequently assessed from measurements of angle-
resolved photo- and electro-luminescence,21,44,47,48 with the former
represented schematically in the inset of Fig. 1(e). Such methods rely
on the fact that the relative emission intensity at higher (>45�) angles
is proportional to the fraction of vertically oriented dipoles.21 As such,
the emission pattern represented by the green curve in Fig. 1(e) has
the smallest (highest) ratio of vertically (horizontally) oriented dipoles
compared to the red and black curves.

Given its application in OLEDs, TDM alignment is often probed
in a host-guest film, where the goal is to orient the dilute guest species.
The degree of TDM alignment is again dictated by molecular
shape, with orientation preserved even when the emitter molecule is
heavily diluted (1–10 vol. %) in the host matrix.23,49 Phosphorescent
emitters, the most common of which are bulky Ir-based complexes,
have been shown to adopt either isotropic or slightly horizontal
(H¼ 0.22–0.3) TDM orientations,50–53 although there are exceptions
including the yellow-emitter 2,2,6,6-tetramethylheptane-3,5-diketo-
nate [Ir(dmppyph)2(tmd)] that shows a preference for even more
horizontal configurations (H¼ 0.135).54 In contrast, rod-shaped
fluorescent and thermally activated delayed fluorescence (TADF)
emitters display a strong tendency for horizontal TDM orientation,
with almost perfectly horizontal orientation (H< 0.02) achieved in
9,10-bis(30 0,500-diphenylbiphenyl-40-yl)anthracene (TAT)55 and 2,6-
bis(4-(10Hphenoxazin-10-yl)phenyl)benzol[1,2-D:5,4-D0] bis(oxazole)
(cis-BOX2).24

As was the case for birefringence, guest TDM alignment can also
be manipulated through appropriate choice of processing parame-
ters.56 In addition, this phenomenon has also been shown to depend
on the Tg of the host.

23,57,58 As illustrated by Fig. 1(f), the orientation
of the fluorescent emitter 3–(2-benzothiazolyl)-7-(diethylamino)cou-
marin (Coumarin 6) at 2 vol. % concentration strongly depends on Tg

of the host, where hosts with higher Tg (for example, Alq3) yield more
horizontal guest TDM orientation.23 These findings are consistent
with changes in surface mobility that were used to explain the
temperature-dependence of birefringence.33,37 Higher host Tg is equiv-
alent to reduced substrate temperature during deposition as both
reduce the molecular surface mobility frustrating a full equilibration of
the guest to random orientation.23 From a practical standpoint, engi-
neering TDM orientation increases OLED outcoupling efficiency
achieving high external quantum efficiencies (EQEs) of 37–39.8%.59–61

Another type of molecular anisotropy, molecular layering, has
been identified for vapor-deposited molecular glasses.30,62–64 It refers
to the tendency of molecules to form a layered structure during physi-
cal vapor deposition, as can be evidenced from a broad anisotropic
grazing incidence wide-angle x-ray scattering (GIWAXS) peak at a
reciprocal spacing roughly corresponding to one molecular length.30,62

The extent of molecular layering is proportional to the GIWAXS peak
intensity and has been shown to be controlled by the substrate temper-
ature during deposition.30,38,65 Similar to birefringence and TDM
alignment, molecular layering tends to vanish for deposition close to

FIG. 1. Schematic illustration of thin film orientation with direction-dependent optical constants (left) and exemplary data for index of refraction/extinction coefficient of birefrin-
gent material BSB-Cz. Reproduced with permission from Yokoyama, J. Mater. Chem. 21, 19187 (2011). Copyright 2011 the Royal Society of Chemistry. (b) Qualitative trend of
the relationship between molecular shape and orientation in vapor-deposited amorphous thin films. Reproduced with permission from Yokoyama, J. Mater. Chem. 21, 19187
(2011). Copyright 2011 the Royal Society of Chemistry. (c) Schematic representation of the impact of deposition temperature on molecular orientation of vapor-deposited
glasses in connection between the structure of glasses and equilibrium liquid. Reproduced with permission from Ediger et al., Acc. Chem. Res. 52, 407 (2019). Copyright 2019
AIP Publishing. (d) Measured optical anisotropy as a function of deposition temperature for a series of rod-shaped molecules. Reproduced with permission from Dalal et al.,
Proc. Natl. Acad. Sci. U. S. A. 112, 4227 (2015). Copyright 2015 National Academy of Sciences. (e) p-component of the photoluminescence intensity for Coumarin 6 doped
into various hosts. Orientation parameters are obtained from fitting the data by optical simulations. FIG inset shows the measurement setup. Reproduced with permission from
C. Mayr and W. Br€utting, Chem. Mater. 27, 2759 (2015). Copyright 2015 American Chemical Society. (f) Orientation factors obtained from the optical modeling of angle-
resolved photoluminescence spectra of Coumarin 6 doped into hosts with differing Tg. Reproduced with permission from C. Mayr and W. Br€utting, Chem. Mater. 27, 2759
(2015). Copyright 2015 American Chemical Society.
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the material Tg, and analysis of the functional dependence between
layering and processing conditions can reveal quantitative information
on the surface dynamics of this process.19,39,66

Based on the above discussion on molecular anisotropy, three
key factors tend to dictate molecular orientation in vapor-deposited
organic amorphous solids: molecular shape (conformation structure,
aspect ratio), processing conditions (substrate temperature as it con-
trols the surface mobility and molecular equilibration process), and
molecular interactions with the substrate and other molecules (as it
relates to the surface mobility). The following discussion shows what
role these concepts play in the process of SOP formation.16

B. Permanent dipole moment alignment

As defined earlier, SOP is the spontaneous alignment of molecu-
lar permanent dipole moments. First observed in vapor-deposited thin
films of Alq3,

12 this phenomenon has been demonstrated for a variety
of materials, including highly efficient phosphorescent and TADF
emitters,25,67 hole- and electron- transporting molecules,26,68,69 and in
electron donor-acceptor blends.70 Figure 2(a) shows the degree of SOP
observed in several organic semiconductor molecules,25–27,71 where
points lying in the shadowed gray region have comparable SOP forma-
tion efficiencies.

A non-centrosymmetric molecule has the potential to possess a
permanent (electric) dipole moment, and alignment of these molecular
dipoles during the process of film formation results in a surface poten-
tial that scales linearly with film thickness,13

Us ¼ �
ðd
0

~E � ẑ dz ¼ p cos hh in
�r�0

d: (3)

According to Eq. (3), the magnitude of this surface potential is depen-
dent on the dipole moment magnitude p, average dipole orientation

with respect to the surface normal cos hh i [see Fig. 2(b) for the angle
definition], molecular density n, relative dielectric constant �r , and
film thickness d. The common metric to assess the SOP strength is the
GSP slope, defined as mGSP ¼ @Us

@d , which is effectively the magnitude
of the electric field created within the film due to SOP. Note that only
a slight net dipole orientation is needed to achieve a significant build-
up of the surface potential. For example, a cos hh i¼ 0.057 is required
to obtain a potential drop of 10V for a 200-nm-thick film of Alq3.

