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Operational mechanisms in organic light-emitting diodes (OLEDs) based on single molecules or
conjugated polymers, under different conditions, have been extensively investigated using a variety of
techniques. This review discusses the studies from pioneering groups that advanced the use of
impedance spectroscopy (IS) and equivalent circuit techniques to investigate these mechanisms in
OLEDs. Emphasis is placed on foundational and contemporary studies that have advanced the use of IS
and equivalent circuit simulation techniques to analyze charge transport, accumulation, and interfacial
dynamics within OLED structures. The theoretical basis of IS as a transfer function, along with the
principles of equivalent circuit simulation, is discussed in detail. Special attention is given to the
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application of these techniques in identifying trap states and assessing device degradation. Additionally,
this review examines alternative representations and complementary measurements used in conjunction
with IS for probing OLED behavior. Collectively, the findings underscore IS and equivalent circuit
simulation as robust analytical methods, offering critical insights into the performance and stability of
organic electronic devices.
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1. Introduction improving its efficiency and stability has been at the center of
research for many research institutes and personnel. By doing
so, one of the major improvements was the migration from the

first invented fluorescent OLED device®® to phosphorescent

Prior to the invention and optimization of organic light-
emitting diode (OLED) devices, displays originated from cath-
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ode ray tubes (CRTs) and then transitioned to liquid-crystal
displays (LCDs)." Since the invention of the first OLED display
by Slyke and Tang,>® simplifying the device structure and
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(PH)*” and currently to thermally activated delayed fluorescent
(TADF) OLED devices.®'° Future research is looking to migrate

11,12 These names are

to hyperfluorescent OLED devices.
assigned to the devices based on their respective emission

mechanisms in the emission layer (EML). Another important
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improvement is the electrical optimization of OLEDs using
newly synthesized molecules with optimized highest occupied
molecular orbital (HOMO) or lowest unoccupied molecular
orbital (LUMO) energy levels, high charge mobility, and elec-
trical doping efficiencies. Presently, organic molecules with
inherent permanent dipole moments (PDMs) that create what
is known as spontaneous orientation polarization (SOP) during
thermal vaporization have also been used to improve the
performance of OLED devices via charge injection and charge
transport mechanisms.'*"*

Improving the performance of existing OLED device struc-
tures and their electrical characteristics must be accompanied
by device assessment to understand the current improving
factors and impediment contributing factors that deteriorate the
ability of the device to function at its maximum.”™” Over the
years, different types of assessments/investigating tools/techni-
ques, both destructive and nondestructive, have been developed
to investigate the operational mechanisms, including charge
injection, charge transport, and charge accumulation at the
interfaces, charge trapping, recombination, degradation, exciplex
formation, and singlet and triplet formation, to generate and emit
light in single- or multilayered OLED devices. To mention a few,
transient electroluminescence (TrEL) was developed to investigate
charge injection, transport, and trapping in the EML,'®"® time-of-
flight (ToF) to investigate the charge carrier mobility of small
molecules,””*" magneto-electroluminescence (MEL) to investigate
intersystem crossing and reverse intersystem crossing mechan-
isms between singlet and triplet molecules,”™" impedance
spectroscopy (IS) to investigate charge accumulation, transport,
and trapping mechanisms in OLED devices,*™* current density-
voltage (J-V) measurement to investigate charge injection, amount
of charges present in the device, and leakage current,> and
capacitance-voltage (C-V) measurement to investigate charge
accumulation, trapping, and recombination in OLED devices*®
etc. as shown in Fig. 1. Among these investigation tools, IS was
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one of the earliest, nondestructive, and commonly used tools to
investigate the operational mechanisms in OLEDs, and is the
focus of this review.

IS offers kinetic data for various electrochemical systems and is
widely used in studies that are not limited to chemical sensing,
energy conversion, semiconductor science, corrosion studies, and
storage technologies. For instance, Nijhuis et al.*® investigated the
junctions of molecular particles using IS, and Ahmadu et al.*®
investigated the electrical and dielectric properties of a chemical
compound to ascertain its suitability as a battery electrolyte using
the impedance technique. This technique is based on the pertur-
bation of an electrochemical system in equilibrium via the
application of a sinusoidal signal (alternating current (AC) voltage
or AC current) over a wide range of frequencies and monitoring
the sinusoidal response (current and voltage, respectively, from
the AC signals) of the system toward the applied perturbation.*’
The ability to model both the output and input signals via a
transfer function over a wide range of frequencies makes IS a
reliable technique. This is discussed later in the IS and equivalent
circuit sections. The importance of IS as a technique can be
attributed to its ability to incisively provide information for
various electrical processes such as charging/discharging at the
device interfaces, diffusion phenomena, charge transfer reactions
etc., although these processes exhibit different time constants (1)
in an OLED device (eqn (1)).

7=RC (1)
where R is the resistance in ohms, and C is the capacitance in
farads (F).

Intuitively, the IS measurement data of an OLED device can
be simulated by an equivalent circuit that consists of common
passive elements, such as resistors, capacitors, inductors, and
sometimes other complicated elements referred to as distrib-
uted elements (e.g., constant-phase elements (CPE)) connected
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Fig. 1 Some spectroscopic techniques for investigating OLED devices. Reproduced with permission from ref. 37 Copyright 2023, Elsevier Ltd.

to each other in different ways.*" In this regard, the IS, along
with the equivalent circuit simulation of an experimental result,
is essential for recognizing the electrical behavior of the indivi-
dual components in an OLED device. To date, this technique has
been applied to OLED devices to better understand numerous
electrical parameters using a corresponding circuit model. This
has inspired most electrochemical analyzers to develop suitable
software that enables the simulation of impedance measure-
ment data using modeled equivalent circuits.

Practically, the frequency range of a measurable OLED
device is dictated by the limitations associated with the avail-
able instrumentation, connection terminals of the device with
an instrument (high-frequency limit), and stability of the device
over time (low-frequency limit). It is worth noting that this
frequency range, which mostly spans from 10> Hz to 100 MHz,
depending on the equipment, is not calculated, but rather
selected in an experimental logic. These unique capabilities
have established IS and equivalent circuits as a powerful and
highly competitive technique for studies that have significantly
intrigued researchers in determining electrical parameters
such as contact resistance, bulk resistance and capacitance,
time constant (charging/discharging), and other electrical char-
acterizations of OLED devices.

In this review, we discuss works from pioneering groups that
used IS and equivalent circuits to characterize OLED devices,
purposefully recognizing the electrical behavior of individual
components and providing a cogent understanding of numerous
electrical parameters within the devices. This paper is organized
into sections to first provide a brief tutorial on IS and equivalent
circuit simulation and subsequently discuss the pioneering

19514 | J Mater. Chem. C, 2025, 13, 19512-19534

works conducted to investigate charge accumulation and trans-
port, charge trapping/detrapping, and degradation in OLED
devices. The last section presents other commonly used IS
techniques in addition to equivalent circuit simulations for
investigating OLED devices. Inevitably, understanding the theo-
retical concepts of IS and equivalent circuits requires minimal
mathematical knowledge; however, full comprehension of
this technique requires vast information that cannot be solely
presented in the tutorial and discussion sections. Therefore,
we suggest further reading IS textbooks,**™* other tutorials and
review articles,’”*"*® and published papers.*”*® The next section
provides a brief tutorial on IS to help the reader understand and
appreciate the basic knowledge complementary to IS and equiva-
lent circuit theory, as well as its analysis.

