Determination of charge transport activation energy and injection barrier in organic
semiconductor devices

S. Zifle, S. Altazin, A. Hofmann, L. Jager, M. T. Neukom, W. Britting, and B. Ruhstaller

Citation: Journal of Applied Physics 122, 115502 (2017); doi: 10.1063/1.4992041
View online: https://doi.org/10.1063/1.4992041

View Table of Contents: http://aip.scitation.org/toc/jap/122/11

Published by the American Institute of Physics

Articles you may be interested in

The use of charge extraction by linearly increasing voltage in polar organic light-emitting diodes
Journal of Applied Physics 121, 175501 (2017); 10.1063/1.4982903

Organic electroluminescent diodes
Applied Physics Letters 51, 913 (1987); 10.1063/1.98799

Electron and hole transport in the organic small molecule a-NPD
Applied Physics Letters 110, 073301 (2017); 10.1063/1.4976205

Mobility balance in the light-emitting layer governs the polaron accumulation and operational stability of organic
light-emitting diodes
Applied Physics Letters 111, 203301 (2017); 10.1063/1.5004623

An improved method for extraction of mobility from space charge limited current in organic semiconductor films
Journal of Applied Physics 121, 155501 (2017); 10.1063/1.4981242

High-resolution charge carrier mobility mapping of heterogeneous organic semiconductors
Applied Physics Letters 111, 083302 (2017); 10.1063/1.4999762

Quantum Design Brings You the Next Generation Magneto-Optic Cryostat

Room Temperature Window

Spitt-Coil Conical Magnet

Sample Pod

o)

User Wiring Ports

Only be limited
by your imagination...



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1736894787/x01/AIP-PT/JAP_ArticleDL_032118/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Z%C3%BCfle%2C+S
http://aip.scitation.org/author/Altazin%2C+S
http://aip.scitation.org/author/Hofmann%2C+A
http://aip.scitation.org/author/J%C3%A4ger%2C+L
http://aip.scitation.org/author/Neukom%2C+M+T
http://aip.scitation.org/author/Br%C3%BCtting%2C+W
http://aip.scitation.org/author/Ruhstaller%2C+B
/loi/jap
https://doi.org/10.1063/1.4992041
http://aip.scitation.org/toc/jap/122/11
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4982903
http://aip.scitation.org/doi/abs/10.1063/1.98799
http://aip.scitation.org/doi/abs/10.1063/1.4976205
http://aip.scitation.org/doi/abs/10.1063/1.5004623
http://aip.scitation.org/doi/abs/10.1063/1.5004623
http://aip.scitation.org/doi/abs/10.1063/1.4981242
http://aip.scitation.org/doi/abs/10.1063/1.4999762

JOURNAL OF APPLIED PHYSICS 122, 115502 (2017)

@ CrossMark

Determination of charge transport activation energy and injection barrier

in organic semiconductor devices

S. Ziifle,"*® S. Altazin,? A. Hofmann,® L. Jager,® M. T. Neukom, "2 W. Briitting,®

and B. Ruhstaller'?

'nstitute of Computational Physics, Zurich University of Applied Sciences, Technikumstr. 9, 8401 Winterthur,
Switzerland

2Fluxim AG, Technoparkstr. 2, 8406 Winterthur, Switzerland

3nstitute of Physics, University of Augsburg, 86135 Augsburg, Germany

(Received 26 June 2017; accepted 15 August 2017; published online 19 September 2017)

Charge carrier transport in organic semiconductor devices is thermally activated with characteristic
activation energies in the range of 0.2-0.6eV, leading to strongly temperature-dependent
behaviour. For designing efficient organic semiconductor materials and devices, it is therefore
indispensable to understand the origin of these activation energies. We propose that in bilayer
organic light-emitting diodes (OLEDs) employing a polar electron transport layer, as well as in
metal-insulator-semiconductor (MIS) devices, the hole injection barrier £;,; and the hole mobility
activation energy E, can be decoupled from each other if temperature-dependent capacitance-
frequency (C-f-T) and MIS-CELIV (charge extraction by linearly increasing voltage) experiments
are combined. While the C-f-T signal contains information of both injection and transport, the
CELIV current is expected to be insensitive to the electrode injection properties. We employ
numerical drift-diffusion simulations to investigate the accuracy of this analytical parameter extrac-
tion approach and to develop criteria for its validity. We show that the implicit assumption of
constant charge density and field profiles leads to systematic errors in determining the activation
energies. Thus, one should be aware of the intrinsic limitations of the analytical Arrhenius fit, and
for more accurate parameter determination a full drift-diffusion modelling is advised. Applying the
analytical method to a standard bilayer OLED, we find that the total activation energy of 0.5eV for
the hole current can be split into contributions of ~0.25 eV each for injection barrier and mobility.
Finally, we also discuss the broader applicability of this method for other device stacks and mate-
rial combinations. © 2017 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.orgl/licenses/by/

