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Charge injection from electrodes into doped organic films is a widespread technology used in the
majority of state-of-the-art organic semiconductor devices. Although such interfaces are commonly
considered to form Ohmic contacts via strong band bending, an experiment that directly measures
the contact resistance has not yet been demonstrated. In this study, we use a simple metal/doped-
organic-semiconductor/metal stack and study its voltage-dependent resistance. A transport-layer thickness
variation proves that the experiment presented gains direct access to the contact resistance of the device.
We can quantify that for an operating current density of 10 mA/cm?, the investigated material system
exhibits a voltage drop over the metal-organic interface of about 200 mV, which can be reduced by more
than one order of magnitude when employing an additional injection layer. The experiment presented
proposes a simple strategy to measure the contact resistance between any metal and doped organic film
without applying numerical tools or elaborate techniques. Furthermore, the simplistic device architecture
allows for very high, homogeneous, and tunable electric fields within the organic layer, which enables a

clear investigation of the Poole-Frenkel effect.

DOI: 10.1103/PhysRevApplied.18.034017

I. INTRODUCTION

Doped organic layers enable efficient charge-carrier
injection and extraction in various emerging semiconduc-
tor devices and have a huge impact on their overall perfor-
mance. They enable reduced voltage losses at the contact
interfaces of photovoltaic (PV) devices [1-4], account for
the low operating voltage and reasonable charge balance
of light-emitting diodes (LEDs) using organic injection
layers [5—7], and enhance the switching speed of organic
transistors [8,9]. Thus, a physical understanding and easy
measurement routines are crucial to the evolution of this
technology.

Any charge injection or extraction between electrodes
and organic semiconductors experiences a resistance at
the contact interface. Its mechanism is commonly treated
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in the picture of a metal/semiconductor bilayer rooted in
classical semiconductor physics and is standard content
in pertinent textbooks [10—12]. Even though amorphous
organic semiconductors do not form energy-band struc-
tures in the same sense as their crystalline inorganic coun-
terparts, the valence- and conduction-band model is often
applied to the distribution of molecular orbitals in amor-
phous organic films for the sake of simplicity and delivers
a readily elaborate physical understanding. In this pic-
ture, charge carriers face a potential barrier caused by the
difference between the metal work function and the semi-
conductor energy levels. The tuning of this injection bar-
rier is commonly achieved by energy-level alignment, i.e.,
by introducing injection layers [13—15], or energy-band
bending [11,16-18].

The Ilatter option is mediated via blending the
organic semiconductors with dopant molecules [19-21]
and provides an enhanced tunneling probability for charge
carriers, which is even increased by an image charge poten-
tial [22,23]. Depending on the intended majority charge
carrier, an electron or hole transport layer requires n-type
or p-type doping, respectively. Organic molecules, such as
7,7,8,8-tetracyano-2,3,5,6-tetrafluoroquinodimethane (F4-
TCNQ) and 2,2’-(perfluoronaphthalene-2,6-diylidene)
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dimalononitrile (F¢-TCNNQ), or halide materials such
as FeCls, are commonly used as p-type dopants. Alkali
metals such as Li or Cs, on the other hand, are very popular
n-type dopants [24].

Under standard operating conditions, the interface
between metal and doped organic semiconductor is
commonly treated as Ohmic and only poses a significant
contact resistance below certain bias voltages [25-27].
Naturally, the question arises as to what the term “Ohmic”
refers to—indeed, its definition is not intuitive and is
sometimes even confused with a connection to Ohm’s
law. In classical semiconductor physics, the term “Ohmic”
describes a contact that poses negligible resistance relative
to other resistances in the device regardless of the applied
bias polarity and may exhibit nonlinear behavior [10,11].
Is it actually correct that an Ohmic contact can be assumed
at common organic LED (OLED) or PV operating condi-
tions? How much voltage drop does the contact resistance
cause? The answer is not straightforward and depends
on the intended application of the device in question.
For high-current applications, such as future electrically
driven organic lasers, these voltage losses will be severe
[28]. Also, consideration of the resistance contribution
of the contacts may aid development of the understand-
ing of OLED operating voltages that deviate from their
theoretical limits [29,30], can pave a way toward enhanc-
ing transistor performance [31], and can provide further
insight into voltage losses in organic or perovskite PV
devices [32].