72

The average orientation values for materials deposited under typical
conditions (room temperature and the rate between 0.1 and 1nm/s)
ranges between 0.01 and 0.33,72,73 which is quite far from complete
dipole alignment (i.e., cos hh i¼ 1). This is also illustrated from the sim-
ulated dipole distribution for 1,3,5-tris(1-phenyl-1H-benzimidazol-2-
yl)benzene (TPBi) in Fig. 2(c), which shows a wide range of dipole
orientations with only slight preference toward “face up” orientation
that corresponds to cos hh i¼ 1.72 This suggests that there is substantial
room for further engineering of SOP to achieve even higher surface
potential but also makes the dipole orientation harder to assess where
only a small number of permanent dipoles are oriented.

In the context of OLED physics, the built-in electric field induced
by SOP is comparable to what is observed in an OLED under typical
operating conditions. Furthermore, the polarization charge density,
defined as rpol ¼ �r�0mGSP ,

26 is formed on each side of the SOP film
as shown in Fig. 2(d), where one of the transport layers in the OLED
stack has positive SOP (mGSP > 0). An initial observation of the polari-
zation charge in OLEDs with an SOP ETL was reported by Berleb
et al.11 and Br€utting et al.,74 while Kondakov et al.75 explored this phe-
nomenon during device degradation. These works identified the sub-
turn-on charge accumulation phenomenon, illustrated schematically
in Fig. 2(d). The microscopic origin of the interface charge was linked
to SOP in a later study by Noguchi et al.,76 confirming that this is a
polarization charge arising from electric dipole alignment. Such

FIG. 2. (a) GSP slope values for several organic semiconductor molecules as a function of their permanent dipole moment magnitude taken from Refs. 25–27 and 71. (b)
Chemical structures of electron transport molecules TPBi and BCP with directions of permanent dipole moments indicated by purple arrows. (c) Simulated distribution of the
TPBi dipole moment orientation with respect to the substrate normal. Reproduced with permission from Coehoorn et al., Phys. Rev. Appl. 16, 034048 (2021). Copyright 2021
American Physical Society. (d) Schematic of an OLED stack with positive SOP (mGSP > 0) in one of the transport layers with polarization charge on each side of the layer
(r�pol and rþpol ) that leads to injection and accumulation of positive charges. (e) Displacement current measurement scan indicating injection voltage (VinjÞ that marks a transi-
tion from (1) depletion to (2) accumulation regimes resulting in charge accumulation. Data taken from Ref. 73.

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 021308 (2023); doi: 10.1063/5.0141588 4, 021308-4

Published under an exclusive license by AIP Publishing

 07 Septem
ber 2026 15:52:22

https://scitation.org/journal/cpr


accumulation has been well characterized for OLEDs that contain an
electron transport layer (ETL) that exhibits SOP,11,67,74,76–78 and more
recent studies indicate that a similar effect is present when the device
emissive (EML)69,79 and hole transport (HTL)68,69 layers exhibit SOP.
Prior work has shown that polarity of the EML can also significantly
modify the location and dynamics of charge accumulation.79,80 This
phenomenon is commonly quantified via a displacement current mea-
surement (DCM),81 which is a capacitance-voltage type measurement
with displacement current being directly proportional to the apparent
device capacitance. An example of the DCM scan of an archetypical
tris(2-phenylpyridine)iridium (Ir(ppy)3)-based OLED with an ETL of
1,3-Bis[2–(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7)
that exhibits strong SOP is shown in Fig. 2(e).73 The increase in dis-
placement current corresponds to a decrease in effective dielectric
thickness (and increased capacitance) and marks the transition
between depletion (1) to accumulation (2) regimes. This transition is
well described by the “interface charge” model,26 which states that
the onset voltage for charge injection (Vinj) occurs prior to device
turn-on voltage (Vth), and shifts toward lower voltages for increasing
SOP layer thickness (d),

Vinj ¼ Vth �
d
�r�0

rpol: (4)

Initial studies of SOP in OLEDs focused primarily on this injection/
accumulation phenomenon, with only speculation on its potential
impact on key device properties such as efficiency and lifetime.13

However, a series of recent studies have now established a quantitative
link between device peak efficiency, lifetime, and SOP.73,82–84 These
results highlight the importance of understanding and manipulating
this phenomenon to maximize device performance.

II. SOP FORMATION MECHANISMS

The process of SOP formation is usually considered as an inter-
play between several factors reflecting intermolecular interactions and
vapor processing conditions. Relevant interactions known to impact
SOP include both van der Waals (vdW) interactions (between induced
dipoles) and dipole–dipole interactions between PDMs [Fig. 3(a)]. As
was the case for birefringence, vapor processing conditions including
substrate temperature and deposition rate also strongly determine the
degree of PDM alignment. These factors can be unified in a common

“surface equilibration” framework20,36,37 first applied to SOP by Ediger
and co-workers to explain both TDM and PDM ordering of Alq3 mol-
ecules at a qualitative level.65 In this framework, molecular shape and
electrostatic interactions dictate the equilibrium and out-of-
equilibrium states of the system, while processing conditions set the
timescale for transition between these states.85 For example, deposition
at high substrate temperature Tsub reduces the dipole ordering as
depicted in Fig. 3(b), a point which will be discussed later in this work.
This section provides specific examples of how these factors impact
SOP, while also connecting their role into a single coherent model of
SOP formation.

A. Molecular shape

Given that molecular shape was identified as a key parameter
responsible for optical anisotropy in molecular glasses,16 it is not sur-
prising that this factor can also heavily influence SOP formation. As
noted earlier, non-centrosymmetric molecular conformation is a pre-
requisite for a nonzero PDM; however, this alone does not guarantee
the presence of surface potential due to orientation. According to the
“asymmetric dice model” of SOP formation,71 the net dipole orienta-
tion is dictated by the most favorable postures a molecule can take on
a surface. For example, Alq3 has two stable postures where all three
ligands touch the surface.71 Although these two postures have PDM
vectors pointed in opposing directions, a nonzero net dipole moment
is predicted since the vertical component of the dipoles “pointing up”
is larger than for the ones “pointing down.” These postures can be
altered by introducing propyl groups to Alq3 ligands,

71 which has been
shown to invert the polarity of tris(7-propyl-8-hydroxyquinolinolato)
aluminum(III) (Al(7-Prq)3) with its negativemGSP shown in Fig. 4(a).

Based on the model described above, the change in molecular
conformation can modify not only PDM magnitude and direction but
also the distribution of its orientation with respect to the film growth
direction. This was demonstrated through the addition of ethyl groups
to TPBi,86 a widely used organic semiconductor molecule that exhibits
relatively strong SOP.25,29 Based on DFT calculations, the addition of
these functional groups changes the conformation structure of TPBi,
enhancing the z-component of its PDM.86 While both conformers
show a tendency toward the “face up” orientation, as shown in Fig.
4(b), the C3 conformer has a permanent dipole vector nearly parallel
to the central benzene ring normal, leading to a nearly twofold
enhancement in SOP strength, and demonstrating a molecular confor-
mation engineering method to manipulate the polarization.

