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ABSTRACT

Knowledge of charge transport and exciton behavior in organic semiconductor materials is essential to develop high-performance devices.
Experimental methods based on the photogeneration of charges offer the opportunity to probe both exciton dissociation and the subsequent
charge transport in the same device under the same conditions. In this work, we study the common organic light-emitting diode material
tris(2-phenylpyridine)iridium(III), Ir(ppy)s, and show that the yield of free charge carriers from photogenerated excitons is strongly depen-
dent on the electric field in the semiconductor. We simultaneously measure the hole mobility in this material. Our experiments are based on
the accumulation of charge carriers at a semiconductor-insulator interface, and we find that the dynamics of this charging process provide
information about exciton dissociation and charge carrier mobility. This work illustrates the importance of considering the electric field
dependence of exciton dissociation when interpreting charge transport experiments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0276562

The effective transport of charges is essential to the performance
of optoelectronic devices such as organic light-emitting diodes
(OLEDs)." However, charge carrier mobility can be challenging to
accurately measure in organic semiconductor thin films due to the
confounding influences of the typically disordered morphology,” * the
presence of charge traps,”® and the sensitivity of mobility to experi-
mental conditions, including electric field strength” and charge carrier
concentration.” Consequently, a wide variety of techniques have been
developed to measure mobility in different situations.” "' Of these,
experiments based on a metal-insulator-semiconductor (MIS) device
structure have emerged as powerful tools for the study of mobility'*"*
and free carrier generation efficiency.”” In these experiments, a
specialized device is constructed with an electrode/insulator/semicon-
ductor/electrode structure. An applied voltage accumulates a specific
charge carrier at the insulator-semiconductor interface, either through

photogeneration or electrical injection. Charge extraction is performed
using linearly increasing voltage (CELIV), which generates a current
transient that reveals information about charge transport. The MIS
structure’s key advantage is its ability to selectively accumulate either
electrons or holes based on the applied polarity, allowing for the iso-
lated study of the targeted charge carrier without interference from the
other type.

Although MIS-CELLV is a powerful experiment, several chal-
lenges remain. If the charges are electrically injected, then there must
be a good Ohmic contact between the electrode and semiconductor.
However, reliably obtaining an Ohmic contact, especially for electrons,
is not always straightforward and may require the time-consuming
tuning of fabrication conditions or additional fabrication steps.'® The
injection voltage, injection time, extraction pulse duration, extraction
pulse voltage maximum, and the circuit'’s RC time constant all affect
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the shape of the transient and must be taken into account when calcu-
lating the mobility.” While photo-induced MIS-CELIV enables deter-
mination of both mobility and free charge carrier generation efficiency
without requiring charge injection, the sensitivity to low carrier densi-
ties and dependence on optical excitation can pose challenges, particu-
larly in materials with low absorption coefficients or non-uniform film
morphology. Most research on MIS-CELIV has concentrated on the
charge extraction process, with less focus on the initial charge accumu-
lation at the insulator-semiconductor interface. This phase, often
viewed as merely preparatory, involves charge transport (through elec-
trical injection) or the semiconductor bulk (via photogeneration),
making it dependent on mobility and other factors. We recently pro-
posed an experiment applying a triangle wave voltage during charge
accumulation instead of charge extraction.'” We now refer to this
method as charge accumulation by linearly increasing voltage
(CALIV) or MIS-CALIV.

A further effect that has not been widely explored but is important
for experiments based on linearly increasing voltages is the influence of
the electric field dependence of key material properties. Since the electric
field is linearly varying during the experiment, any field dependence,
especially exciton dissociation yield, confounds the interpretation of the
experimental transient. In this paper, we will investigate the field depen-
dence of exciton dissociation yield in the archetypical OLED emissive
material tris(2-phenylpyridine)iridium(III), Ir(ppy)s, and measure the
hole mobility of the photogenerated charge carriers during this charge
accumulation phase at the interface.