While there have been extensive research efforts to
understand metal/doped-organic-semiconductor contacts
in detail [32—34], this study presents a direct experimental
method to measure the contact resistance of such mate-
rial combinations. It is a particular challenge to isolate
the pure contact behavior, as it is commonly overlaid
with the charge-transport characteristics of the investigated
device. To overcome this problem, we reduce the device
complexity as much as possible: A doped organic semicon-
ductor with variable thickness is sandwiched between two
equally thick silver electrodes and its voltage-dependent
device characteristics are studied. As a result, the resis-
tance contributions are reduced to the two contacts and
a transport layer, the influence of which is controlled
via a thickness variation. At the same time, we drasti-
cally decrease the active area and use a four-wire cross-
bar setup to measure high current densities unaffected by
parasitic series resistance or self-heating, which would
otherwise be detrimental to the experimental outcome.
By thoroughly studying the presented model system, we
can prove that the manufactured devices follow classi-
cal semiconductor physics to a fair extent and that the
introduced experimental strategy gains direct access to the
contact characteristics of a metal-organic semiconductor
interface.

II. METHODS

A. Device fabrication

The hole-only devices are fabricated by thermal evapo-
ration under high vacuum (Kurt J. Lesker Company, evap-
oration pressure < 1 x 107® mbar) on 2.5 ¢cm x 2.5 cm
glass substrates (Schott Borofloat33 glass, Prince Optics)
of thickness 1.1 mm. The substrates are cleaned in an ultra-
sonic bath with acetone, ethanol, and deionized water. Alu-
minum (Chempur) and silver (M&K GmbH Jena), each of
thickness 50 nm, are used as bottom and top electrodes.
For simplicity, only the silver contacts are shown in Fig. 1.
The p layer consists of m—4,4’,4”-Tris(N-3-methylphenyl-
N-phenyl-amino)triphenylamine (m-MTDATA; Synthon,
sublimation cleaned) doped with Fg-TCNNQ (Novaled
AG, sublimation cleaned) at a ratio of 4 wt% or Spiro:TTB
(Lumtec, sublimation cleaned) doped with CgoF3¢ (Ionic
Liquids Technologie GmbH, sublimation cleaned), also at
4 wt%. The thickness and deposition rates are monitored
using a quartz-crystal microbalance (the full names of the
materials and the reverse J-J characteristics are given in
Secs. I and III of the Supplemental Material [35]).

To prohibit air and moisture contamination, the device
stacks are encapsulated under a nitrogen atmosphere
after fabrication. The encapsulation glass (sodalime glass,
AMGTECH Korea) comprises a small cavity above the
pixels that prevents direct contact between sensitive mate-
rials and the encapsulation glass. It is attached to the sub-
strate using an epoxy resin (XNR5516Z-L and XNR5590,
Nagase Europa GmbH).

B. Device evaluation

The devices are placed in a Peltier-element—equipped
cryostat that is controlled by a temperature controller
(Belektronig, HAT control). The air pressure inside the
cryostat is reduced to below 1 mbar using a prevac-
uum pumping system (Trivac D16B, Germany) to keep a
steady temperature and to prevent unwanted air convec-
tion. Every measurement is performed using the four-wire
method run by a dual-channel source-measure unit (SMU)
(Keithley 2602). The impedance measurements are per-
formed using an LCR meter (Hewlett Packard 4284A
precision LCR meter) and a home-built switching matrix
to switch between the SMU and the LCR meter and to tar-
get individual device pixels. The temperature controller,
the LCR meter, and the SMU are run and controlled by the
SweepMe! software tool [36], which enables automated
measurement protocols.

C. Equivalent-circuit modeling

The LTspice software (Linear Technology) is used for
modeling the equivalent circuit presented in Fig. 1(d) with
one fixed set of parameters to achieve all of the model
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FIG. 1. (a) The device design: a simple metal/doped-organic-
semiconductor/metal stack with a variation of the semiconductor
thickness. (b) The energy-level diagram at short circuit: The p
doping induces band bending and depletion regions at the inter-
faces. The energy levels are taken from Refs. [41-43]. (c) The
energy-level diagram under applied bias. (d) The equivalent-
circuit model: the physical characteristics of the presented stack
can be described by a simple series of contact and transport
equivalent circuits, each represented by a parallel RC element.

results (cf. Table I). In contrast to an analytical PYTHON
code, LTspice can self-consistently iterate solutions to
model voltage-dependent impedance measurements, as
presented in Fig. 4.