Another molecular design method aimed toward SOP enhance-
ment was recently proposed by Tanaka et al.,87 where the dipole orien-
tation was successfully engineered by synthesizing molecules based on
trifluoromethyl (3F) units that are known to reduce the surface free
energy.88 In this way, the molecular orientation of 3F/6F units pointing
upwards toward the film surface is preferred as it reduces the surface
free energy. As illustrated by Fig. 4(c), the sign of SOP can be
controlled by introducing either electron-donating or electron-
withdrawing groups to the 3F or 6F units, which reverses the PDM
vector orientation, while the SOP magnitude can be manipulated by
changing the PDM direction with respect to the molecular plane, a
finding that is in a good agreement with previous work.86 Given that
the majority of reported materials display a positive GSP slope [see
Fig. 2(a)], molecular synthesis is a promising tool to design molecules

FIG. 3. (a) The role of intermolecular interactions in SOP formation during physical
vapor deposition. Reproduced with permission from He et al., ACS Appl. Mater.
Interfaces 15, 1652 (2023). Copyright 2023 American Chemical Society. (b) The
influence of substrate temperature during processing on SOP, where increased
deposition temperature reduces mGSP .
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with negative SOP that could be advantageous in several applications
to be discussed later in this review.

B. Dipole–dipole interactions and substrate effects

SOP formation is commonly viewed as a competition between
the molecule-surface vdW forces and intermolecular dipole-dipole
interactions, with vdW forces tending to favor SOP25,27,72,89 and
dipole-dipole interactions favoring anti-parallel dipole antialign-
ment.27,29,57,90,91 As such, methods to engineer SOP have often sought
to tune one or both of these interactions. For dipole-dipole interac-
tions, some tuning can be realized through the introduction of a non-
polar (zero dipole moment) molecular component in the SOP matrix,
a process known as the “dipolar doping.”73,90,91 For example, an
enhancement in TPBi PDM orientation was shown upon mixing with
various nonpolar molecules, such as 4,40-bis(N-carbazolyl)-1,10-biphe-
nyl (CBP), N,N0-bis(1-naphtyl)-N,N00-diphenyl-1,10-biphenyl-4,40-
diamine (TCTA), and 1,4-bis(triphenylsilyl)benzene (UGH2).27,29,84

Such enhancement is evidenced from increased surface potential val-
ues, as shown in Fig. 5(a). A maximum threefold enhancement in ori-
entation was realized in TPBi:TCTA films with 30:70 composition,
explained by the fact that nonpolar molecules act as a “spacer,”

increasing the average distance between the TPBi PDMs and thus
decreasing their interaction [Fig. 5(b)]. Note that the associated
decrease in dipole density tends to reduce SOP,29,73,90 so enhancement
in orientation upon dilution does not guarantee an increase in the
overall film polarization. Nevertheless, a maximum polarization
enhancement of �50% is reached for films with 50:50 composition
and is reduced at high (>75%) concentrations of the diluting species,
a result consistent across several molecular pairings.27,90 A similar
effect was observed when diluting polar Alq3 with N,N0-di(1-naph-
thyl)-N,N0-diphenyl-(1,10-biphenyl)-4,40-diamine (NPB),90 where the
degree of Alq3 orientation was increased in a blend, as shown in Fig.
5(c). To date, emphasis has been placed on blends where only one
material shows SOP in neat film. Despite this, dipole-dipole interac-
tions are also expected to be important for blends where both systems
exhibit SOP, which have also recently been demonstrated as a means
to engineer SOP.85 In considering SOP in blends from an application
standpoint, it is important to make sure that other key film properties
(for example, charge transport), are not detrimentally impacted upon
mixing.73,84

As mentioned previously, vdW interactions with the underlying
surface positively contribute to SOP formation. Strong vdW forces
experienced by the molecule during vapor deposition prevent it from

FIG. 4. (a) Surface potential as a function of film thickness for two molecules: Alq3 (black line) and Al(7-Prq)3 (red line), showing a difference in the mGSP sign. Reproduced
from Noguchi et al., Appl. Phys. Lett. 102, 203306 (2013). Copyright 2013 AIP Publishing. (b) Distributions of the tilt angles, defined as the angle between the normal to the
central benzene ring (orange arrow) and the surface normal. The population of “face-up” molecules (0� < d < 90�) is slightly higher than the one of “face-down” molecules
(90� < d < 180�) for both TPBi conformations. Reproduced with permission from Schmid et al., ACS Appl. Mater. Interfaces 12, 51709 (2022). Copyright 2022 American
Chemical Society. (c) Control of molecular permanent dipole direction by introducing substituents that invert the dipole direction with respect to molecular symmetry axis.
Reproduced with permission from Tanaka et al., Nat. Mater. 21, 819 (2022). Copyright 2022 Springer Nature.
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sampling numerous configurations before being immobilized by the
subsequently deposited layer, frustrating a full equilibration. Note that
the impact of vdW forces on SOP also depends on the direction of
PDM relative to the surface normal in this “locked” state. These are
very short-range forces (UvdW / 1/r6) between the molecule and its
nearest neighbors, while dipole-dipole interactions are longer range
(Ud-d / 1/r3). An atomistic Monte Carlo-based study of SOP forma-
tion identified that the nonbonded interaction between the molecule
and the surface is the key factor that drives dipole ordering in thin
organic semiconductor films.72 This finding has been confirmed
experimentally by first treating the substrate with a self-assembled-
monolayer (SAM) to modify surface energy.27 Films deposited on the
SAM-treated substrate displayed a lower GSP slope due to reduced
molecule-substrate interactions, enabling the molecules to adopt anti-
parallel dipole configurations due to enhanced surface mobility.
Interestingly, reduced polarization for the SAM-treated samples was
observed only for the first 30 nm of the film, after which the difference
in surface potential between the treated and non-treated films becomes
negligible. Another study investigated the impact of the substrate on
molecular packing by means of GIWAXS, concluding that the length
scale over which the inorganic underlayer can perturb molecular pack-
ing is on the order of 3–8nm,92 though dipole orientation was not spe-
cifically probed in this study. In an attempt to investigate the influence
of underlayer SOP on dipole orientation of the subsequently deposited
molecules, Okabayashi et al.93 measured the surface potential of an
Alq3 film deposited on the backside of a separate Alq3 film fabricated
via a “peel-off” method.94 Compared to an Alq3 film deposited on an
indium-tin-oxide (ITO)-coated glass substrate, an Alq3 film deposited
on an underlayer with opposite SOP showed practically no change in
dipole orientation, concluding that the SOP sign of the underlayer has
little to no effect on the subsequently deposited layers.93 Currently,
there has not been a systematic study on the influence of both organic
and inorganic substrates on SOP formation. However, previous work
suggests that the substrate effects on SOP become negligible once full
coverage is realized.27,93