The device structure used in our experiments is depicted in
Fig. 1(a). This configuration comprises an SiO, layer (sputter-coated
using AJA ATC 2200 system) serving as the insulator and an Ir(ppy);
layer (thermally evaporated under high vacuum <1 x 10~° mbar) act-
ing as the organic semiconductor, each with a thickness of 50 nm.
These layers were sandwiched between a transparent metal electrode
(ITO, 100nm) and an aluminum electrode (thermally evaporated

(a) (e

ITo~  sio,
(e ] (50 nm)

Al

(b) (9

Timing diagram Response signal

Vinax [ = = b= higher mobility
. i g
Applied < Light =
intensit -
voltage intensity © lower mobility
Vosfser
0 Time toupe 0 Time tousse

FIG. 1. (a) The device geometry utilized for the MIS-CALIV experiment. (b) The tim-
ing diagram includes a triangular voltage pulse (left axis) and a light pulse (right
axis). The arrows indicate the axis for each curve. (c) The expected current signals
in the cases of high and low mobility. The measured current reaches saturation
faster when the mobility is higher, which will be further discussed in the main text.
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under high vacuum < 1 x 10~°mbar, 100 nm). A function generator
(Tektronix 3052C) was employed to apply the voltage across the
device, with an oscilloscope (Keysight DSOX3024A) used to record the
transients. An LED (part number: 1214-SST-10-SB-B130-M470CT-
ND, DigiKey Electronics) with a peak emission wavelength of 470 nm
was utilized to produce photo-excited charge carriers. The LED light
pulse duration matched the duration of the triangle voltage, i.e., the
light was applied throughout the accumulation step.

In our setup, the LED pulse is triggered directly by the same func-
tion generator that defines the voltage ramp, ensuring a fixed and
reproducible delay with sub-microsecond precision. The LED rise time
was measured to be ~0.5 us using a photodiode, which is negligible
relative to the 100 us voltage ramp. The intensity of the LED was cali-
brated using a Newport optical power meter (model 1918-C). An illu-
mination area of 2.54 mm® was defined using a 3D-printed shadow
mask and a condenser lens was used to focus the LED light. While this
work focuses primarily on mobility and charge dissociation under dif-
ferent electric fields rather than absolute quantum efficiency, the cali-
brated intensity ensures that the photogeneration rate is consistent
across measurements and sufficient for reliable analysis.

Offset voltages of 5, 10, and 15V were applied to create varying
electric field strengths for exciton separation. A triangular voltage pro-
file with maximum of 20 V was used, as shown in Fig. 1(b). This ramp
allowed holes to accumulate near the semiconductor-insulator inter-
face. The current transient response was recorded to study charge car-
rier properties, with Fig. 1(c) displaying responses for varying
mobilities.

This experiment can be understood as the displacement current
transitioning between two capacitive charging regimes.'” Applying a
voltage ramp to a capacitor causes a constant charging current given
byl =C ‘fj—‘t/ = CA, where C is the capacitance and dd—‘t’ = A is the slope
of the voltage pulse. The first charging regime begins at the start of the
voltage ramp when the device has few charge carriers, and the thick-
ness and dielectric constants of the insulator and semiconductor deter-
mine the initial capacitance. The second regime occurs when enough
charge accumulates at the semiconductor-insulator interface, leading
to a higher capacitance and larger charging current. The transition
between these regimes depends on the semiconductor’s ability to trans-
port charge, influenced by mobility and exciton dissociation rate under
an electric field, which can provide insights into charge transport.

Since an analytic formula to extract the mobility from a MIS-
CALIV transient is not available, we used the drift-diffusion model to
simulate the transients and fit them to experimental data. The drift-
diffusion model is recognized as one of the most dependable and
widely adopted approaches for examining the electrical properties of
organic semiconductor devices.” >’ The simulation considers the pho-
toexcitation of excitons (which we approximate as uniform across the
semiconductor), the separation of excitons into free charge carriers,
and the transport and recombination of those charge carriers. The
drift-diffusion solution incorporates the transport of both electrons
and holes, even though the purpose of the experiment is to extract the
mobility of a single charge carrier. The detailed equations are described
in the literature.'””** The model is based on coupled continuity
equations for charge carriers and excitons. Solving these equations
involves approximating the partial differential operators.'”** We used
the finite volume method with 200 numerical grid points to solve the
system of equations and obtain the current transient response of
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charge carriers. Boundary conditions specified no electron or hole flux
at the insulator/semiconductor interface (current density j = 0 at this
edge). At the semiconductor/electrode interface, holes were permitted
to be extracted with the flux calculated by electric field induced drift,
while the injection flux for holes was set to zero. Numerical time step-
ping was implemented by Matlab’s odel5s solver.

We assume a constant mobility to simplify the model and reduce
the number of free parameters. To keep the modeling results general,
we consider variations in the transit time of charge carriers relative to
the voltage pulse duration. The transit time is defined as the time taken
for a charge carrier to cross the full thickness of the semiconductor
layer under the influence of a linearly increasing electric field. By utiliz-
ing the fundamental relationship between velocity, electric field, and
the distance traveled by charge carriers, we established a relation for
the transit time for accumulating charge carriers, which is also
included in the literature,”” given by

2d, (S di+ dx)
€;

t, =
tr LA

. 1

where d; is the semiconductor thickness, d; is the thickness of the insu-
lator, p is the mobility of the carriers, A is the slope of the applied volt-
age (in volts/second), and €, and ¢ are the permittivities of the
semiconductor and insulator, respectively. This expression for t, is
defined for the case of zero offset voltage and assumes no charge
trapping.