III. RESULTS

A. Device architecture

Figures 1(a) and 1(b) present the device architecture
with a p-doped organic semiconductor (m-MTDATA:Fg-
TCNNQ, 4 wt%) evaporated between two silver elec-
trodes. The doping ratio is chosen high enough to

TABLE I. The global parameter set used for the equivalent-
circuit modeling with LTspice.

Diode ideality factor n; 1

Tunneling scaling factor c 2 x 107!
Tunneling-scale conductivity ooz 4 x 10> mS cm™2
Diode-scale current density Jos 5 x 10> mA cm™2
Interface potential barrier Va1 035V

Scale mobility wo 2% 1071 em?V-lsT!

Scale doping concentration Nao 1 x 10" cm™3
Relative permittivity € 3.5
Doping activation energy Eqa 25 meV
Mobility activation energy Eya 0.3eV

yield a low charge-carrier injection-extraction barrier but
also low enough to sustain a medium doping efficiency
[20,37]. The semiconductor thickness is varied from 50 nm
to 400 nm to study the impact of the charge-transport
resistance. This strategy is similar to the concept of a
transmission-line method (TLM) experiment often per-
formed with transistors [38—40]. The crucial differences
are, first, a drastically reduced device complexity, sport-
ing no dependence on geometry or charge-carrier accu-
mulation. Second, the semiconductor thickness in our
experiments is orders of magnitudes below a horizontal
organic transistor channel length. The transport resistance
becomes, as presented below, almost insignificant for the
thin devices used in our experiments. This enables a
direct and voltage-dependent contact-resistance measure-
ment without extrapolation to zero semiconductor thick-
ness as performed in a TLM experiment.

The minimal transport layer is chosen to be 50 nm, as
films below this thickness become increasingly prone to
short-circuit failures. Furthermore, any spatial overlap of
the two depletion regions must be avoided to keep the
device physics clear. With typical values for our material
system such as the relative permittivity of a typical organic
semiconductor, €, & 3 [24], the intrinsic potential barrier
at the interface /gy = 0.5 eV, and the ionized acceptor
concentration Ny = 1 x 10'® cm™3, the depletion width W
of one contact can be estimated at /' = 0 to range around

4 nm:
2¢0€, (Vg1 —
W= /M%4nm. (1)
€NA

The depletion width ¥ additionally depends on the applied
bias, as schematically indicated in Fig. 1(c). Nevertheless,
a minimum transport-layer thickness of 50 nm safely rules
out depletion-region interference.

The utilization of a single doped organic film guaran-
tees very homogeneous current density and electric field
distributions within the device, which are not compro-
mised by additional intrinsic layers or organic-organic
interfaces in the film [44,45]. This is proven by current
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FIG. 2.

(a),(b) The dc J-V characteristics scanned back and forth at 7= 300 K for a thickness variation of the organic semiconductor

film: its R-V representation is also represented in (a). (c),(d) The dc J-V characteristics for the / = 50 nm device at various temperatures.
Experimental results are presented in (a) and (c), while data from the equivalent-circuit modeling are shown in (b) and (d).

density versus voltage (J-V) measurements for different
sample areas, which are all found to coincide closely
(cf. Sec. IV of the Supplemental Material [35]). For the
experiments presented throughout this study, we use the
smallest realized cross-section area of 0.09 mm? to resolve
the lowest possible current densities and to prevent self-
heating-induced inhomogeneities scaling with the active
area dimension [46].

B. Resistance measurements

A four-wire J-V scan is run back and forth in a Peltier-
element—based cryostat under vacuum (below 1 mbar) to
ensure stable thermal conditions. Details of the four-wire
setup are introduced in Ref. [47]. The technique enables
more accurate measurements excluding external series

resistances that jeopardize a precise capacitance analysis.
This is essential for observing the intended characteristics.