C. Surface relaxation and processing conditions

While modifications in the chemical structure or solid-state dilu-
tion with a nonpolar material can successfully tune SOP, this may also
lead to undesirable changes in charge transport, molecular orbital
energy levels, glass transition temperature, or other physical properties.
Therefore, a less invasive method to modify SOP may be preferred,
such as a change in film processing conditions. As was the case for
birefringence, the two variables of interest during deposition are the
substrate temperature relative to materials glass transition temperature
(Tsub/Tg) and the deposition rate (Rdep). It is worth noting that earlier
studies on SOP demonstrated its removal either by continuous photo-
exposure12,95 or heating96 after film deposition. In this section, the
focus is instead on engineering SOP during the film formation process.
Thin film deposition at elevated substrate temperatures has been
shown to decrease the polarization charge by 40%–80% for both Alq3
(Tg¼ 175 �C)83 and TPBi (Tg¼ 124 �C)82 with the relative substrate
temperature ranging from 0.6Tg to 0.9Tg, as evidenced from Figs. 6(a)
and 6(b). These findings stress the importance of materials Tg in the
SOP formation process. For example, a difference in glass transition
temperature was identified as an origin of the 10-fold difference in
SOP between 6F-2TRZ and 6F-2TPA, two molecules with compatible
PDM magnitudes but drastically different orientations.87 This way, a
change in materials Tg is equivalent to an indirect change in the depo-
sition temperature, which has been used to engineer both SOP and
TDM alignment.23 Increases in deposition rate have been found to
have an opposite effect on SOP, leading to a larger polarization [Figs.
6(c) and 6(d)]. In separate works, an mGSP enhancement of �50% for
6F-2BN87 and �80% enhancement for TPBi85 have been observed
upon an increase in the deposition rate from 0.05 Å/s to 30 Å/s and
0.05 Å/s to 12 Å/s, respectively. For practical applications, SOP manip-
ulation through the deposition rate may be preferred over variations
in substrate temperature since device fabrication at elevated tempera-
tures may lead to the degradation of other layers in the stack, although
processing time must also be considered if applying slower deposition
rates.

FIG. 5. (a) Surface potential as a function
of film thickness for neat TPBi and TPBi
codeposited with nonpolar or negligibly
polar molecules (CBP, TCTA, NPB) with a
50:50 mixing ratio. Reproduced with per-
mission from Noguchi et al., J. Soc. Inf.
Disp. 29, 29 (2020). Copyright 2020 John
Wiley & Sons, Inc. (b) Illustration of the
“dipolar doping” principle, where introduc-
ing the nonpolar molecules increases the
intermolecular distance between the polar
molecules, which reduces the dipole antia-
lignment thus enhancing dipole orienta-
tion. (c) Degree of Alq3 dipole orientation
as a function of its volume fraction in an
NPB:Alq3 mixture. Reproduced with per-
mission from J€ager et al., AIP Adv. 6,
95220 (2016). Copyright 2016 AIP
Publishing.
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The processing condition dependence of molecular orientation
responsible for birefringence has been previously treated using a
“rate-temperature superposition” framework which includes the
impact of both substrate temperature and deposition rate.19,38,65

The RTS principle states that in engineering molecular anisotropy,
deposition at elevated substrate temperature is equivalent to a reduced
deposition rate. This principle is a consequence of the “surface
equilibration” mechanism36,37,97,98 that was successfully applied to
explain the origin of both structural and optical anisotropy in vapor-
deposited molecular glasses. According to this mechanism, enhanced
surface mobility in the outermost layer during the process of physical
vapor deposition (several orders of magnitude higher than bulk mobil-
ity) allows molecules to partially equilibrate before being “trapped” by
the subsequently deposited layer. This way, both increased substrate
temperature and decreased deposition rate lead to a more equilibrated
film via enhanced surface mobility (and thus shorter equilibration

time) in one case and longer molecule surface residence time before
trapping by the next layer in the other case.38 The model of surface
equilibration has to date been shown to agree quantitatively with rate-
and relative temperature- dependent data on SOP in several archetypi-
cal materials.85

Understanding the kinetics of SOP formation under a common
rate-temperature framework allows for the construction of a “master
curve” that provides a set of appropriate processing conditions to
obtain a desirable degree of SOP, and an example is shown in the right
side panel of Fig. 6(d). To construct such a curve, a common variable
that incorporates both deposition temperature and rate is defined,
known as the effective deposition rate at Tg,

38

Reff Tgð Þ ¼ Ract Tsubð Þ � 10S Tg�Tsubð Þ; (5)

where RactðTsubÞ is the actual deposition rate at substrate temperature
Tsub and S is the shift factor that is typically found empirically via the

FIG. 6. (a) Hole injection voltage (red) and accumulated charge density (purple) as a function of TPBi deposition temperature for an archetypical green phosphorescent OLED.
Reproduced with permission from Bangsund et al., Sci. Adv. 6, eabb2659 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.
(b) Interfacial charge density of NPD/Alq3 OLED as a function of substrate temperature. Reproduced with permission from Esaki et al., Adv. Electron. Mater. 7, 2100486
(2021). Copyright 2021 John Wiley & Sons. (c) GSP slope as a function of actual deposition rate for molecules based on trifluoromethyl (3F) functional group (positive mGSP)
and hexafluoropropane (6F) functional group (6F) (negative mGSP), both showing a rate dependence. Reproduced with permission from Tanaka et al., Nat. Mater. 21, 819
(2022). Copyright 2022 Springer Nature. (d) GSP slope for several ETLs as a function of deposition rate (left side) and as a function of a common variable of effective deposi-
tion rate (right side), which is by definition the rate that has to be used to achieve a given SOP strength if material is deposited at its glass transition temperature. Reproduced
with permission from He et al., ACS Appl. Mater. Interfaces 15, 1652 (2023). Copyright 2023 American Chemical Society.
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iterative fitting process (see supplementary material in Refs. 38 and 85
for further details). Fundamentally, this relationship is based on
the process of glass formation during vapor deposition with a
characteristic timescale s.36 The glass relaxation time depends
exponentially on the deposition temperature, with the shift factor
being a fit parameter for this relaxation-temperature dependence:
s Tsubð Þ ¼ s Tgð Þ � 10SðTg�TsubÞ.38 Within this framework, both deposi-
tion temperature and rate are tied to the timescale of glass relaxation,
making it possible to collapse these variables into one [Reff Tgð Þ]. The
characteristic relaxation time [s Tsubð Þ] can be extracted by fitting
the rate-dependent curve for molecular orientation at Tsub.

38,85 The
knowledge of such timescales not only provides physical insights into
the glass formation process during physical vapor deposition, but also
allows predictions of the temperature ranges over which the rate
dependence of molecular orientation would be the most prominent.