In our curve fitting of the experimental data, we found that con-
sidering the electric field’s impact on exciton splitting into free charge
carriers is crucial. The material Ir(ppy)s;, an OLED emitter, does not
easily generate free charge carriers upon photogeneration. Generally,
organic semiconductors have tightly bound excitons due to a low
dielectric constant and strong Coulomb attraction between electron-
hole pairs. Exciton separation into free charge carriers is influenced by
the electric field and thermal energy. The Onsager—Braun model eluci-
dates how thermal energy and an external electric field contribute to
overcoming this Coulomb barrier.”*

In this work, we have not distinguished between singlet and trip-
let excitonic states because, in phosphorescent materials like Ir(ppy)s,
intersystem crossing from singlet to triplet occurs very rapidly within
picoseconds owing to strong spin-orbit coupling. Consequently, most
singlet excitons convert to triplets almost immediately. This ultrafast
conversion renders the contribution from singlet excitons negligible in
our device configuration and timescale. Thus, for modeling charge
generation and separation, we consider triplet excitons as the excitons
that dissociate into free charge carriers (electrons and holes) under an
electric field.

According to the Onsager-Braun model, the probability of exci-
ton dissociation increases with the strength of the applied electric
field. The field effectively reduces the energy barrier for separation by
distorting the Coulomb potential, thereby facilitating the escape of
the electron and hole from their bound state. This model also
explains the interplay between exciton dissociation and recombina-
tion. The efficiency of separation is determined by the relative
changes in these two processes, which depend on the electric field
and the properties of the material. In a low electric field regime, the
recombination process prevails, leading to a decrease in exciton

ARTICLE pubs.aip.org/aip/apl

separation efficiency, which benefits OLED materials. Conversely, in
a high electric field scenario, the generation of free charge carriers
increases, resulting in more charges being available for the MIS-
CALIV experiment.

We applied a simple kinetic model for excitons, incorporating a
photogeneration rate Xg,,, a decay rate, and an electric field-dependent
rate of separation into free charge carriers.”” This results in the follow-
ing continuity equation for exciton concentration X:°

dx

dt
where kecqy denotes the radiative and non-radiative decay constant of
excitons, whose value is given by the reciprocal of the exciton lifetime,
and kq, gives the charge carriers” separation rate as a function of the
applied electric field Ejq. To keep the numerical model simple, we do
not differentiate between singlet and triplet excitons, since we antici-
pate rapid intersystem crossing in this material. The carriers’ separa-
tion rate kg, can be empirically approximated by the Onsager-Braun
model,*’

= Xgen - kdecayX - ksep (Eﬁeld)Xy (2)

38 Ez \ /1 (2v/=2B)
keep (Efieta) = @exp <— kB_l;“) lﬁ (3)
_

-r. is the Langevin recombination factor with
)

1t as equal mobility of holes and electrons, whereas g is the elementary
charge, € is the permittivity of free space, and ¢ is the relative permit-
tivity of the semiconductor. The thermal energy is given by kgT. The
_ 7 32,33
T 4megeokpT *

Here, the parameter f§

Coulomb capture radius is given by R, The exponen-

2
tial term contains Eg = Mf?, which is known as the Coulomb bind-

ing energy.”*”* Using these relations for R, and Ep, we calculated the
numerical values, which are given in Table L. In this expression, J; is

9 Epeid
8mege kT2

ysis, we are primarily concerned with the yield of free charge carriers,
which will depend upon the competition between Ky and kgecqy. We
treat the yield of free carriers at zero field as a fitting parameter, then
use the electric field dependence in Eq. (3) to scale the yield at increas-
ing electric field strengths. The electric field dependence is the last

the Bessel function of the first order having B = In our anal-

TABLE I. The table details the input parameters employed in the simulation, includ-
ing material properties, rate constants, and environmental conditions. These values
have been strategically chosen to benchmark the simulation results against the
experimental data. Some constants and coefficients have been normalized for
consistency.