2. Impedance spectroscopy (IS) and
equivalent circuit

2.1. Impedance transfer function

An electrical system, such as OLEDs and other organic electro-
nics, can be investigated by applying an input signal, x(¢), to
produce an output signal, y(¢). Assuming that the system is
linear and remains constant with time the input-to-output
relationships of the linear time-invariant (LTI) system can be
modeled by a transfer function (H) such that y(t) = H [x(¢)], as
illustrated in Fig. 2. Although OLEDs are inherently nonlinear
devices, IS can still be applied by operating in the small
perturbation regime, where the system’s behaviour can be
approximated as a linear system.*" This linearization allows

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 A schematic diagram representing a linear time-invariant (LTI)
system of a transfer function relating an input signal x(t) at a frequency
(w) with the output signal y(t) at the same frequency.

the use of the impedance transfer function to analyze the
system’s response. If the input signal x(¢) is sinusoidal, the
output signal y(f) will also be sinusoidal with the same fre-
quency, shifted by an angle ¢ with respect to the input signal,
which is taken as a reference. The transfer function of the LTI
system, in the frequency domain, can be expressed as eqn (2):

Y(w) _ X

H(w) = X(w) Yo

e/? = |H|(cos ¢ +jsing) = H' +jH" (2)

Even though the input and output signals are in the time
domain, the transfer function (H(w)) is a function of frequency
and does not depend on either the time or amplitude of the
input signal.’® The transfer function discussed in this review is
the impedance of the OLED devices.

Impedance represents the total opposition to the current
flow in an electric circuit composed of resistors (R), capacitors
(C), and inductors (L). Assuming a low amplitude alternating
voltage of a particular frequency in eqn (3) is applied to an
OLED device and the resulting alternating current at the same
frequency is measured using eqn (4), then the impedance of the
device at the same frequency Z(w) (transfer function) using
eqn (5) based on eqn (2) can be expressed as:

V(¢) = Vp sin(wt) 3)
I(t) = Iy sin(wt + ¢) (@)
Z(w) = |Z|ew =|Z|(cos ¢ +jsing) =Z' +jz" (5)

where Z is the impedance, Z' is the real part representing the
resistance on the x-axis, and Z” is the imaginary part represent-
ing the reactance (opposing AC current flow by capacitance or
inductance) on the y-axis.

2.2. Simulation of impedance data with modeled equivalent
circuits

The electrical current passing through a pure resistor is always
in phase with the applied voltage. In this case, the impedance
of the pure resistor is frequency-independent and has only one
real impedance component (i.e., resistance). This indicates that
the impedance of the pure resistor is Z = R and its phase angle

This journal is © The Royal Society of Chemistry 2025
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(@) = 0°. However, for a pure capacitor, as an imaginary impe-
dance component, the current passing through it is phase-shifted
by 90° in response to the phase of the AC voltage signal. The
capacitance of the electrical system, which is characterized by the
capacitive reactance (X.) in eqn 6, decreases with increasing
frequency.*!

1
C=
JoXe

(6)

As previously mentioned, IS simulation with an equivalent
circuit is a unique technique for retrieving the numerical values
of the components in an OLED device included in a modeled
circuit. Experimentally measured impedance spectra can be
plotted in different formats; however, the two most widely used
formats are the Nyquist plot, commonly known as the Cole-
Cole plot, and the Bode plot, consisting of capacitance-fre-
quency (C-F) and resistance-frequency (R-F) graphs. These
graphs were simulated using modeled equivalent circuits
depicting the components of the OLED device. Fig. 3 shows a
typical equivalent circuit diagram using a resistor and capacitor
in parallel (one RC unit circuit). When the circuit contains a
series resistance (R;) (attributed to the contact resistance which
is later discussed) in series connection with a resistor and a
capacitor connected in series, the total impedance is expressed
as eqn (7):

Z(w) = Ry + Riayer + # (7)
.]wCLayer
where the real part is Z' = R,y and the imaginary part Z” = 1/
wCLayer-

However, when a series resistor is connected in series with a
resistor and a capacitor connected in parallel just as in Fig. 3,
the total impedance is expressed as eqn (8):

R Layer

2
1+ (WRLayerCLayer)
2
wRLayer CLayer

— 7 (8)

Jl + ((URLayerCLayer)2

Z(w) = R+

Equivalent circuits of an organic layer are mostly modeled in
parallel formats because charges injected into the layer experi-
ence a concurrent impedance from the resistance and reac-
tance (capacitance or inductance) of the organic layer in the
same time domain, which is different from a series connection
of resistance and reactance elements, indicating that the RC
components of the organic layer create charge impedance in
different time domains. When the components in an OLED

Rs R_Layer

C_Layer
] 0L
11

Fig. 3 A typical representation of a parallel connected one RC unit circuit
in a series connection with resistance (Rs).
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Table 1 Different cases representing the typical behavior of an OLED
device with different resistance and capacitance, but constant series
resistance

Cases R, Ryayer (Q) Crayer (0F)
1 50 5000 2.0
2 50 20000 2.0
3 50 20000 8.0
4 50 20000 20.0

device are not fully capacitive, the ideal capacitance (C) in the
modeled circuit is supplanted by a CPE. The value of CPE (CPE-P)
must be less than one to satisfy its substitution for the ideal
capacitance in the circuit, indicating a partially capacitive compo-
nent. CPEs can also be used to represent surface (lateral) or
normal (through the film) distributed time-constant behavior of
a film in an OLED device.*® This method can accurately estimate
the effective capacitance and film thickness through the use of
the right empirical formula, which depends on the distributed
time-constant behavior of the film. Moreover, depending on the
device’s voltage-dependent diffusion or depletion layer character-
istics, CPEs are sometimes employed to represent these behaviors
in the device.>® These common applications of CPE, notwith-
standing its reflectance on the surface heterogeneity, roughness,
distribution of time constant etc. of an organic layer, play a vital
role in circuit design and simulation.”® In this regard, the
extracted parameter values (R, C, or CPE) used in the modeled
equivalent circuit simulation can be used to investigate mechan-
isms such as charge transport and accumulation, charge trapping/
detrapping, and degradation in OLED devices. It is worth noting
that the simulation of an impedance spectrum with an appro-
priate equivalent circuit requires a deep knowledge of the char-
acteristics of OLED devices.

To demonstrate this, Table 1 lists the resistance and capa-
citance values for different cases, representing the character-
istics of a single-layer OLED device structure with different

(a)

View Article Online

Review

resistances and capacitances. The corresponding impedance
simulation plots using the Zview software in different formats
are presented in Fig. 4 (using a single RC unit), demonstrating
the behavior of a typical organic layer with different resistances.
A practical simulation of experimental data of device structures
with parameters of modeled equivalent circuits at different
voltages are provided in Table 2 (in section 5). This presents
examples of the use of IS and equivalent circuit to simulate
experimentally measured data.