Notably, the rate-temperature equivalence of SOP can be used to
unify already existing mechanisms of dipole alignment outlined in this
section. To summarize, in the limit of low surface mobility, the mole-
cule has a limited ability to travel along the surface, leading to an out-
of-equilibrium structure with larger SOP. In contrast, the regime of
high surface mobility allows the molecule to sample more configura-
tions, making it more likely to either anti-align with its nearest neigh-
bor or orient randomly.

III. IMPACT OF SOP ON OLED PERFORMANCE

As noted earlier, the presence of SOP in one of the active layers
of an OLED alters the electric field distribution within the device lead-
ing to sub-turn-on charge injection/accumulation as in Figs. 2(d) and

2(e). This section discusses how changes in device physics due to SOP
affect key OLED characteristics, such as the charge injection, effi-
ciency, and stability.

A. Charge injection

The presence of SOP in the transport layer of an OLED can affect
charge injection in two ways. First, SOP alters the field distribution
within the device resulting in charge injection at sub-threshold vol-
tages, an effect that scales with SOP layer thickness according to Eq.
(4). The implications of such charge injection and accumulation are
discussed further in Sec. III B. Second, if the SOP layer is adjacent to
one of the electrodes, the polarization charge at the organic/electrode
interface will Coulombically interact with charges injected from the
respective electrode. The influence of the polarization charge sign on
electron injection has been investigated by comparing OLEDs with
ETLs of differing polarities but otherwise similar molecular orbital
energy levels: Alq3 (mGSP ¼ 33–55mV/nm12,25,71,99) and Al(7-Prq)3
[mGSP¼�(118–103) mV/nm28,71]. By tracking the electron injection/
extraction processes via DCM, a frustration in electron injection was
observed for the samples with an ETL of Al(7-Prq)3, a finding further
reflected in a much higher turn-on voltage as evidenced from the cur-
rent-luminance-voltage characteristics shown in Fig. 7(a).28 Such a
decrease in electron injection was attributed to the repulsion between
electrons and negative polarization charges at the Al(7-Prq)3/Ca inter-
face. The physical mechanisms behind SOP and charge injection were
further evaluated by the means of high-sensitivity photoelectron spec-
troscopy (HS-PES) and photoelectron yield spectroscopy (HS-PYS),

FIG. 7. (a) Energy diagram for a bilayer OLED with an ETL having negative mGSP , illustrating the process of electron injection (top) and current–voltage–luminance characteris-
tics for OLEDs with positive (black) and negative (red) polarity ETLs (bottom). Reproduced with permission from Noguchi et al., Appl. Phys. Lett. 102, 203306 (2013). Copyright
2013 AIP Publishing. (b) Current–voltage measurements of hole-only devices based on an NPB:Alq3 mixture for various doping concentrations of Alq3. Unipolar samples with
HIL substrate serve as a benchmark for low hole injection barrier (top), while ITO substrate samples initially display poor hole injection at positive bias that improves at moderate
doping levels. Reproduced with permission from Hofmann et al., Phys. Rev. Appl. 12, 06452 (2019). Copyright 2019 American Physical Society. (c) Drift-diffusion simulation of
OLED current density-voltage characteristics for ETL with positive (green), zero (red), and negative (blue) polarities. Reproduced with permission from Altazin et al., Org.
Electron. 39, 244 (2016). Copyright 2016 Elsevier. (d) Current density of an archetypical green phosphorescent OLED at various voltages as a function of ETL dipole moment
magnitude simulated by the 3D-KMC model. Reproduced with permission from Coehoorn et al., Phys. Rev. Appl. 16, 034048 (2021). Copyright 2021 American Physical Society.
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techniques commonly used to evaluate the electronic structure at
metal-organic100–103 and organic-organic104,105 interfaces. This study
provided experimental evidence of the Coulombic interaction between
the injected electrons (anion states of Alq3) and the bound polarization
charges, showing that the charge injection from the electrode to trans-
port layer can be either enhanced or frustrated depending on the
polarization sign.106

Similar results have been observed in attempts to modify hole
injection into the HTL with positive SOP, where the negative polariza-
tion charge at the anode (or HIL)/HTL interface reduces the hole
injection barrier. Indeed, Hofmann et al. achieved an improvement in
hole injection by moderately (1–10 vol. %) doping the negligibly polar
hole transporter NPB with SOP-exhibiting Alq3.

91 Unipolar samples
with the layer stack of ITO/NPB:Alq3/1,4,5,8,9,11-hexaazatripheny-
lene-hexacarbonitrile (HATCN)/Au showed an improvement in hole
injection with an optimum at a doping level of 5–7 vol. % as evidenced
from an increase in hole current and a reduced injection barrier shown
in the bottom panel of Fig. 7(b).91

The experimental findings described above are in good agree-
ment with drift-diffusion simulations of carrier behavior, which
suggest an enhancement in current density for a given voltage above
turn-on when positive SOP is introduced to the ETL, and a drastic
(>2 orders of magnitude) reduction in the case of an ETL with nega-
tive SOP [Fig. 7(c)].107 Such a difference arises due to the change in
electron injection/transport, which was confirmed by simulating the
electron concentrations as a function of SOP sign, showing an
enhanced electron concentration at the ETL/cathode interface when
the SOP is positive in excellent agreement with the experimental find-
ings.107 The change in current density may reflect not only the drop/
rise in the charge injection barrier but also the change in mobility. As
pointed out by multiple studies, it is thus important to understand the
behavior of hole- and electron-mobilities with SOP.28,91,108 It is known
that the presence of a significant electric dipole moment widens the
frontier orbital density of states (DOS) and, therefore, decreases the
hopping probability and consequently carrier mobility.109–111 Such a
behavior has been captured by the 3D kinetic Monte Carlo (KMC)
simulations, where the calculated OLED current density was reduced
upon an increase in the ETL dipole moment as shown in Fig. 7(d).108

A similar behavior was observed experimentally in the NPD:Alq3
films, where the increase in Alq3 concentration resulted in lower hole
mobility of the film, as shown in the top panel of Fig. 7(b).91

B. Efficiency

It is well-known that excess polarons present in the emissive layer
of an OLED can act as exciton quenchers,112–117 and exciton-polaron
quenching (EPQ) has been previously identified to be a contributing
factor to efficiency roll-off.118–121 The severity of bimolecular processes
like EPQ prior to device turn-on, and even close to the onset of effi-
ciency roll-off, has been regarded as negligible, given the assumed
small charge density in this regime.122,123 However, this assumption is
not valid in the presence of SOP due to the significant sub-turn-on
charge accumulation. Although it has been speculated that accumu-
lated charges may quench excitons and lead to efficiency reduction,13

a direct measurement of such quenching was reported only recently.82

In an archetypical green phosphorescent OLED, the amount of peak
internal efficiency reduction was found to scale directly with the
amount of SOP-induced quenching, ranging from 20% to 50%,73,82