Properties Values Source
Relative permittivity of Ir(ppy)s; 35 Ref. 32
Relative permittivity of SiO, 3.9 Ref. 37
Yield (Eﬁeld = 0) 4.7% Fitted
Coulomb capture radius (Ry) 1.58nm  Calculated
Binding energy (Eg) 274meV  Calculated
Temperature (T) 300K

Resistance ( tfuxcse) 0.016 Fitted

Bimolecular recombination coefficient (ﬁ) 1 Assumed
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1(2v—2B)
factor 2 ~T5
which is regarded as a constant term with respect to the electric field.

The differential equation (2) provides an illustration of the
dynamics of excitons in organic semiconductors. There are other fac-
tors that influence the charge separation rate in organic semiconduc-
tors, which can be found in the literature.””° In this study, we are
mainly interested in the field dependence and timescale as the main
factors influencing the charge transport measurement. Therefore,
without going into further details, we focus on the charge separation
rate as a function of electric field; the separation yield percentage can
be calculated by

. The prefactors are independent of the electric field,

kse Eie
Yield% = < p (Epea) ) % 100. (4)

ksep (Eﬁeld) + kdecuy

The detailed analysis of the charge separation rate with varying electric
fields will be provided later.

We first simulated the ideal case of 100% yield of free charge car-
riers (both electrons and holes), a situation that is relevant for materials
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that can spontaneously split excitons into free charge carriers. Figure 2
shows the results of drift-diffusion simulations, illustrating the
normalized current response at various light intensities and charge
carrier mobilities. Key parameters included a normalized material
recombination coefficient of 1, a resistance of 0.016, and a temperature
of 300 K, with equal thicknesses for the semiconductor and insulator.
The relative permittivity values were 3.5 for the semiconductor and 3.9
for the insulator. The setup examines how different mobilities affect
current behavior in response to a light pulse, with the normalized
time axis aiding in generalizing observations for varying pulse
durations.

In the lower mobility scenario depicted in Fig. 2(a), the current
increases gradually over time due to slower charge carrier transport,
resulting in a prolonged period before stabilizing at a steady-state
value. As the free charge carrier generation rate rises, the maximum
current increases, leading to a flatter curve. This suggests that the accu-
mulation process is slow, with accelerated recombination at higher
light intensities to prevent excessive carrier buildup. Consequently, the
time to reach maximum current is lengthened at lower light intensities
since fewer carriers are generated.

In contrast, Fig. 2(b) shows that with increased mobility, the cur-
rent reaches its maximum much more rapidly, even at lower light
intensities. The sharp increase in current indicates faster carrier trans-
port, allowing for a faster response to light intensity changes. The cur-
rent accumulates swiftly, causing the curve to flatten earlier than in the
lower mobility case. This demonstrates that higher mobility not only
accelerates charge accumulation but also influences recombination
rates, showcasing the material’s effectiveness in transporting and col-
lecting photogenerated carriers.

In curve fitting to the experimental data, we considered field-
dependent exciton dissociation, as the electric field strength increases
during the voltage pulse. Note that we neglected any field dependence
in the mobility as an approximation to simplify the curve-fitting pro-
cess by reducing the number of free parameters. The field dependence
in the exciton dissociation leads to a rising yield of free charge carriers
during the voltage ramp. Using the parameters from Table I, Fig. 3
demonstrates exciton separation yield in response to the electric field.
The applied offset voltage varies from 5, 10, and 15V to a maximum
triangular voltage of 20 V. At lower offset voltages, the initial yield of
free charge carriers is low, while higher voltages generate more carriers
throughout the pulse, resembling the ideal case in Fig. 2. Figure 3(b)
shows the separation yield over time (microseconds) for different offset
voltages, and the inset in Fig. 3(c) illustrates the linear voltage ramp
from various offsets to 20 V against time.

At lower electric fields, a slight separation occurs as the electric
field strength is too weak to overcome the Coulomb binding energy.
However, higher voltages create stronger fields that lower exciton
binding energy and increase carrier dissociation probability. The rate
of separation rises significantly between low and high field strengths,
reaching saturation at high levels. This demonstrates an exponential
increase in exciton separation probability with stronger electric fields,
due to a reduced potential barrier for charge separation.

Figure 3(b) shows that the separation process starts slowly (under
20 us) but accelerates between 20 and 40 us. With increased voltage,
almost all excitons become free charge carriers, achieving a maximum
separation yield. This is expected, as a stronger electric field weakens
electron-hole binding, facilitating their separation.
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FIG. 3. (a) lllustrates the exciton dynamics within the semiconductor layer, depicting
a portion of the exciton decay (Kye.qy) into the ground state while others separate
(Ksp) into free charge carriers (electrons and holes). (b) Since the applied voltage
is linearly increasing, the separation yield of excitons into free charge carriers rises
throughout the experiment. (c) The inset shows the applied voltage for each case.