Typical simulated impedance data are from the capacitance-
frequency (C-F) simulation. This type of simulation using
equivalent circuits has been extensively explored to understand
the aforementioned operational mechanisms (charge injection,
charge transport, and charge accumulation at the interfaces,
charge trapping, recombination, degradation, exciplex for-
mation etc.).’* It is executed by modeling equivalent circuits
that physically represent the organic layers within the OLED
device, which are then used to simulate the measured C-F
curve, as previously mentioned. This is referred to as the fitting
process. It is worth noting that the modeled equivalent circuits
do not often include passive elements for the hole- and electron-
injecting layers (hole injection layer (HIL) and electron injection
later (EIL), respectively) owing to their relatively low energy
barrier levels (mostly matching the energy level of the electrodes)
and relatively small thicknesses. Hence, they are often assumed
to be part of their respective electrodes. This technique has
generated various C-F interpretations and extracted resistance
and capacitance (RC) values depending on the device structure
under investigation. Recently, Kim et al.>* adopted this techni-
que to probe the impact of interface mixing on the charge carrier
dynamics of a solution-processed OLED device, where the group
reported that the diffusion of 2,22"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) TPBi with a lower glass transition
temperature 7T, into the EML with a higher T, promoted
nonradiative trap-assisted recombination, resulting in the

(b) 10° 10"
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Fig. 4 The simulation results from Zview software using the one RC unit circuit and the values from Table 1 are presented in different impedance
spectra. (@) Nyquist (Cole—Cole) plot. (b) Impedance-frequency (Z-F) dependent plot. (c) Absolute impedance—frequency (|Z|-F) and phase (p)-
frequency-dependent plots. (d) The Bode plot constituting: resistance—frequency (R—F) and capacitance—frequency (C—F) plots.
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deterioration of the current efficiency of the device. Several
groups have utilized the C-F technique with or without equiva-
lent circuit simulations to explain the operational mechanisms
of different OLED devices.”” For instance, Kim et al.>* recently
utilized this technique without equivalent simulation to under-
stand how different charge dynamics influence the lifetime in
two distinct electron-transporting layers with the same EML
OLED configuration and to grasp the significance of controlling
the polaron density with the EML. In their investigations, the
group compared a dopantfree EML device to a doped EML
device and observed an increased capacitance at lower frequen-
cies, which is a common phenomenon in C-F analysis due to
charge accumulation in the doped EML device compared to the
dopant-free EML device.’>>* This characteristic is attributed to
the trapping/detrapping processes of holes in the dopant, result-
ing in increased capacitance at low frequencies in the device.
However, as previously mentioned, this review focuses on the
interpretation of C-F simulations using equivalent circuits as an
investigation tool from some pioneering groups.

3. Charge transport and accumulation
in OLEDs

The kinetic processes of polarons in an EML are a result of the
transportation of charges (holes and electrons) from the electro-
des through the transporting layers, which later converge in the
EML as voltage is applied.>>>® This is analogous to the flow of
two distinct fluids (charges) through opposite pipes into a barrel,
as schematically shown in Fig. 5(a). Intuitively, the energy barrier
at the interfaces in an OLED device adversely affects the free flow
of these charges into the EML, thereby attenuating the device
efficiency.’®®' Emphasis has also been placed on the fact that
molecular orientation also inhibits the flow of these charges.®* **

(a) Energy level barrier (interface)

—

Holes Electrons

-

Charges in EML

Emission

Random Orientational Molecules

g

()

Cathode

V70 &

Energy level barrier (interface)
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These characteristics are ubiquitous in research. For instance,
Noguchi et al.®>®® used IS to characterize the effect of polarized
electron-transporting layer (ETL) molecules on the electrical
properties of a bilayer device. The group emphasized that the
correct dipole orientation in the small molecules of the ETL can
either enhance or impede the injection of holes or electrons into
the device, where these charges accumulate on the surface of the
dipole and can only be transported after overcoming the energy
potential of the dipoles. This investigation unequivocally proves
that the dipole orientation in organic molecules can either
increase or decrease the energy-level barrier, depending on the
alignment direction of the PDM in the organic layers. Therefore,
understanding these mechanisms in devices consisting of polar
or nonpolar molecules (molecules with or without SOP, respec-
tively) can inform the manipulation of organic devices to achieve
high efficiency.>®**”*® Fig. 5(b) shows a schematic of the charge
injection, transport, and accumulation mechanisms through the
transport layers before converging in the EML. This implies that
efficient charge injection and transportation mechanisms are
germane to achieving high efficiencies in OLEDs. Fig. 5(c) pre-
sents schematic diagrams illustrating the different molecular
orientations corresponding to commonly used organic mole-
cules and their chemical structures.

Equivalent circuit simulations as tools for investigating
charge injection and energy barriers at interfaces have been
reported by several groups. Iwamoto et al.®® investigated the char-
ging behavior of an OLED device with poly(3,4-ethylenedi-
oxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) as the electrode
(anode) and compared its characteristics with those of conventional
indium tin oxide (ITO). In the group’s investigation, certain char-
acteristic regimes of the devices with respect to charge injection,
transportation, and accumulation at designated voltages are
described in the capacitance-voltage (C-V) curve, as shown in
Fig. 6(a). These regimes are as follows: (1) the geometric capacitance

(b)

Charge
hoping

Emitted lights

Charge hoping

| OB |

e oo
= OS] © oots oo goog
s NPB TCTA cBpP
Cathode p o s s
Soooo| Yo Q? S
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R — )

Anode

Fig. 5 Schematic diagrams. (a) Illustration of the flow of distinct fluids (charges) from opposite pipes into a barrel. Reproduced with permission from ref.
55 Copyright 2023, Wiley-VCH. (b) The charge injection, transportation, accumulation, and recombination in an OLED device. (c) The molecular
orientation in some commonly used organic molecules and their chemical structures.
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(a) The capacitance—voltage curves of the OLED devices using ITO or PEDOT:PSS anodes at 1 kHz. Reproduced with permission from ref. 69

Copyright 2015, AIP Publishing. (b) The investigated device structure and its energy-level diagram with different anodes. Reproduced with permission
from ref. 74 Copyright 2017, AIP Publishing. (c) The capacitance—frequency measurement at varied temperatures for the device structure at 0 V.
Reproduced with permission from ref. 74 Copyright 2017, AIP Publishing. (d) The corresponding equivalent circuit representation as a series of two RC-
circuits and a series resistance. Reproduced with permission from ref. 74 Copyright 2017, AIP Publishing.