4.0/). [http://dx.doi.org/10.1063/1.4992041]

I. INTRODUCTION

There is great interest in the knowledge of the
temperature-dependent behaviour of organic semiconductor
materials and devices such as organic light-emitting diodes
(OLEDs) and organic solar cells (OSCs). The reason for this
is the operation temperature of such devices which is usually
higher than room temperature. In OLEDs, Joule heating by
the charge current leads to selfheating effects and an increase
of the device temperature up to 70°C.'™ Conversely, in
OSCs, parasitic absorption as well as nonradiative recombi-
nation also leads to operation temperatures in a similar
range. However, many materials for these devices are usu-
ally still investigated under standard test conditions, which is
25 °C. Furthermore for OSCs, a standard illumination inten-
sity and spectrum of 1 sun (AM1.5¢g) is employed for effi-
ciency measurements.’ In contrast to this during real outdoor
operation, solar cells will experience strongly changing tem-
peratures due to daily cycling, sunlight incidence angle, and
weather conditions like clouds or wind.®’ In OLEDs used in
display applications, the stack temperature may also change
quickly; furthermore, different driving currents in different
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pixels can lead to inhomogeneous two-dimensional tempera-
ture distributions. All these arguments show that it is indis-
pensable to investigate the temperature dependence of charge
transport in organic semiconductor materials and devices.

In OLEDs, good charge carrier injection is important
to achieve high efficiencies. However, in standard devices
it is challenging to distinguish effects of injection and
transport, which in turn makes it difficult to characterize
the energetic barrier for charge injection. Furthermore, the
bipolar current depends on both electron and hole injection
barriers as well as their mobilities, making the analysis
rather challenging.

In this work, we present an approach to decouple the
contributions of the hole injection barrier and the hole mobil-
ity activation energy in polar OLEDs.*® After introducing a
simple equivalent circuit model, we propose a combination
of two experiments to determine both activation energies.
We then examine this hypothesis by means of numerical
drift-diffusion simulation and investigate the accuracy of the
extracted parameters. In Sec. V, we show that the presented
method is also valid for metal-insulator-semiconductor
(MIS) devices and can be generally applied to investigate

new materials.
—(D
© Author(s) 2017. @ B
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Il. METHODS

For the study presented here, we concentrate on the tem-
perature dependence of bilayer OLEDs employing a polar
electron transport layer (ETL) [see Fig. 1(a)]. The devices
with an active area of 0.036 mm?® have been fabricated at
Augsburg University using standard procedures that have
already been described elsewhere.'® The layer stack is ITO/
PEDOT:PSS/a-NPD/Alqs/Ca/Al. Hereby, ITO stands for the
transparent conductive indium tin oxide electrode,
PEDOT:PSS for the hole injection layer (HIL) poly(3,4-eth-
ylenedioxythiophene) polystyrene sulfonate, o-NPD for the
hole transport layer (HTL) N,N’-diphenyl-N,N’-bis(1-naph-
thyl)-1,1’-biphenyl-4,4’-diamine, and Alqs for the polar ETL
Tris-(8-hydroxyquinoline)aluminum. Due to the misalign-
ment of the energy levels, a hole injection barrier from
PEDOT:PSS into o-NPD as depicted in Fig. 1(a) is
assumed.'""'? The devices were encapsulated with a cover
glass using epoxy. The active layer thicknesses are obtained
from capacitance measurements.