depending on the SOP strength (an equivalent of up to 9% reduction
in peak external quantum efficiency). While the focus of this review is
on the impact of SOP on OLED efficiency, it is important to note that
the PDM alignment is not the only efficiency limiting factor, and a
complete analysis requires consideration of the full device structure.
Emissive layer structures discussed in this section include (1)
phosphorescent iridium-based complexes in a host-guest system with
7–8 vol. % emitter doping concentrations73,82,124 [CBP:Ir(ppy)3
and TPBi:Ir(ppy)3], (2) archetypical Alq3-based fluorescent bilayer
OLEDs,26,83 and a (3) blue-emitting fluorescent host-guest system
with 4wt. % emitter doping concentration.84 Generally, the degree of
SOP-induced EPQ (and, thus, the efficiency reduction) should reflect
the choice of EML, where more diffusive excited states might expe-
rience increased quenching. Ideally, the magnitude of quenching
and peak efficiency should be measured independently and com-
pared to identify whether SOP is the key efficiency limiting source.
In such an analysis, it is crucial to properly account for other
sources of efficiency losses, especially if they are also impacted by
activities directed at tuning SOP. These might include (1) the light
outcoupling efficiency (goc, can be simulated using the classical
emission model with the knowledge of the transition dipole orien-
tation42,43), (2) the charge balance or exciton formation efficiency
(geff , can be influenced by changes in the charge mobilities of the
transport layers125), and (3) the photoluminescence quantum yield
of the emitter (gPL, which depends strongly on the emitter concen-
tration126 and can also be impacted by the processing tempera-
ture124,127) When a direct measurement of EPQ is not available, it
is still possible to assess the impact of SOP on device efficiency by
accurately measuring the factors (1)–(3) and ascribing remaining
efficiency losses to EPQ, a procedure demonstrated in Ref. 83.

The methods to tune SOP outlined in Sec. II have been success-
fully applied to engineer charge accumulation and enhance OLED effi-
ciency. Raising the substrate temperature during TPBi deposition
from 25 �C (0.75Tg) to 80 �C (0.9Tg) increases the external quantum
efficiency by 30% in phosphorescent OLEDs based on an EML of
TPBi:Ir(ppy)3,

82,124 which can be fully explained by the reduction in
TPBi SOP and therefore reduction in deleterious exciton-polaron
quenching. Deposition at higher temperatures also improves the pho-
tostability of TPBi due to an “ultrastable glass” effect.124 A similar
enhancement has been observed for the bilayer N,N0-bis(naphthalen-
1-yl)-N,N0-bis(phenyl)-2,20-dimethylbenzidine (a-NPD)/Alq3 fluores-
cent OLED, where �40% efficiency enhancement was observed
between the samples deposited at �13 �C (0.58Tg) and 55 �C
(0.73Tg),

83 a result of improvement in several factors: PL quantum
yield (3.7%), outcoupling efficiency increase due to more horizontal
TDM alignment (10.5%),127 and reduction in SOP-induced singlet-
polaron quenching (�25%). As such, reduction in SOP is the primary
factor contributing to the efficiency enhancement in these devices.

As noted previously, SOP can be engineered via solid-state dilu-
tion with a second material. This approach has been used to tune the
SOP-induced exciton-polaron quenching in OLEDs and improve effi-
ciency. For example, a 3.5% absolute improvement in the external
quantum efficiency of a green phosphorescent OLED was realized by
dilution of a TPBi ETL with nonpolar UGH2.73 Device efficiency
showed a non-monotonic trend with mixture composition due to the
poor electron transporting properties of UGH2, further emphasizing
the need to consider potential changes in electrical performance when
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using this approach to tune SOP.73,84 Noguchi et al.69 realized a full
compensation of the polarization charge density by diluting a non-
SOP HTL with a polar dopant, which removed the accumulation
charge almost entirely. However, a corresponding efficiency enhance-
ment was prevented by dilution-induced deterioration in charge bal-
ance.69 In a separate study, a 30% efficiency improvement in device
external quantum efficiency (from 5% to 6.5%) was observed in a blue
fluorescent OLED by co-depositing TPBi with medium-density poly-
ethylene (MDPE).84 Interestingly, a drastic (>50%) reduction in SOP
was achieved even for low (10%) MDPE concentrations, which may
reflect non-uniform composition and the specifics of the polymer-
small molecule mixture.84 Such findings are in contrast with small
molecule mixtures that typically show modest changes in SOP for low
dilution levels73,90 and merits further investigation.

Building off the work of Sec. IIC describing the ability to tune
SOP with thin film processing conditions, similar methods have been
used to reduce SOP-induced exciton-polaron quenching and increase
OLED efficiency. For example, deposition of TPBi at substrate temper-
atures of 0.9Tg leads to significant reduction in sub-turn on carrier
accumulation and low-bias exciton quenching in phosphorescent
OLEDs.82 Similarly, the preparation of OLEDs based on several ETLs
at low deposition rates has been shown to reduce SOP and the degree
of exciton-polaron quenching, leading to an increase in device effi-
ciency. Specifically, deposition of the ETL at low rates (0.05–0.1 Å/s)
resulted in 10%–15% absolute enhancement in device internal quan-
tum efficiency, with no further changes in layers electrical properties
observed for the range of deposition rates under investigation.85 For
devices employed in these temperature- and rate-dependent stud-
ies,82,85 SOP was found to be the dominating factor reducing peak effi-
ciency, and internal quantum efficiencies close to 100% were realized
by reducing SOP via processing condition optimization.82

Since the deleterious exciton quenching caused by SOP is
directly proportional to the amount of efficiency reduction in an
OLED,73,82,84 it is crucial to understand the device parameters that
contribute to exciton-polaron quenching. One way to quantify EPQ
is by measuring the change in OLED photoluminescence (PL) as a
function of the SOP-induced accumulated charge density.69,82,84 To
fully capture the impact of EPQ in an OLED, this measurement
should be carried in the regime of device operation.69,128 Since the
accumulated charge density depends on voltage according to Eq.
(4), measuring PL as a function of voltage reveals the SOP-induced
exciton dynamics, as illustrated by Fig. 8(a) where PL scans are
compared between devices containing ETLs of either the polar TPBi
or non-polar 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimi-
dine (B3PYMPM).82 Notably, a reduction in the PL signal at vol-
tages below the device turn-on voltage (luminance-voltage curves
reflect device turn on) is only present for OLEDs with a polar ETL, a
phenomenon ascribed to exciton-polaron quenching with SOP-
induced charges.73,82 This quenching significantly impacts peak
device efficiency, as illustrated by the strong correlation between the
PL intensity and the peak internal quantum efficiency (IQE) in Fig.
8(b), a result consistent across OLEDs constructed using a variety of
ETL molecules73 and processing conditions.82 SOP-driven reduc-
tions in peak efficiency or PL can be understood as a reduction in
the steady-state exciton density under continuous optical or electri-
cal excitation, respectively. The exciton density can be modeled by
choosing an appropriate rate equation.73,82