of the device where no charge injection occurred, and (2) the
increase in the capacitance due to charge injection localized
around the electrode (anode). This is to assert that this group
acknowledged the injection of holes first into the device prior to
electron injection due to the SOP features of the ETL; (3) the
decreased capacitance was due to the transport of charges (holes)
into the organic layer to achieve a flat-band condition; (4) the
capacitance increased again due to various mechanisms such as
charge trapping; and (5) finally, the remarkable recombination of
the electron-hole pairs decreased the capacitance after electron
injection. These are common regimes in typical OLED devices. The
group proceeded to investigate the devices through the frequency-
dependent impedance magnitude and phase spectra at different
voltages, and further simulated these data using the equivalent
circuit presented in Fig. 6(a). The modeled equivalent circuit
consists of a single parallel RC unit and a series resistance (Rg)
representing the ITO or PEDOT:PSS electrodes under investigation.
The frequency-dependent impedance magnitude and phase spec-
tra simulated using the circuit fit well and generated information
on the relaxation time (hole injection) and series resistance of the
anodes. They pointed out that hole injection into the device using
PEDOT:PSS as the anode was better than using ITO. A similar
single parallel RC equivalent circuit unit was used to characterize
the operational mechanisms of single-layered polymer emitting
diodes.”®”* Other studies reported the use of two parallel RC units
to simulate single-layer device structures. For instance, Wu'’s
group’” used two parallel RC units to investigate the operational
mechanisms of a single-doped layer OLED device. Their modeled
equivalent circuit considered the bulk organic layer and depletion
region at the cathode/organic layer interface. Iwamoto et al.®
further modeled an equivalent circuit consisting of two (double)
RC units and an R, representing the double organic layers (hole-
and electron-transporting layers, HTL and ETL) and the electrode
to investigate the operational mechanisms of the full double-layer

19520 | J Mater. Chem. C, 2025, 13, 19512-19534

device, including charge injection at the anodes, transportation,
and accumulation at the interfaces. They pointed out that the
injected holes from the PEDOT:PSS anode accumulated at the
N,N'-bis(1-naphthyl)}-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine  (o-
NPD)/tris(8-hydroxyquinoline)aluminum(u) (Algs) interface prior
to electron injection for recombination to occur. This phenom-
enon is due to the SOP characteristics of Alq; which will be
discussed in subsequent sections. The successful investigation of
devices using an equivalent circuit indicates that the efficient
charge injection properties of an anode are based on its energy-
level alignment with the adjacent transporting layer.”

Brutting’s group’* also utilized the state-of-the-art C-F and
equivalent circuit simulation technique to derive the hole mobility
activation energy in the same polar OLED device structure (with
PEDOT:PSS as an HIL) previously used by Iwamoto’s group.*® The
investigated device structure is shown in (Fig. 6(b)). An equivalent
circuit was modeled consisting of 2 RC units and an R, representing
the organic layers (HTL and ETL) and the contact resistance at the
electrode and charge injection layer interface, respectively, as pre-
sented in (Fig. 6(d)). In their C-F measurement spectra at varied
temperatures, different characteristics were observed at different
frequencies which were attributed to the capacitance due to external
series resistance (measuring equipment), geometric capacitance,
hole capacitance, and lateral conductivity of the PEDOT:PSS layer
as shown in (Fig. 6(c)). The modeled equivalent circuit was used to
simulate the C-F spectra; however, the fittings were not accurate
due to the parasitic capacitance (lateral conductivity of the PED-
OT:PSS) not accounted for in the equivalent circuit model. Without
any emphasis, the extracted values from the equivalent circuit were
used to calculate the temperature-dependent transition frequency
for hole injection using the formula in eqn (9).

1

Jo= Ryre - (CurL + CerL)

9

This journal is © The Royal Society of Chemistry 2025
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where f;, R, and C denote the transition frequency, resistance, and
capacitance, respectively. They obtained the thermal activation
energy of the hole current, as shown in the inset of (Fig. 6(c)) and
the hole mobility activation energy using the Arrhenius eqn (10).

— _EM
w(T) = po exp(kBT)

where f, Eact, ks, and T are the hole-relaxation frequency, activation
energy, Bolzmann constant, and temperature, respectively. They
also pointed out that holes were injected first into the device but
accumulated at the o-NPD/Alq; interface prior to electron injection
for recombination to occur. Moreover, the injection of hole charges
is temperature-dependent.

In another case, W. Brutting’s group previously utilized this
technique to explain the charge injection and interfacial charge

(10)

in an OLED device with a similar structure containing a polar
material.”” Fig. 7(a) shows the device structure, with Alq,
recognized as a polar electron-transporting material. The group
investigated the device in forward and reverse biases and
demonstrated that holes were injected first into the device
owing to the presence of negative interfacial charges (NICs) at
the interface of Alq; as shown in the inset of Fig. 7(c). The
geometric capacitance, hole injection based on the NIC, and
electron injection regimes are described in the C-V curves in
Fig. 7(c). In the C-F curve measurements shown in Fig. 7(b), the
group observed two and three relaxation frequencies ( f;), which
corresponded to the plateaus in the 0 V and 2 V spectra,
respectively, at different frequencies and distinguished these
fr values according to the different characteristics occurring
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within the device. Equivalent circuits consisting of two parallel
RC units and Rs were modeled to represent each organic transport
layer and electrode, respectively, within the device, as shown in
Fig. 7(d). They first simulated the spectra using these circuits at
different voltages but were only able to account for the hole
capacitance at middle frequencies and the geometric capacitance
and capacitance due to the measuring device at higher frequen-
cies, as presented in Fig. 7(b). This indicates that the circuits in
Fig. 7(d) do not fit the spectra well (the plateaus at lower
frequencies were not considered). However, upon attaching addi-
tional double RC circuits that were attributed to a leakage current
pathway within the device, as shown in Fig. 7(e), the simulation
fitted the C-F spectra well and thus accounted for the plateau at
lower frequencies, as shown in Fig. 7(b). Thus, the simulation
results convey information on hole injection and accumulation
prior to electron injection, which is due to the NIC, as well as the
leakage current that occurred in the OLED device.

As this technique evolved, Lee et al®” also adopted it to
investigate charge transport and accumulation in a mixed-host
EML OLED, as shown in Fig. 8(a). The group modeled equivalent
circuits shown in Fig. 8§(c), consisting of three RC units and R
representing each organic layer and the contact resistance, respec-
tively, and used these to simulate the C-F curves at different
voltages, achieving a good fit to the curves. Different equivalent
circuit models were used to simulate the devices at different
voltages. The attached RC units in series (simulation at 2.5 to
4 V) accounted for the traps in the device, which will be discussed
in the subsequent section. The same strategy was reported by Data

et al.,”® where different circuits were used to estimate the mobility
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(a) The structure of the investigated OLED device. (b) Capacitance—frequency measurements at different voltages. (c) Voltage-dependent

capacitance characteristics curve of the OLED device. (d) Equivalent simulation circuits without an additional leakage current path. (e) Equivalent
simulation circuits with an additional leakage current path. Reproduced with permission from ref. 75 Copyright 2010, AIP Publishing.
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(@) The schematic energy-level diagram of the mixed-host EML OLED device. (b) The capacitance—frequency measurement curves at different

voltages. (c) Modeled equivalent circuits for different voltage simulations. Reproduced with permission from ref. 37 Copyright 2023, Elsevier Ltd.