We have performed capacitance-frequency and MIS-
CELIV (which stands for metal-insulator-semiconductor,
charge extraction by linearly increasing voltage) experiments
with the all-in-one characterization platform Paios by Fluxim
AG, Switzerland."®> The capacitance-frequency signal is the
output of impedance spectroscopy, where at a given working
point a small modulating voltage V,. = V; - sin (2nft) with
frequency f and amplitude V; =70mV is applied. The com-
plex admittance Y, conductance G, and capacitance C are
then evaluated using the resulting modulated current: Y =1,/
Vue=G +i2nfC. In the CELIV technique, a negative voltage
ramp (or triangular voltage pulse) is applied to the device,
leading to a constant displacement current (see also the sup-
plementary material). If mobile charge carriers are present,
they are extracted by the reverse field and lead to an addi-
tional current peak. The transient position of this peak can be
related to the carrier drift mobility.'*'> For cooling, we
employed the low-temperature module of Paios, which uses a
cryostat chamber cooled by liquid nitrogen. The whole tem-
perature sweep with intermittent capacitance-frequency (C-f-
T) and MIS-CELIV acquisition is automated in the Paios
software and can be performed within 2h, preventing

Anode HIL HTL ETL Cathode

FIG. 1. Schematics of the bilayer OLED stack. (a) Energy levels and defini-
tion of the activation energies for hole injection and transport. (b)
Equivalent circuit representation as a series of two RC-circuits and a series
resistance.
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accidental degradation of the device. The device temperature
is logged using a PT100 temperature sensor which is placed
on the glass substrate of the sample. For enhanced signal
quality, the CELIV measurements were performed 5 times
and then averaged.

For the second part of this work, we used the commer-
cial drift-diffusion simulation software Setfos which is able
to simulate both the (large-signal) transient CELIV experi-
ment and the (small-signal) capacitance-frequency method
with the same set of model parameters.'® The drift-diffusion
approach is often employed to describe charge transport pro-
cesses in organic electronics, where carriers can either drift
in the electric field or diffuse due to charge density gradients.
In previous publications, we have already demonstrated the
possibility of modelling polar ETLs in bilayer OLEDs in the
steady-state and frequency domain with Setfos.'>!’

lll. EXPERIMENTAL RESULTS AND ANALYTICAL
MODEL

In polar bilayer OLEDs, hole injection into the hole
transport layer occurs already below the built-in voltage (V,;,
being the difference in electrode work functions) due to the
permanent polarization of the electron transport layer Alqs,
owing to spontaneous orientation polarization of the molecu-
lar dipoles during film formation.®*'® Depending on the
ETL thickness, the hole injection voltage V, can be shifted
even to reverse bias. In these devices, the HTL is already
flooded with holes at voltages below V,,;, which can be wit-
nessed in the capacitance of the device. The capacitance is

-1
no longer the geometric value, C,ep = (sgg’;; + %) , but

is enhanced to the value of the ETL alone, Cpr = E(ZZL’

where d denotes the thicknesses and the ¢ is the relative
dielectric permittivities of the respective layers, and where
the capacitance per unit area is used. The hole injection volt-
age V, giving the transition from the geometric to the ETL
capacitance can be obtained from capacitance-voltage experi-
ments, or displacement current measurements as shown in the
supplementary material.®'>”

If the capacitance is measured versus frequency at a bias
V, <V <Vp;, the transition from the geometric to the ETL
capacitance occurs at a characteristic frequency f,, as can be
seen in the measurement of Fig. 2. This frequency is defined
by the inflection point of the C-f plot, which is best derived
as the minimum of the numerically computed first derivative.
When the temperature is lowered, this transition occurs at
lower frequency. The temperature dependent behaviour of
the capacitance-frequency experiment (C-f-T), especially the
one of this transition frequency, can be used to analyse the
thermal activation of the hole current.'”** The activation
energy is obtained from an Arrhenius analysis, as shown in
the inset of Fig. 2, by employing

f(T) =fy - exp (_ka> : (1)

For the measurement in Fig. 2, we obtain an activation
energy of 0.53 eV. The behaviour of the transition frequency
can be understood from a simple equivalent circuit model of
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FIG. 2. Capacitance-frequency measurement at varied temperature for an o-
NPD(77 nm)/Alq3(66 nm) bilayer OLED at zero volts. The inset shows an
Arrhenius plot of the temperature-dependent transition frequency which is
marked by the symbols, giving an activation energy of 0.53 eV. The geomet-
ric capacitance and the higher ETL capacitance plateaus are also highlighted
by the dashed grey lines.

the bilayer OLED, where the two layers are represented by
RC elements [see Fig. l(b)].8’24_26 When the conductance of
the HTL increases with temperature, its resistance decreases.
The transition frequency for the case that the HTL is signifi-
cantly less resistive than the ETL is given by?’