@nex xð Þ
@t

¼ G xð Þ þ D
@2nex xð Þ
@x2

� nex xð Þ 1
sex
þ ktpnh xð Þ

� �
; (6)

where x is the out-of-plane spatial coordinate, nexðxÞ is the exciton
density as a function of the position within the emissive layer, G xð Þ is
the optical or electrical exciton generation rate, D is the exciton diffu-
sivity, sex is the exciton lifetime, ktp is the quenching rate constant, and
nhðxÞ is the spatially dependent polaron density (hole density in the
case of positive ETL SOP). The severity of EPQ and efficiency reduc-
tions depend on the spatial overlap between excitons and polarons,
which is influenced by the exciton diffusivity D and the spatial profiles
of nexðxÞ and nhðxÞ, along with the ability to effectively quench exci-
tons set by ktp and the polaron sheet density

Ð dEML

0 nh xð Þdx. While
the injected polaron density can be calculated from DCM81 and varies
linearly with SOP strength,26,73 accurately establishing the spatial
overlap between the exciton and polaron populations is challenging as
it requires knowledge of the spatial profiles for each species.
Nevertheless, by using Eq. (5) along with a common set of kinetic sim-
ulation parameters separately extracted from the literature for the rele-
vant EML,129–131 the magnitude of quenching can be predicted across
several ETL materials, compositions, and deposition temperatures, as
shown by Fig. 8(c) with the blue line representing the simulation
results. Note that this model assumes that the spatial distribution of
accumulated polarons decays exponentially away from the EML/ETL
interface. This is in qualitative agreement with the previous assessment
of the charge distribution in a-NPD/Alq3 OLEDs132 via the
Mott–Schottky analysis.133,134 Note that the magnitude of EPQ is a
strong function of the assumed charge distribution, as illustrated by
Fig. 8(d). Based on the kinetic population modeling of PL, the esti-
mated carrier accumulation length scale is in the range of 2–7nm.73,82

However, new methods to quantitatively probe the spatial distribution
of polarons are critical for accurate modeling of this phenomenon in
OLEDs, especially those with thicker (>10nm) emissive layers and
multiple layers exhibiting SOP.

More broadly, the phenomenon of SOP in OLEDs has been suc-
cessfully modeled from first principles using the well-established drift-
diffusion formalism that utilizes continuity equations for electrons and
holes combined with the Poisson equation.107,135 In a drift-diffusion
simulation, SOP is considered by introducing a sheet charge density at
each side of the polar layer. This method is able to quantitatively pre-
dict the device capacitance-voltage characteristics and also captures
the key qualitative features of the current-voltage data.107 This
approach also qualitatively reproduces SOP-induced EPQ84 with a
predicted exponential decay of the accumulated charge from the inter-
face adjacent to the SOP layer. As such, both charge injection and exci-
ton quenching phenomena induced by the polarization in OLEDs are
predicted theoretically within the drift-diffusion formalism. However,
this method may not fully capture the dipole-induced energetic disor-
der that is known to impact charge injection136 and transport.137

These effects are accounted for in three-dimensional KMC simulations
of archetypical green phosphorescent OLEDs.108 Such KMC simula-
tions rigorously include dipole-induced energetic disorder, along with
the magnitude and angular distribution of molecular dipoles. Notably,
the best agreement between the modeled and experimental efficiency
and current-voltage data is achieved when SOP is included in the
model, supporting the fact that polarization has a major impact on
OLED operation. Device efficiency was found to be sensitive to the

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 021308 (2023); doi: 10.1063/5.0141588 4, 021308-11

Published under an exclusive license by AIP Publishing

 07 Septem
ber 2026 15:52:22

https://scitation.org/journal/cpr


magnitude and order parameter of the TPBi dipole moment, which is
in agreement with the experimental studies on the role of SOP
strength in OLED efficiency.79,82

C. Lifetime

Exciton-polaron interactions have been previously identified as an
important degradation pathway for phosphorescent,121,138,139 fluores-
cent,138,140 and TADF120 OLEDs. It is, therefore, important to consider
whether the presence of additional polarons, especially in the EML, due
to SOP impacts OLED lifetime. One challenge is decoupling
polarization-induced effects from other changes that may occur with
changes in processing conditions or material of choice. For instance,
heating the substrate during the deposition has been shown to reduce
the interfacial charge density, reduce device degradation, and increase
the operational lifetime of an archetypical a-NPD/Alq3 fluorescent
OLED.83 While a clear decrease in the accumulated charge density with
substrate temperature (Tsub) is observed, the device lifetime exhibits a
more complicated functional form as can be seen in Figs. 9(a) and 9(b).

A convex functional dependence of lifetime on Tsub with a peak at
�300K is attributed to an interplay across several temperature-
dependent factors, including the presence of impurities for depositions
at lower Tsub, imbalance between the hole- and electron- currents for
higher Tsub, and changes in injected charge density.

83 Another identified
mechanism of the lifetime enhancement with an increase in Tsub is the
formation of an “ultrastable glass,”37,97 where the deposition of a phos-
phorescent TPBi:Ir(ppy)2(acac) OLED at elevated temperatures has
been shown to improve the kinetic stability of the TPBi host.124 To sum-
marize, a commonly observed lifetime enhancement for the SOP emis-
sive layer deposition temperatures around 0.8–0.85 Tg has been
attributed to multiple factors, including reduction in polarization
charge,82–84 enhancement in glass kinetic stability,124 and impurity
elimination.83

To fully isolate the role of polarization changes from other factors
impacting OLED lifetime, Afolayan et al. employed the concept of
dipolar doping as described in Sec. II B to reduce the SOP of the TPBi
ETL in a fluorescent blue OLED via dilution with MDPE.84 A reduc-
tion in polarization charge was quantitatively linked to enhancements

FIG. 8. (a) Normalized photoluminescence as a function of applied voltage for OLEDs with TPBi and B3PYMPM ETLs. Bangsund et al., Sci. Adv. 6, eabb2659 (2020).
Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (b) Comparison between the peak internal efficiency and normalized PL for arche-
typical green phosphorescent OLEDs with several SOP ETLs and several ETL deposition temperatures. Data taken from Refs. 73 and 82. (c) Magnitude of the exciton-polaron
quenching (EPQ) as a function of SOP strength, represented by the mGSP magnitude. The model prediction (solid line) is in quantitative agreement with the experimentally
measured EPQ for OLEDs with different deposition temperatures (solid symbols), ETL materials (hollow symbols), and ETL compositions (line symbols). For the compositional
ETL data, TPBi is diluted with non-polar UGH2. Data taken from Refs. 73 and 82. (d) Simulated degree of quenching as a function of polaron width. Figure insets illustrate the
polaron distribution within the emissive layer.
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in both efficiency and lifetime. An exciton kinetic model proposed in
this study gives a functional relationship between the efficiency and
lifetime enhancements, assuming that exciton-polaron quenching
is the primary degradation mechanism. As can be seen in Fig. 9(c),
this model is in good agreement with the experimental data.84