and concentration of charge carriers in the transporting layers of
OLED devices at different voltages. Lee et al.®>” considered the
error parameters for the circuit choice, the distinct threshold
voltage at which the first circuit switched to the second, and,
most importantly, the structure of the device. In the C-F spectra
of the group shown in Fig. 8(b), different characteristic curves
are observed at different voltages. At 5 V, two plateaus corres-
ponding to two relaxation frequencies were observed. These
plateaus are attributed to charge accumulation and trapping in
each organic layer at lower frequencies, geometric capacitance at
middle frequencies, and capacitance of the measuring device at
higher frequencies, as shown in Fig. 8(b). The extracted RC
values at different voltages using the equivalent circuit simula-
tion were plotted for each organic layer (Fig. 9(a)-(c)), detailing

the charge injection, transportation, and accumulation corres-
ponding to the C-V characteristics of the device. They also
adopted a polar electron-transporting material in their investiga-
tion and clearly described the operational mechanisms of a
mixed-host EML device with such molecules. They also acknowl-
edged the key point, that holes were first injected into the device
prior to electron injection, owing to the presence of the NIC. The
group further asserted that the efficient injection and transpor-
tation of charges into the EML was due to the absence of
energy barriers, owing to the use of the same material as the
mixed-host EML coupled with the presence of the NIC in the
polarized 2,2'2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi) material. Thus, the C-F and equivalent circuit simula-
tion techniques can be successfully utilized to quantitatively
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Copyright 2023, Elsevier Ltd.
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from ref. 57 Copyright 2023, Wiley-VCH.

analyze charge injection, transportation, and accumulation in
each organic layer.

4. Charge dispersion/traps in OLED
devices

In recent years, the understanding of charge trap mechanisms in
OLEDs has progressed significantly. This mechanism occurs
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because of the different energy-level alignment between the host
and dopants or at the organic-organic/organic-metal interfaces,
limiting charge transport in organic semiconductors.”””® Fig. 10
illustrates the trapping/detrapping processes of charges in the
dopant of an EML and how they contribute to recombination,
their characteristics in a typical C-F graph, and the energy levels at
which these phenomena occur. Based on the prevalence of trap-
ping/detrapping mechanisms in organic devices, several groups
have taken the initiative to utilize IS and equivalent circuits to
investigate and understand these mechanisms and how they affect
their operational mechanisms and electrical properties.

As a novel application of IS and equivalent circuit, Leo’s
group’? investigated the charge carrier trap response and the type
of traps present in a pentacene Schottky diode doped with
fluorinated fullerene derivative (CeoFs6) and 2,2-(perdiylidene)di-
malononitrile (Fe-TCNNQ). They investigated devices using fre-
quency-dependent capacitance characteristics with respect to
different dopants. In their C-F curve, shown in Fig. 11(a), they
observed an additional capacitance contribution at lower frequen-
cies (< 10* Hz), which was attributed to the presence of deep trap
states in the doped pentacene material. At low frequencies, the
trap states followed the applied frequency modulation, and an
additional capacitance contribution was observed. A single-layer
equivalent simulation circuit, as shown in Fig. 11(b), which
corresponds to the doped pentacene layer, was modeled while
considering the presence and absence of charge traps, as well as
the type of traps (Gaussian and exponential trap states) present in
the doped layer. The circuit without the impedance trap unit (Z,)
did not fit the C-F curve well at lower frequencies compared with
the circuit with the trap unit. Moreover, considering the types of
traps present in their modeled equivalent circuit, the modeled
circuit accounting for Gaussian trap states fitted the C-F curve
better than the exponential trap states, as shown in Fig. 11(a).
Their investigation revealed that deep Gaussian

RP
Al (50 nm)
Rg
=WVVT C Pentacene:
_| Fg-TCNNQ/CgoFzg
Ro CeoF36 (1 nm)
R, |/ ITO (plasma treated)
b AL §
'- ;| Trap circuit

(Gaussian traps)

Frequency (Hz)

(a) Capacitance spectra of pentacene Schottky diodes, comprising 0.5 wt% each of CgoF36 and Fg-TCNNQ dopant molecules and the undoped

device at 0 V. Reproduced with permission from ref. 79 Copyright 2013, American Physical Society. (b) The applied equivalent circuit models, with and
without the trap distribution element (Z,) for simulating the capacitance—frequency dependent spectra and the device structure. Reproduced with
permission from ref. 79 Copyright 2013, American Physical Society. (c) Structure of the solar cell device (ZnPc:C60 bulk heterojunction as the photo-
active layer). Reproduced with permission from ref. 80 Copyright 2012, AIP Publishing. (d) The real and imaginary parts of the complex capacitance at 0 V
and —1.0 V bias. Reproduced with permission from ref. 80 Copyright 2012, AIP Publishing.
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versus frequency for the organic transistor at 0 V and equivalent circuit comprising the single-level, continuum, and statistical simulation models.

Reproduced with permission from ref. 81 Copyright 2018, MDPI.

trap states were the dominant trap states in the doped
pentacene. Further investigation into the density of traps, which
was performed through calculations using the parameters
extracted from the equivalent circuit, revealed the presence of
higher trap states in pentacene doped with Fs-TCNNQ, which
increased with the doping ratio. Leo et al.*® also investigated the
response and energy distribution of trap states in organic solar
cells. The structure of the device is presented in Fig. 11(c).
Similarly, the additional capacitance at lower frequencies
(<10® Hz) was attributed to the presence of traps in the device
in the measured C-F curve, as shown in Fig. 11(d). A repetitive RC
circuit in series attached to a single parallel RC unit, as shown in
the inset of Fig. 11(d) was modeled to simulate the C-F of the
device. The single parallel RC unit and the repetitive RC circuit in
series corresponded to the bulk zinc-phthalocyanine (ZnPc:Cg)
and the energetic distribution of the trap states within the bulk
material, respectively. A good fit of the experimental C-F curve
was obtained, and the extracted parameters (presented in Table 2)
from the equivalent circuit were used to estimate the trap density
in ZnPc:Cyg as 1.9 + 0.6 x 10" cm ® ev " using eqn (11).

Clraps = A\/ q80¢ (11)

where Ciraps is the elementary capacitance value, A is the area, g is
the charge, g, is the trap density, and ¢ is the dielectric constant.

An investigation conducted by Wu et al.”> characterized a
conductively doped organic hole-transporting layer (4,4’,4"-
tris(3-methylphenylphenylamino)triphenylamine  (m-MTDATA))
and modeled a CPE in series with a capacitor in their double
RC equivalent circuit, which accounted for dispersive properties

19524 | J Mater. Chem. C, 2025, 13, 19512-19534

such as spatial inhomogeneities, dopant concentration, and traps
in the organic layer and depletion region to fit their experimen-
tally measured Cole-Cole plot. Their results, after a good fit to the
Cole-Cole plot, as shown in Fig. 12(a), revealed that these disper-
sion properties are present not only in the bulk organic layer but
also in the depletion region. This successful investigation informs
the use of IS and equivalent circuit techniques as tools to locate
trap regions in an OLED device. Considering the location of traps
in organic semiconducting devices, Naito et al®' reported the
presence of interfacial traps in an organic field-effect transistor
(FET). They indicated that these trap states were energetically
distributed at the interface. The group made this conclusion
based on a simulation of the conductance-frequency spectrum
of the device using the statistically modeled circuit presented in
Fig. 12(b). Their equivalent circuit was a cascading sequence of
capacitance and conductance in series, representing the trap
states attached to the capacitance of the doped layer. In summary,
the statistically modeled equivalent circuit, while taking into
consideration the band-bending fluctuations, fitted the conduc-
tance characteristic curve of the device well, confirming that
energetically distributed trap states can be present at the
interfaces.