1
"~ Rurr - (Cur + Cer)

fi (@)

Thus, a HTL conductance increasing exponentially with
increasing temperature corresponds to a resistance decreas-

ing like Ry7(T) =Ry - exp (%) Then, the transition fre-

quency, being inversely proportional to the HTL resistance,
is Arrhenius-activated as Eq. (1).

As a side remark, we would like to note that the observed
capacitance increase at very low frequencies in Fig. 2 is an
effect of the lateral conductivity of the PEDOT:PSS layer.”’
This parasitic capacitance is not accounted for in the simple
equivalent circuit model. Furthermore, the influence of an
external series resistance of 80  produces the capacitance
decay at high frequencies above 1 MHz.

However, this simple model reveals that the activation
energy of f; contains contributions of both the hole injection bar-
rier (E;,;) at the interface with the HIL and the thermal activation
of the hole mobility inside the HTL (E,). To account for this
increased complexity, we move to a microscopic description of
the conductivity of the HTL, which allows us to describe and
investigate the two processes independently. In a first approxi-
mation, we assume that the hole concentration in the HTL is
constant and equal to the concentration at the HIL contact inter-
face. Ensuring Fermi-level alignment at the HIL/HTL interface,

the hole density in the HTL is given by pyr. = po - exp (_kBE;f ) ,

where p, is the density-of-states of the HTL. The conductivity
of the HTL is defined by Gy = q - purw - iy, With g being
the unit charge and py7; the hole mobility. If the mobility is
thermally activated by E,,, we obtain

_ _Einj _Eu
G(T) =q - po eXP<kBT> Ho eXp(kBT

Einj+E
=Gy -exp(—%).
B

3)
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The consequent assumption is that the observed temperature-
dependence of G and therefore of the transition frequency is
determined by the sum

Eact = Einj + Eu- (4)

These thoughts make it clear that the two parameters
cannot be decoupled easily, if only C-f-T data are analysed.
As we noted in a previous publication, measured C-f-T data
could be fitted with a high injection barrier and temperature-
independent mobility, thereby however leading to unrealisti-
cally high mobility values.'” Obviously a good fit would also
be obtained by setting the injection barrier E;,; zero and
putting all thermal activation into the mobility.

In summary, assuming that the hole concentration and
therefore the conductivity in the HTL are constant already
gives a qualitative understanding of the temperature depen-
dence of the transition frequency. We will later see that it is,
however, a too simplified model to quantitatively determine
the activation energies.

In order to decouple the two activation energies, we
propose to perform a second, independent experiment at dif-
ferent temperatures, namely MIS-CELIV The CELIV tech-
nique is mostly employed to determine the charge carrier
mobility from the characteristic drift time leading to a peak
in the measured current.'***2° In our previous publication,
we have demonstrated that this technique can be employed
for mobility determination in the context of polar OLEDs, "’
which behave like MIS-diodes in the accumulation regime
for applied bias voltages between the hole injection voltage
V, and the built-in voltage V,;. Under this condition, the
CELIV current shows a peak on top of a constant displace-
ment current and allows determination of the time for charge
transit across the HTL, which is related to the charge-carrier

mobility by'52530
d
: (1 4 tHTL ETL>’ )
eerLduTL

2d}
(= AHTzL
s

where ¢ denotes the relative dielectric permittivity and d is
the thickness of the respective layers, A = dV /dt < 0 is the
applied voltage ramp, and ¢,, is the transit time.