Figure 4 illustrates the experimental data obtained using the MIS-
CALIV setup, which was subsequently compared with simulation data
derived from the drift-diffusion model. The experimental data were
obtained by applying various sets of triangular voltage pulses while
maintaining a fixed maximum voltage of Vy.x = 20 V. For reference,
the results corresponding to V. = 15V are included in the supple-
mentary material. During the curve-fitting process, a consistent set of
parameters was employed, as detailed in Table I.

The graphs in Fig. 4 illustrate the transient current response as
influenced by offset voltage and light intensity under both experimen-
tal and simulated conditions. The close alignment between the mea-
sured results (noisy lines) and the simulated data (solid lines) confirms
the reliability of the drift-diffusion simulation model. The LED power,
P =10.22, 0.6, and 1.2mW, is varied to achieve the exciton genera-
tion rate Xéen = Xeentpulse/ CVmax = 0.45, 1.2, and 2, respectively. In
this model, these excitons subsequently separate into free electrons and
holes with a yield that depends upon the strength of the electric field.

Moreover, the fitted hole mobility in neat Ir(ppy); is
w=1.94x 107> “m at a specific condition, which aligns well with the
mobility value reported in the literature.”” *’ The key contribution of
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FIG. 4. In this figure, simulated transient plots (sharp color) with continuous exciton
generation Xg’en = Xgelputse/ CVmax are fitted against experimental results having
light intensity with power P. (a), (b), and (c) show the transient response for different
offset voltages Vo, along with the maximum value of the applied triangular voltage
Vmax-
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this result is to demonstrate a method to account for the electric field
dependence in the exciton dissociation, an important consideration for
CELIV-like experiments. Another point of difference is that using MIS-
CALLV, we measure the mobility immediately after the charge genera-
tion; on the other hand, in MIS-CELLV, after a long time, which increases
the chance of charge trapping and its subsequent impacts. Ultimately,
we believe that MIS-CALIV and MIS-CELIV are complementary meth-
ods. We intend to explore their simultaneous use in future work.

Figure 4(a) illustrates the transient current response at an offset
voltage of Ve = 5V, where a relatively weak electric field is estab-
lished. Initially, the current density remains low because most of the
generated excitons do not dissociate; they begin to do so only as the
voltage continues to increase. Over time, the transient current rises as
an increasing number of excitons dissociate, generating more free
charge carriers. This behavior aligns with the Onsager-Braun model,
which indicates that the separation of excitons into free charge carriers
is heavily influenced by the strength of the applied electric field.""**

As illustrated in Figs. 4(b) and 4(c), the transient current response
exhibits a faster pace at higher offset voltages Vg = 10 and 15V.
This increase in offset voltage results in a more intense electric field,
which enhances the separation of excitons by diminishing the
Coulomb binding energy between electron-hole pairs. Consequently,
the slope of the current transient rises more steeply at earlier times,
indicating that a more significant portion of the excitons is quickly dis-
sociated into free charge carriers. This characteristic is particularly
advantageous for organic solar cells, where efficient charge separation
and extraction are vital for achieving high power conversion effi-
ciency.”’ Conversely, in OLEDs, excessive charge separation can be
detrimental, as it reduces the availability of excitons for radiative
recombination, ultimately leading to efficiency roll-off in the devices.**

This study highlights the crucial role of explicitly considering the
electric field dependence of exciton dissociation in organic semiconduc-
tors. While Ir(ppy); is not typically expected to generate free charge car-
riers effectively under photogeneration due to its tightly bound excitons,
our analysis of the insulator-semiconductor interface charging and
curve-fitting process reveals that a linearly increasing electric field signifi-
cantly enhances exciton separation, in alignment with the Onsager-
Braun model. As the electric field strength increases, the Coulomb barrier
diminishes, leading to a higher probability of dissociation and an increase
in transient current. This field-dependent behavior becomes particularly
pronounced at elevated offset voltages, where exciton separation occurs
more rapidly and efficiently. These findings emphasize the necessity of
accounting for field-assisted exciton separation when measuring charge
transport properties. We anticipate that the MIS-CALIV technique will
offer opportunities to study the combination of exciton separation and
charge transport in a variety of organic semiconductor systems.

See the supplementary material for the results corresponding to
the case Vinax = 15V. This includes Figs. 4(d) and 4(e), in which sim-
ulated transient plots (sharp color) with continuous exciton generation
X;,en = Xgentpulse/ CVmax are fitted against experimental results having
light intensity with power P, showing the transient response for offset
voltages Ve = 5and 10 V.
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