As mentioned previously, Lee et al.®” also adopted IS and
equivalent circuit simulation techniques to investigate traps in
a mixed-host EML OLED. Their modeled trap equivalent circuit,
as shown in Fig. 8(c), is similar to that of Leo’s previous
approach,®® as shown in Fig. 10(d); however, the group focused
on quantitatively determining the capacitance of the holes and
electrons trapped in the dopant of the EML. Notably, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Energy-level diagrams of the fabricated devices (Full OLED, HSD and ESD) and the simulated trapped electrons and holes in the dopant of the
EML. Reproduced with permission from ref. 37 Copyright 2023, Elsevier Ltd.

modeled equivalent circuits by both groups®”7®%°

cuted using commercial simulation tools. Two equivalent cir-
cuits were used to simulate the C-F spectra of the mixed-host
EML devices at different voltages. The latter, which is the
equivalent trap simulation circuit at 2.5 to 4.0 V, as shown in
Fig. 8(c) was modeled due to the anticipation of the response of
traps at these voltages. The group reported that the dopant
in the EML served as the electron and hole trap site, enabling
the occurrence of trap-assisted recombination concurrently
with Langevin recombination (yp) in the host EML. This was
also observed by other groups®"®> and was recently reported by

WEre exe-

Lee et al.,” illustrating the mechanisms of various recombina-

tion processes, as schematically illustrated in Fig. 10. These
groups also suggested that trap-assisted recombination occurred
only between trapped holes and electrons (process 1). They
further explained that the surplus trapped charges in the trap
states could be detrapped toward the HOMO level of the host
and recombined with free electrons (process 2). However, Lan-
gevin recombination occurs directly between the injected holes
and electrons in the host (processes 2 and 3). A well-fitted
simulation of the C-F curve at different voltages was performed
using Lee et al., who defined the use of the trap circuit at higher
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(@) The schematic illustration of the OLED structure and the photographs showing the gradual switching and brightness emission of the

fabricated OLED. (b) Cole—Cole plot of the OLED measured at 3 to 5 V. Reproduced with permission from ref. 83 Copyright 2023, Royal Society of

Chemistry.
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voltages, which enabled the successful quantitative determina-
tion of the capacitance of charge traps in the mixed-host EML, as
shown in Fig. 13.

Although these techniques have been in use for several years,
they are still used to investigate modern devices with sophisticated
structures. For instance, Kim et al.®* recently investigated frequency-
triggered circuit transition in an OLED device as a new potentially
applicable AC regime phenomenon. The group investigated these
frequency-triggered transitions using a single equivalent circuit
comprising the contact resistance in series and the RC of the bulk
material in parallel. The structure of the device and modeled
equivalent circuit are shown in Fig. 14(a) and the inset of
Fig. 14(b), respectively. The group pointed out that the abrupt
frequency-triggered responses observed at different voltages (3.4 to
5 V) in the Cole-Cole plot were due to the electrical trapping and
detrapping of charges in the dopant molecules of the device as the
frequency varied (decreased), as shown in (Fig. 14(b)). These trap-
ping and detrapping phenomena were also reported by Kim et al.>*
in their investigations, who reported that the trapping and detrap-
ping of holes in the dopant resulted in increased capacitance in the
low-frequency region. Kim et al.®® asserted that the trap states in an
OLED with different reaction speeds can lead to the observed
frequency-triggered internal transitions. They further explained that
at low frequencies, all trapped charges had sufficient time to be
electrically charged and discharged, leading to the largest bulk
resistance and the most extended impedance (Z) footprint. However,
upon a gradual increase in frequency, the dropped characteristics of
the Cole-Cole curve at frequencies denoted as fi, and fi,, (3.4 to 5 V)
indicate that each grouped trap stopped responding to the applied
voltage and became deactivated, leading to the abrupt shrinking of
the complex impedance curve. These results underscore the relia-
bility and accuracy of IS and equivalent circuit techniques for
investigating traps in OLED devices.

5. Degradation in OLED devices

It has been stipulated that the detrimental effects of degrada-
tion in OLED devices could be a result of excess accumulation
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of charges in the organic layers/interfaces and traps,®*~®” deple-
tion of dopant concentration,®® depletion of SOP,*°
recrystallization,*°? temperature conditions etc.>**

Lee et al.®® reported the degradation mechanism in a charge-
generation layer (CGL) device, as shown in Fig. 15(a), using IS and
equivalent circuits. In their measured C-F curve, the group
observed a capacitance reduction of approximately 19.6% after
aging at 100 kHz (Fig. 15(a)). By leveraging the equivalent circuit
technique, the C-F spectra of the pristine and aged devices were
simulated under reverse and forward biases using the equivalent
circuits presented in Fig. 15(b). Two (2) RC units corresponding to
the combined intrinsic and doped layers were used to simulate the
spectra in the reverse bias while three (3) RC units corresponding
to the combined intrinsic, depletion, and doped layers were used
to simulate the spectra in the forward-bias region. In the forward-
bias region, a depletion region is expected at the p-n junction,
which enables charge tunneling. The group pointed out that the
significantly increased resistance and decreased capacitance in the
doped layers after aging, as shown in the resistance and capaci-
tance-voltage dependent plot of the parameters (presented in
Table 2) obtained from the simulation of the pristine and aged
CGL devices, were due to the lower charge generation in these
layers. This indicates that the doped organic layers are the main
contributors to the degradation of OLED devices. Consequently, an
optical spectroscopy analysis was conducted to confirm that the
degradation mainly occurred in the doped TPBi rather than the
doped N,N’-di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4’-
diamine (NPB) layer, due to the decomposition of its dopant.

Interestingly, Kim’s group® also conducted a lifetime assess-
ment of an OLED using IS and an equivalent circuit, as well as a
deep machine learning technique. The ETL of the device structure
was also formed from TPBi, as shown in Fig. 16(a). Recall that
TPBi is a polarizing material. Three (3) RC units, as shown in the
inset of Fig. 16(b) were modeled based on the curvature calcula-
tions from the Cole-Cole IS plot and its fitting results were plotted
as the relaxation time plot for each transporting layer (Fig. 16(c)),
using eqn (1). The obtained relaxation times in descending order
(tp1 > Tp2 > 1p3) correspond to the charge accumulation at the
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(a) Schematic structure of the CGL device and the capacitance-frequency plot for the pristine and aged devices in the reverse and forward bias.