We have shown that this technique is best employed
using offset voltages just above the hole injection voltage,
thereby avoiding space-charge effects.'” In this limit, the
transit time is equal to the transient position of the current
peak.”® Figure 3 shows the temperature-dependence of such
a measurement, together with the Arrhenius plot of the
extracted mobility from measurements at different offset vol-
tages, thereby assuming a thermally activated mobility, in
line with Eq. (3)>'*

u(T) = g - exp (f;‘) . (©)
We determine a mobility activation energy of 0.22-0.28 eV,
where the highest value is obtained for offset voltages just
above the hole injection voltage and therefore the most reli-
able one. The infinite temperature extrapolation of the hole
mobility in «-NPD given by the fit is yo = 3.5 cm?/V s.
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FIG. 3. MIS-CELIV measurement of an a-NPD(77 nm)/Alq;(66 nm) bilayer OLED for varied temperature. The ramp rate is —0.2 V/us, and the offset voltage
prior to the ramp was varied. Left: Measured current vs time for an offset voltage of 0.2 V. The grey dashed line denotes the displacement current correspond-
ing to the geometric capacitance and the symbols denote the transit time used to calculate the mobility. Right: Arrhenius plot and linear fits for the measure-
ments at offset voltages from —0.4 to 2.0V, denoted by different symbols. The inset shows the determined activation energies, lying between 0.22eV and

0.28eV.

For simplicity, we assume that the non-uniform electric
field that may be present in the HTL does not affect the anal-
ysis and that the observed MIS-CELIV mobility is mainly
influenced by the thermal activation and not the field-
dependence. Since the MIS-CELIV experiments are carried
out for the same electrical driving conditions (i.e., ramp
rate), this seems a safe assumption.

As there is no energy barrier for charge extraction, the
determined activation energy from the MIS-CELIV experi-
ment is only the thermal activation of the hole mobility E,,.
Thus, by combining this experiment with the C-f-T tech-
nique we believe to be able to individually determine the
two activation energies £;,; and E,,.

IV. COMPARISON WITH DRIFT-DIFFUSION
MODELLING

We aim to validate the proposed method by using a two-
step approach. In the first “forward” simulation, we calculate
the two device characterization signals, namely C-f-T and
MIS-CELIV current transients at various temperatures. In the
second step, the above analytical approach is applied to the two
kinds of signals. The extracted parameters for temperature-
dependent charge mobility and injection are compared to the
model input parameters used in the “forward” simulations. This
allows us to validate the self-consistency and how reliably we
can obtain the activation energies by the combined experiments
using basic analytical formulas.

The boundary condition in the injection model is that
the Fermi-level at the contact is aligned. Then, an injection
barrier between the HIL and HTL leads to a thermally acti-
vated exponential increase of the boundary charge density
with temperature as

—E;i
p(x=0)=po-e><p( ’>- (7

kgT

This is the same boundary condition as stated above in the
simplified model. However, we do no longer assume a con-
stant charge density throughout the HTL, but the density pro-
file is calculated self-consistently in the drift-diffusion

approach. Here, we do not take barrier lowering due to the
image charge effect into account.

For the hole mobility in «-NPD, we use the above-
mentioned temperature dependent model, Eq. (6), where we
set the mobility at 300K to a value of 10~* cm?/V s, which
we determined from our CELIV measurements. Other model
parameters have been chosen in accordance with measure-
ments as well, and are summarized in the supplementary
material. We then systematically varied the hole injection
barrier E;,; and the mobility activation energy E,, in order to
investigate their influence on the validity of the analysis
method.

Figure 4 shows two exemplary simulations (E;,;=0.4¢V,
E,=0.2¢eV) of the C-f-T and temperature-dependent MIS-
CELIV. We also mark the relevant transition frequencies and
CELIV peaks, respectively, and show the Arrhenius-plots with
the fits in the insets. The mobility in the CELIV simulations is
determined using Eq. (5), as we perform simulations in the
small-charge regime with offset voltages just above V.

For the C-f-T data, we expect that the extracted activa-
tion energy is the sum of both the injection barrier and hole
mobility activation, while for the CELIV experiment we
expect to find only the mobility activation. From the simula-
tion data of Fig. 4, we extract a total activation energy of
0.51 eV from C-f-T and an activation energy of 0.18 eV from
MIS-CELIV, compared to the expected values of 0.6eV and
0.2eV, respectively. Thus, for example, in Fig. 4, the error
for determination of E, by the analytical method is only
0.02eV, and the error of the total activation energy deter-
mined from C-f-T is 0.09eV, leading to a total combined
error for the injection barrier of 0.11eV. We calculated this
kind of systematic error for a large series of simulations per-
formed by systematically varying both the hole injection bar-
rier and the hole mobility activation energy. This deviation
shown in Fig. 5 is therefore a measure of the uncertainty of
the analysis method based on Egs. (1), (3), and (6).