Additionally, we have applied this model to fit the efficiency and life-
time data for TPBi:Ir(ppy)2(acac) OLEDs fabricated at elevated tem-
peratures,124 and the results of this analysis are shown in Fig. 9(d).
Since the model assumes that both efficiency and lifetime are primarily
limited by SOP-induced EPQ, increases in efficiency are expected to
come with an enhancement in lifetime as both are driven by reduced
EPQ. While this holds for a certain temperature range [i.e., 305, 342,
and 363K as depicted in Fig. 9(d)], there are temperature regimes
where lifetime and efficiency have opposite trends with temperature.
Such instances imply that other, non-SOP factors, contribute to the
observed changes in device operating parameters, which cannot be
captured by the current model. Similarly, a decrease in Alq3-based
OLED stability has been observed for substrate temperatures above
300K despite a positive trend in device efficiency due to reduction in
SOP.83 These inconsistencies arise from the fact that other
temperature-dependent factors discussed earlier come into play, such
as the changes in Alq3 charge transport properties,

83,141 glass density,
and thermodynamic stability.37,124

Tracking the amount of SOP-induced accumulated charges
can reveal additional information on OLED degradation for vari-
ous device architectures.67,75,78,132 Changes in the amount of accu-
mulated charges and the onset of accumulation with device
degradation were first observed by Kondakov et al. for an OLED
based on NPD/Alq3.

75 It was suggested that the formation of hole
traps during device degradation compensates for the negative

polarization charges of Alq3 thus reducing the amount of injected
holes, although the randomization of dipole moments with aging
cannot be excluded, as has been pointed out in later studies.132,142

Interestingly, the reduction in accumulated charge density scales
directly with the luminance loss suggesting a close relationship
between the two quantities.75,132 Tracking SOP during degradation
was used to identify the governing degradation mechanism in a
TADF OLED with the emissive host-guest pair of CBP:4CzIPN.67

Observed changes in the injected charge density with device degra-
dation were used to identify hole trap formation in the CBP host as
a mechanism responsible for the degradation, which has been
reported previously for a different layer stack.143 In a similar fash-
ion, Schmidt et al. employed the combination of optical (time-
resolved electroluminescence spectroscopy) and electrical (imped-
ance spectroscopy, DCM) measurements to develop a kinetic
model that is able to fit the degradation data of an archetypical
CBP:Ir(ppy)3 green phosphorescent OLED.78 Notably, the exciton-
polaron quenching with the degradation-induced CBP trapped
holes can only explain the 50% of the observed reduction in lumi-
nance, and the remaining 50% were attributed to the change in
charge balance that arises due to the trap-assisted non-radiative
charge recombination.78

IV. CONCLUSION AND FUTURE OUTLOOK

While it may appear that the presence of SOP mainly deteriorates
OLED performance by reducing its efficiency73,82,84 and lifetime,83,84

this phenomenon can be advantageous in improving the charge injec-
tion.28,91,106 It may not be a coincidence that several common electron
transport molecules exhibit positive SOP,25 because electron injection
is an important parameter for an optimal ETL. Furthermore,

FIG. 9. (a) Time evolution of the normal-
ized electroluminescence in fluorescent
Alq3-based OLEDs with different Alq3
deposition temperatures Tsub and (b) time
to 80% of initial luminance (LT80) as a func-
tion of Tsub. Reproduced with permission
from Esaki et al., Adv. Electron. Mater. 7,
2100486 (2021). Copyright 2021 John
Wiley & Sons. (c) Time to 90% of initial
luminance (LT90) as a function of pristine
device IQE. Solid lines are the fits obtained
from the scaling relationship between effi-
ciency and lifetime. Reproduced with per-
mission from Afolayan et al., Phys. Rev.
Appl. 17, 51002 (2022). Copyright 2022
American Physical Society. (d) Time to
70% of initial luminance (LT70) as a func-
tion of external quantum efficiency (EQE)
divided by the approximated outcoupling
efficiency of 25%, showing a trend between
device lifetime and efficiency similar to one
in panel (c). Lifetime data for the Ir(ppy)2
(acac)-based OLEDs fabricated at different
deposition temperatures (305, 363, and
342 K) are taken from Ref. 124
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polarization-induced charge accumulation can be used as a tool to
determine degradation pathways in OLEDs.67 To use SOP to its full
advantage in OLEDs while also minimizing potentially negative
impact of accumulated charges on excitons, a better understanding of
several aspects of SOP must be realized. While the “surface equi-
libration” model has been successfully applied to explain the process
of SOP formation on a semi-quantitative level65 and reproduces SOP
data trends,72 no comprehensive quantitative model able to accurately
predict the polarization sign and magnitude has emerged. Such a
model could be used as a screening tool to obtain the SOP of an
unknown material without the need to perform resource-consuming
experiments. Second, better understanding of the spatial location of
accumulated charge within the OLED is required to develop effective
methods to “move” this charge away from the emissive layer. Several
techniques have already been introduced to address this chal-
lenge,79,144 although spatial resolutions on the order of 1 nm still need
to be reached. Additionally, development of synthetic methods to tune
the sign and magnitude of SOP via functional groups15,71,87 and also
design entirely new polar materials would be beneficial for several rea-
sons. Such methods might enable engineering of polar hole transport-
ing materials to aid in hole injection, or potentially an electron
blocking layer (EBL) that is able to cancel the polarization charge of an
ETL to prevent the charge accumulation.

More broadly, novel synthetic methods can lead to new molecules
that maximize the SOP-induced electric field, which is advantageous for
other types of organic semiconductor-based devices. For example, the
built-in electric field due to SOP can be used for charge dissociation in
organic solar cells. While this concept has been demonstrated experi-
mentally,145,146 a high efficiency device utilizing this method is yet to be
fabricated. Additionally, SOP films have been successfully applied as an
electret material for vibrational power generators. An electret-based gen-
erator is a device consisting of a base electrode with a permanently
polarized electret material on it, along with a vibrating counter electrode
separated from the base electrode by an air gap.147–149 Relative motion
of the top electrode induces a current, which is then converted into
energy. Device performance relies on the ability of the electret to store
permanent polarization charge, and several charging methods have
been developed, among which corona charging is the most common.150

However, the charging is energetically intensive as it frequently requires
thermal annealing.151,152 Employing an inherently polarized SOP mate-
rial completely eliminates the charging step, and further advances in
engineering an even higher degree of polarization would improve device
performance.148,149

In summary, this work provides a comprehensive overview of the
phenomenon of spontaneous orientation polarization and its role in
organic electronics. The engineering of molecular anisotropy in
organic thin films has been used for over a decade to improve device
performance, and permanent dipole alignment shows a potential to
benefit several types of organic electronic devices for light-emission
and energy conversion. Its successful implementation relies heavily on
the ability to understand and manipulate the dipole alignment, and
this work discusses recent progress in these areas. While ongoing
advances are promising, providing a semi-quantitative model of SOP
formation and offering overwhelming experimental evidence for the
significance of this phenomenon in OLEDs, several challenges outlined
in this review should be resolved to realize the full potential of SOP in
organic electronics.
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