(b) The equivalent circuit models for the reverse- and forward-bias simulation as well as the resistance and capacitance—voltage dependent plot of the
parameters obtained from the simulation of the pristine and aged CGL devices. Reproduced with permission from ref. 88 Copyright 2021, Elsevier Ltd.
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hours. Reproduced with permission from ref. 94 Copyright 2022, Elsevier Ltd.

hole transport region, electron transport region, and emission
region, respectively, as schematically shown in Fig. 16(a). During
the monitoring stage of 40 h at 4 V, the group observed a gradual
increase in the relaxation time in each organic layer, which
corresponded to an increase in the resistance and subsequent
degradation in these organic layers, as shown in Fig. 16(c). Further
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investigations revealed that the increased degradation in these
organic layers was due to trapped charges. In fact, the increased
resistance was reported to be the dominant parameter affecting
the relaxation frequency because the capacitance was constant at
all aging times, as shown in Fig. 16(b). The group proceeded to
predict the lifetime of the OLED device using machine learning
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(a) Capacitance—frequency plot of the Ir(ppy)s- and 4CzIPN-based devices. (b) TTA and TPA degradation and quenching mechanisms in a

phosphorescent emitter (Ir(ppy)s) and thermally activated delayed fluorescent emitter (4CzIPN), respectively. Reproduced with permission from ref. 58

Copyright 2024, Wiley-VCH.
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Fig. 16(b), which enabled faster and more accurate predictions
of the lifetime of the device. This observation indicates that
the intrinsic TPBi can also undergo degradation without doping.
The pronounced increase in the relaxation time of the HTL side
after aging was due to the combined characteristics of the two
HTLs. Some groups have also reported that the degradation of
OLED devices is mainly due to mechanisms such as triplet-triplet
annihilation (TTA) and/or triplet-polaron annihilation (TPA)
owing to the accumulated holes or electrons in the EML.”® These
were recently reported by Lee et al.,>*°> who leveraged IS as a tool
to investigate the degradation.

behavior in phosphorescent and thermally activated delayed
fluorescent OLEDs using their respective common green emit-
ters (Ir(ppy); and 4CzIPN). The group demonstrated that in
both emitters, the energy-level offset between the host and
dopant resulted in trap formation in the EML. This was linked
to their observed short lifetimes, indicating that the trapped
holes or electrons led to the narrowing of the effective recom-
bination zone and induced TPA or TTA, which triggered charge
trap formation, charge imbalance in the localized emission
zone, and accelerated device degradation. These characteristics
are also evident in the C-F spectra at low frequencies, with
increased capacitances for both dopants, as shown in Fig. 17(a).
However, a disparity was obvious; in the Ir(ppy);-based device, a
continuously increasing capacitance was observed, indicating
the detrapping of some trapped holes into the host, which
contributed to the overall capacitance, whereas in the 4CzIPN-
based device, a negative capacitance appeared after 5 V, which
was attributed to trap-assisted recombination in the device.
This implies that TTA is dominant in phosphorescent emitters,
whereas TPA is dominant in TADF emitters, as schematically
illustrated in Fig. 17(b). Similar characteristics were also
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reported by Brutting et al.,’® who used displacement current
measurement (DCM) and time-resolved electroluminescence
spectroscopy (TrEL) to investigate degradation in an OLED
device. The group asserted that the trapped holes in the EML
served as triplet-polaron quenchers, thereby degrading and
decreasing the luminance of the device.

Further studies have recently reported on the thermal degrada-
tion and stability of organic devices to ascertain the cause of this
detrimental effect. Lee et al.”" investigated the thermal degrada-
tion and stability of an organic homojunction consisting of an
intrinsic organic layer and a molybdenum oxide (MoO3)-doped
organic layer under thermal heating (annealing) using the device
structures; the corresponding chemical structures of the organic
molecules are shown in Fig. 18. Their measured impedance-
frequency-dependent graphs, as shown in Fig. 19(a) and (c), were
simulated using the modeled two RC equivalent circuit units, as
shown in the inset of Fig. 19(a), where R, parallel R4Cq, and
parallel R;CPE; represent the series resistance, MoO;-doped
organic layer, and intrinsic layer, respectively. The extracted
parameters presented in Table 2 were plotted to determine the
electrical characteristics of each organic layer, as shown in
Fig. 19(b) and (d). From the results of the NPB-based device
shown in Fig. 19(b), the decreased resistance at higher tempera-
tures in the doped and intrinsic layers was postulated to be due to
either the diffusion of dopants into the intrinsic layer or the
recrystallization of the intrinsic layer. However, the former was
refuted based on optical analysis, which confirmed the absence of
dopant diffusion into the intrinsic layer at higher temperatures.
Similar observations were made in the 4,4’, 4”-tris(N-carbazolyl)-
triphenylamine (TCTA)-based device, as shown in Fig. 19(d). This
observation was attributed to the crystallization of the intrinsic
molecules, which was subsequently confirmed in an ultraviolet
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Fig. 18 Chemical structures of the organic molecules and the schematic structures of the fabricated devices. Reproduced with permission from ref. 92
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Fig. 19

(a) The impedance-frequency characteristics of the device (A) annealed at different temperatures. (b) The resistance, capacitance, and CPE

parameters of device (A) as a function of annealing temperature. (c) The impedance-frequency characteristics of the device (B) annealed at different
temperatures. (d) The resistance, capacitance, and CPE parameters of device (B) as a function of annealing temperature. (e) Optical microscopy images of
an intrinsic TCTA-based device. Reproduced with permission from ref. 92 Copyright 2020, AIP Publishing.

(UV) image analysis as an uneven distribution of these crystalline
molecules, as shown in Fig. 19(e).

6. Other impedance spectroscopy
techniques

So far, charge transport and accumulation, charge trapping, and
degradation in OLED devices have been investigated using IS
comprising capacitance-frequency simulations with equivalent
circuits. IS is a broad concept not limited to equivalent circuit
analysis. There are different representations of IS dataset, including
impedance [Z] Cole-Cole, real impedance (Re[Z])-frequency, mod-
ulus [M] Cole-Cole plot, imaginary part of complex modulus
[M]-frequency, Re[Z]-voltage, C-V simulation etc., which are
adopted to investigate the operational mechanisms in OLED
devices without factoring in the equivalent circuit simulation. Some
of these impedance spectra are analyzed or sometimes simulated
using pre-existing or derived complex equations to derive para-
meters such as mobility, charge density, and traps.””*®

For instance, Naito et al.’® developed a numerical model to
determine the localized state distribution (traps) and drift
mobility based on the theory of single-injection space-charge-
limited current in single-charge polymer-based OLED devices.
Their model was validated by calculating the localized state
distribution below the conduction band (E.) and above the
valence band (E,) from the conductance and capacitance of
electron- and hole-only devices (EOD and HOD) at different

This journal is © The Royal Society of Chemistry 2025

temperatures. The structures of the devices and the calculated
localized energy-state distributions and densities are presented in
Fig. 20(a). They pointed out that the trap-captured states within the
energy range of 0.3-0.8 eV, below E. and above E,, are independent
of energy levels since their calculated localized state distribution
fell on the same line at different temperatures. They further
demonstrated shallow traps at 170 K and deeper traps at 350 K
in the conduction band, whereas shallow traps were measured at
150 K and deeper traps were measured at 480 K in the valence
band. The same model was extended to confirm the independent
trap states on the energy levels during their investigation of charge
carrier mobility, distribution of localized states, and deep trapping
lifetime in a single-charge small-molecule-based OLED device.'”
Another comprehensive study was conducted using the proposed
model from the same group' to investigate the bimolecular
recombination constant () in a double-injection polymer-based
OLED device (poly(9,9-dioctylfluorene-alt-benzothiadiazole) (FSBT)).
The group observed a lower recombination constant compared
with that of the Langevin recombination (f at 300 K and
130 kv em ™' is 9.8 x 107" ecm® 57, which is approximately 10
times smaller than y;), which was determined from the charge
mobilities and susceptance plot in Fig. 20(b) and the inset of
Fig. 20(b), respectively, based on the model. This demonstrates
that the proposed numerical model in the IS is another viable
technique for probing charge mobility in OLED devices.