For the MIS-CELIV simulations analysed in Fig. 5(a),
we find nearly constant deviations <0.07eV for injection
barriers below 0.25 eV. Here, our assumption that this exper-
iment is insensitive to the injection barrier holds. However,
for larger injection barriers there is an influence and the devi-
ation increases up to 0.15eV.
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FIG. 4. Simulation of an o-NPD (80 nm)/Alq; (60 nm) bilayer device at varied temperature. The hole injection voltage is —1.2 V, injection barrier is 0.4eV,
and the thermal mobility activation energy is 0.2 eV. Left: Capacitance-frequency at zero applied bias. The inset shows an Arrhenius plot of the transition fre-
quency, resulting in an activation energy of 0.51 eV. Right: MIS-CELIV currents for an offset voltage of 0.7 V and a ramp rate of —0.2 V/us. The inset shows
an Arrhenius plot of the mobilities determined by Eq. (5), resulting in an activation energy of 0.18 eV.

Figure 5(b) shows that for C-f-T the error in determining
the activation energy is imposed by the injection barrier
alone, while varying the mobility activation energy does not
influence it. We find that the maximum deviation for deter-
mining the combined activation energy is 0.20eV, at an
injection barrier of 0.25eV. Below this value, the error is on
the same order of E,., meaning that the experiment shows
only the temperature dependence of the mobility, when the
device is not contact-limited. This actually indicates that
the mobility activation energy may also be obtained from
C-f-T in the case of ideal ohmic contacts, with a very
small systematic error below 100meV. It is noteworthy
that for injection barriers higher than 0.25eV the error
decreases and the uncertainty of the extracted parameter
will become as low as 0.05-0.10eV emphasizing that this
is a powerful method to simultaneously estimate both
activation energies.

We conclude that indeed the MIS-CELIV experiment is
largely determined by the mobility activation energy. For
small extracted E,., values, the mobility activation can then
be reliably determined. This is good news as the mobility
activation energy in organic materials usually lies in the
range of 0.1-0.3eV.?"> Thus from the MIS-CELIV alone
this parameter can be determined.

In the supplementary material, we show the data of Fig.
5 in a different representation. This also clarifies that for very
good contacts the mobility activation energy may be deter-
mined well from the CELIV experiment. On the other hand,
for very high total activation energies observed in the C-f-T

0.4

the error from the CELIV experiment will impose on the
injection barrier, so that the decoupling is more difficult. This
means that the injection barrier cannot be determined as reli-
ably as the mobility activation using the analytical approach.
Furthermore, as the deviation from the real value is always
positive, the extracted parameters always underestimate the
true values and thus give a quantitative lower limit.

For a better understanding of the systematic error on
parameter extraction, we show the simulated equilibrium
charge carrier density and electric field profiles for varied
injection barriers in Fig. 6. These profiles do not depend on the
choice of mobility or mobility activation, as they depict the
thermodynamic equilibrium. This is also the reason why the
mobility activation does not influence the error in Fig. 5(b).

As shown in Fig. 6(b), for high injection barriers the
holes accumulate only at the internal interface with the ETL,
while for low barriers there is a considerable amount of
charge also at the interface with the HIL, and in the bulk.
Therefore, the analytical approach of Eq. (3) assuming
position-independent density and field turns out to be too
simplified. It seems that for non-limiting contacts the
assumption of a homogeneous conductivity is better fulfilled,
leading to the small errors in parameter determination.

In order to trust a maximum error of 0.25eV, we per-
formed further simulations where other modelling parame-
ters were varied. For these simulations, we set E;,j=0.4eV
and E,,=0.2¢eV, so we would expect activation energies to
lie at 0.6eV and 0.2eV for C-f-T and CELIV, respectively.
We observe that the parameter extraction is not affected by

= . EM=045 oV i 0.4 . E#:O.S oV FIG. S'dAna.lySi.s of the‘accglacyl of
_ —~ extracted activation energies. e plots
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the electron mobility in the ETL, the electron injection bar-
rier at the cathode, or the internal energy barrier for holes
between the HTL and ETL. The C-f-T analysis is further
independent of the density of states (DOS) in the HTL and
the mobility prefactor g for holes. This shows the robust-
ness of the method and allows us to specify 0.25eV as an
upper limit of the systematic error. It also confirms our initial
assumption that the combination of the two experiments is
indeed suited to disentangle the two activation energies.