Modulus Cole-Cole plot analysis is another type of IS
representation used to investigate OLED devices. It represents
the dielectric characteristics as a function of frequency in polar

J. Mater. Chem. C, 2025, 13, 19512-19534 | 19529
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Fig. 20 (a) The trap distributions in the energy gap of the hole-only device (HOD) and electron-only device (EOD) alongside their structures.

Reproduced with permission from ref. 99 Copyright 2009, AIP Publishing.

(b) The plots of electron and hole drift mobilities versus temperature at

different voltages in the F8BT-based OLED (inset: frequency dependence of the negative susceptance at different temperatures). Reproduced with
permission from ref. 101 Copyright 2019, AIP Publishing. (c) The modulus Cole—Cole plot at 25 °C and 45 °C, at different voltages, including an equivalent
circuit and its schematic device structure. Reproduced with permission from ref. 104 Copyright 2024, Wiley-VCH.

coordinates for characterizing OLED devices. Just above the
turn-on voltage, the modulus Cole-Cole plot mostly shows two
or more completely independent semicircles, which quantita-
tively reveal when charges are injected into the device. The
diameter of the semicircle in the modulus plot is inversely
proportional to the capacitance of the injected charge; thus, the
observed change (increase and merger) in the formation of the
semicircle at increasing voltages reveals the injection and flow
of holes and electrons in the device.'®® This technique is
similar to the complex Cole-Cole plot analysis in the IS, where
both are frequency-dependent and can be used to determine
the operational mechanisms in an OLED device, and can be
simulated using a modeled equivalent circuit to ascertain the
charge dynamics in individual organic layers at specific vol-
tages, as shown in Fig. 20(c). Although the modulus Nyquist
plot analysis is just the inverse of the complex impedance
Nyquist plot analysis, its major advantage is the easy identifi-
cation of multiple relaxation processes in complex materials
with non-ideal dielectric behavior. Several groups have adopted
this technique to analyze devices. For instance, Kim et al.'®?
recently examined the relationship between efficiency and
charge transport properties in green thermally activated
delayed fluorescence (TADF) OLED devices using a complex
modulus Cole-Cole plot. This technique was recently adopted
by Chen’s group'®* to estimate the charge dynamics in OLED
devices with different charge-blocking layers with or without
PDM characteristics. It was demonstrated that the modulus

19530 | J. Mater. Chem. C, 2025, 13, 19512-19534

Cole-Cole plot can exhibit different semicircles at different
temperatures, which correspond to the organic layers/inter-
faces in the device at different voltages, owing to the charge
injection, accumulation, and recombination dynamics occur-
ring in the device.'*

Another important form of IS is the C-V simulation to
investigate the charge injection, accumulation, recombination,
and SOP characteristics in molecules at different voltages. Kim
et al."®® leveraged this technique to investigate the minimiza-
tion of polaron accumulation in the EML as an important
physical factor for enhancing the lifetime and stability of OLED
devices. The energy-level diagrams of the investigated devices
are shown in Fig. 21(b). They simulated the C-V curves of the
devices (Fig. 21(a)) to determine the charge distribution in each
organic layer within the devices at different voltages to correlate
the capacitance trend with the charge dynamics, as shown in
Fig. 21(c) and (d). The group pointed out that charge accumula-
tion at interfaces is caused by two major factors: the energy
barrier and charge mobility. The exegeses of this observation
were reported based on an investigation conducted to ascertain
these phenomena in mixed- and single-host EML OLED
devices. This observation asserts that an injected hole or
electron of low mobility will be confined at the interfaces owing
to its inability to overcome the energy barrier. Moreover, if a
charge has approximately 1000 times higher mobility than an
opposite charge, the rapid flow and accumulation of that
charge at the interface will retard the flow of the opposite

This journal is © The Royal Society of Chemistry 2025
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(a) The capacitance—voltage characteristics of the OLEDs as a function of luminance and current density. (b) The energy-level diagrams of the

mixed-host EML and single EML OLED devices. The distribution of the local charge densities of electrons and holes at different voltages in (c) mixed-host
and (d) single-host—based OLEDs. Reproduced with permission from ref. 106 Copyright 2017, AIP Publishing.

charge, thereby lowering the mobility of the opposite charge to the
adjacent layer. Other charge accumulation mechanisms, such as
SOP, which were reported in the previous sections using IS, have
also been confirmed using a C-V simulation technique."®”

7. Synopsis and perspective

In this review, we discuss the major advances made by some
pioneering groups as well as the recent advancements made in
characterizing the operational mechanisms in OLED devices
using impedance spectroscopy and equivalent circuit techniques.
This technique provides an opportunity to rationalize the physical
processes of various characteristic behaviors of OLED devices. In
particular, IS and equivalent circuit simulations allow the inves-
tigation of the underlying mechanisms in each organic layer of
OLED devices at different frequencies and time domains in terms
of capacitive behavior, dielectric response, relaxation frequency,
and conductivity, making it one of the best techniques for under-
standing the working mechanism of organic electronics.

In this regard, certain interesting features observed in the
lower frequency range of a C-F curve can be simulated using a
modeled equivalent circuit to extract information (resistance-
capacitance values) on the trapping/detrapping processes, charge
injection at the middle frequency, and geometric characteristics at
high frequencies in each organic layer. These extracted parameter

This journal is © The Royal Society of Chemistry 2025

values can also be used to generate information on other mechan-
isms, such as the density of state (DOS), charge activation energy,
degradation mechanisms, and recombination as demonstrated.
Not neglecting the fact that other curves like the Nyquist (Cole-
Cole plot) and modulus plots can also be simulated using
modeled equivalent circuits to acquire the aforementioned infor-
mation on an OLED device. This technique has been made
relatively easy through the developed user-friendly software with
easy digital data processing to help novices better appreciate the
technique, although some level of understanding is required.

Nonetheless, although this technique offers significant
opportunities, pertinent improvements are required to fully
explore the technique.

1. The resolution of the IS measurement must be increased
to separate layers with similar relaxation times.

2. Measurements without noise, especially at low frequen-
cies, using a Faraday cage, etc.

3. Modeling equivalent circuits with developed circuit ele-
ments that can imitate real situations in OLED devices.

4. Developing artificial intelligence (AI)-based smart simula-
tions with optimized equivalent circuits.

5. The constant resistor must be replaced with an exponen-
tial resistor to ensure the in situ characterization of the experi-
mental results.

These investigations from pioneering groups using IS
and equivalent circuit simulations have provided a clear
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understanding of the operational mechanisms and the effects
of SOP and degradation in OLED devices, which intuitively
demonstrates that IS and equivalent circuit simulations can be
effectively employed in real industrial fields to investigate and
enhance the performance of OLED devices.
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