We further find that for C-f-T the offset voltage plays
only a minor role, so the working point (between V, and V,,
naturally) does not matter. Concerning the activation energy
of the mobility using the MIS-CELIV experiment, it turns
out that an offset voltage just above the hole injection volt-
age (-2 V in our case) leads to the most accurate results. Part
of this error probably stems from the evaluation of the mobil-
ity by Eq. (5), where for larger peaks the transit time has to
be defined differently.”®** Finally, also the voltage ramp
was varied, and we find the smallest deviation from the input
model parameter for high voltage ramps in the range of
—1 V/us. Thus, by using appropriate measurement conditions
the uncertainty of the extracted parameters can be narrowed
further. The results from these additional parameter varia-
tions can be found in the supplementary material.

V. DISCUSSION

As we have seen, the implicit assumption of constant
charge and field profiles throughout the layer employed in
the analytical model gives rise to the systematic errors in
parameter determination. A first improvement of this situa-
tion would be the use of a more complex analytical model
taking the inhomogeneous density into account.*® In order to
further narrow down the confidence interval of the parame-
ters, a full drift-diffusion modelling and global fitting of the
measurement data is conceivable, and we have already dem-
onstrated such a procedure before.37-38 However, even
though the analytical description is not powerful enough to
get a very accurate value of the injection barrier, we believe
that this method still can be useful to compare different devi-
ces or to monitor the degradation of one device.

Overall, it seems that we can determine E, very well,
while we systematically underestimate E,. from C-f-T,
because the “effective” injection barrier is about 0.1-0.2eV
smaller than the nominal value.

This approach is not limited to bilayer OLEDs, as we
have only exploited their behaviour as MIS-diodes here.
Conventional MIS-devices comprising an insulating layer
will obviously also work. An exemplary simulation of the
field and density profiles in a MIS-device can be found in the
Supplementary material. The profiles are qualitatively identi-
cal; thus, the analytical procedure is as valid as in the polar
OLED case. As a side note we want to mention that the
thickness ratios in standard MIS-devices are usually different
from the bilayer OLEDs, and therefore, the CELIV mobility
is often analysed in the saturation regime, demanding a cor-
rection factor for the determination of ¢, in Eq. (5). 15,28,30

Therefore, the method presented may be applied gener-
ally to new organic materials. In different bilayer stack
layouts comprising a polar layer,">* or in dedicated MIS
devices it would then also be possible to gain information on
the electron mobility and its thermal activation. In multilayer
OLED stacks, the approach may also be useful to assess the
effective properties of carriers injected and transported to the
emission layer.

The value obtained here for the mobility activation in
o-NPD is 0.28 eV. In organic materials exhibiting disordered
transport, this effective activation energy depends on the
shape of the density of states (DOS). In the context of the
field- and temperature-dependent extended Gaussian disor-
der and correlated Gaussian disorder models (EGDM and
ECDM), the width of the density of states ¢ can be related to
= $,2.%*! With this formula
and the activation energy of £,=0.28 eV, we obtain a DOS
width of ¢ =125 meV at 300K, in good agreement with val-
ues reported earlier for «-NPD.**™** Concerning the tempera-
ture activation itself, the disorder models usually note a /1%
dependence instead of the observed and discussed 1/T behav-
iour. ™7 In fact, at high temperatures (>200K) the two
dependencies cannot unambiguously be distinguished, and
the disorder models are fully consistent with Arrhenius
activation.®#849

The energetic barrier for charge injection is most rele-
vant for efficient OLEDs with a low turn-on voltage. The
experimental finding that small injection barriers (<0.2¢eV)
are not “seen’ by the charges is confirmed by the simulation,
without special care for the interface modelling. Thus, if the
device is not contact-limited the mobility activation energy
will be the only factor contributing to E,., determined from
C-f-T. For such small barriers, the chosen contact model
assuming Fermi-level alignment is physically more

the transport activation by E,
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meaningful than the thermionic emission or tunnelling mod-
els, which are valid rather for high energetic barriers.*"!
Including barrier lowering effects has not been in the scope
of this work, but we encourage to investigate this refinement
as well as the influence of a Gaussian DOS on injection
further.

Even though there are several formulations for injection
and mobility models, it remains an experimental challenge to
discriminate one from the other. Therefore, we concentrate
on the determination of effective material parameters.
Concerning the mobility temperature activation, this has
been most often investigated in unipolar devices by experi-
mental techniques such as space-charge limited current,**>2
time-of-flight,”> or negative differential ~susceptance.
However, as we have shown above, the current is always
dependent on both the mobility activation and the injection
barrier. So good care must be taken when fabricating unipo-
lar devices and analysing these measurements. Alternatively,
as proposed here, extraction experiments like CELIV are
much less sensitive to the injection barrier, and therefore bet-
ter suited.

Concerning the injection barrier between two organic
semiconducting materials, that is the energy level offset
between their conduction bands, its experimental assessment
is even more problematic. The most common techniques to
analyse the valence and conduction bands of organic materi-
als as well as the workfunctions of metals are photoelectron
spectroscopy and Kelvin probe.” >’ In order to determine
the energy offset between two materials, a series of devices
need to be fabricated and measured, where the second layer
is deposited onto the first with varied thickness, therefore
allowing to probe the position-dependent energetics (band-
bending).”®®' While these techniques have proven valid and
reproducible, they are expensive and time-consuming, and
multiple devices are needed. Furthermore, these techniques
also have their systematic errors for parameter determina-
tion; for UPS errors in the range of 0.1-0.35eV have been
reported for organic materials.®' =%

Another approach seen in the literature is the use of IV-
curves and capacitance-voltage measurements for the extrac-
tion of injection barriers.**®” However, as mentioned
before, injection currents always depend on both the barrier
and the mobility, so in these cases probably an effective total
activation is observed. Furthermore, usually simplified layer
stacks have to be used.

We believe that temperature-dependent electrical measure-
ments on MIS-devices or complete polar OLEDs can be more
practical and relevant. The method presented in this work can
be performed on complete layer stacks, and results are obtained
more quickly and with less consumption of resources. And
apart from the parameters discussed in this text, the
temperature-dependence of OLEDs and OSCs is by itself an
important experiment on the way of device optimization.

54

VI. SUMMARY

We have presented an approach how to decouple the dif-
ferent activation energies for hole transport and injection in
polar bilayer OLEDs. For this purpose, we combine C-f-T

J. Appl. Phys. 122, 115502 (2017)

data with temperature-dependent MIS-CELIV measure-
ments. From a first simple analytical model, it becomes clear
that the C-f-T data contain contributions of both the tempera-
ture dependent charge injection and hole mobility. Using a
self-consistency analysis enabled by numerical drift-
diffusion simulation we determine the accuracy of the
extracted parameters depending on the model input values of
the injection barrier and mobility activation energy. In this
analysis, we find that the extracted values are always lower
than the true model parameters by up to 0.2eV. The main
reason for the deviation is the highly inhomogeneous charge
profile in the hole transport layer leading to a non-constant
conductivity, and the fact that barriers below 0.2eV do not
limit charge injection, which is not taken into account in the
analytical expression.

We applied this method to a prototypical bilayer OLED,
based on the hole transport layer «-NPD and the polar ETL
Alqs, and employing the hole injection layer PEDOT:PSS.
We deduced the hole mobility activation energy in o-NPD to
be 0.28 [+0.1; —=0.0] eV, which can be translated into a width
of the gaussian density of states of 125 meV, in good accor-
dance with previous reports in the literature. The effective
injection barrier from PEDOT:PSS into o«-NPD is found to
be 0.25 [+0.2; —0.0] eV.

The presented approach can be applied in a general
manner to determine the activation energies of new materials
used as injection or active layers. MIS-devices, consisting
either of a bilayer with a polar material or comprising a fully
insulating layer, in conjunction with temperature-dependent
experiments, therefore represent a highly valuable approach
for parameter determination.

SUPPLEMENTARY MATERIAL

See supplementary material for C-V and CELIV sche-
matics, further simulation results on polar bilayers, and field
and density profiles in MIS-devices.
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