Figure 2(a) presents the measurement results for all four
devices at a constant temperature 7 = 300 K. The blue-
shaded lines show the J-V characteristics and the grayscale
curves show the same data set in resistance representa-
tion, R = V/J. Only a very slight hysteresis, which is
scaling with increasing current density, is detected. It can
be identified more clearly in Fig. S2 of the Supplemen-
tal Material [35]. Electrothermal feedback, which causes a
deviation between the backward and forward J -/ measure-
ment directions, can therefore be rendered unimportant for
the overall data analysis [47].

For V < 300 mV, the J-V curves of the four differ-
ent transport-layer thicknesses differ only slightly. This
indicates that they are governed by the contact resistance
between the metal and the doped organic semiconductor
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at low voltages. If the transport resistance posed a major
contribution, the transport-layer variation by a factor of 8
would cause a respective line separation. This is not the
case. While the 400-nm device shows a slight current den-
sity and resistance deviation, the three thinnest devices can
merely be kept apart.

For V' > 300 mV, the resistance of all the devices plum-
mets. Also, the lines start to separate drastically according
to their transport-layer thickness, i.e., the contact resistance
drops below the transport resistance, which starts to govern
the device characteristics.

Figure 1(d) presents an equivalent circuit that can be
used to better understand this behavior. Any of the three
introduced device layers, i.e., the injection, transport, and
ejection layers, needs to include a resistive component.
The circuit model also emphasizes that our devices sport
two contact resistances, one at each metal/organic film
interface. The experiment, therefore, measures the sum of
a forward and reverse contact-resistance contribution.

The ejection and injection interfaces each need to be rep-
resented by a variable resistor, Riy; and Rjec, as all devices
are limited by their contact resistance at low bias voltages.
Instead of an accurate but complex interface analysis, only
the governing physical concepts are included. This is suf-
ficient to understand the device physics, as we see that
our model successfully represents all experimental trends.
Accurate quantitative tracing of the experimental results
is not our intention here. The charge-carrier injection and
ejection currents can be understood as Schottky contacts
[48] and are described by a tunneling term [49] and an ideal
diode equation [10], which is reduced by the effective, i.e.,
image-force-reduced, potential barrier at the interface Vp;:

. ) —eV e
JDiode = Jjo,5 €XP ( " kB];f) |:eXp (”i 3 - 1i| , (2)

V
s
. —eVpi V1V
un — V —1]. 3
JT O0,RY €Xp < nikBT> [exp <C laT > ] 3)

The parameter kp depicts the Boltzmann constant, 7 is the
device temperature, n; is the diode ideality factor, e is the
elementary charge, ¢ is an arbitrary tunneling scaling fac-
tor, V' is the voltage drop across the respective resistor
element, jos is the scale current density, and oy is the
scale conductivity. Note that oz} again yields a current
density, which is the current density of the tunneling term.
The global model parameters are given in Table 1.

The symmetric architecture yields a symmetric device
behavior, as shown in Fig. S2 of the Supplemental Mate-
rial [35]. Therefore, both contacts need to be described
by the same formula. We choose a simple superposition,
which only differs in the respective signs for injection- and

ejection-current densities:

jinj =jTun(Vinj) _jDiode(_Vinj)» (4)
jejec = _jTun(_Vejec) +jDiode(Vejec)- (5)

Both contact elements are susceptible to the voltage drop
across the respective interface and decrease exponentially,
as found by the experimental data. An increasing bias
causes a more pronounced band bending at the injection
interface, which increases the tunneling probability. Also,
the Schottky barrier at the ejection interface is reduced
[50]. Both processes make the total contact resistance drop
with increasing bias voltage.

The transport resistance must also be represented by a
variable-resistor element Ry.ns, since the devices depend
on the thickness of the organic film at elevated bias volt-
ages. Due to the high doping concentration throughout the
entire organic semiconductor film, space-charge-limited
effects cannot play a pivotal part and the transport resis-
tance is assumed to be purely Ohmic (for the detailed
reasoning, see Sec. II of the Supplemental Material [35]).
The current density passing Ry reads

Vtrans

d b

jtrans =e€ NA//L (6)

where d = [ — Wipj — Wijec 1s the thickness of the nonde-
pleted transport layer, in which [/ is the total thickness of
the doped organic film [cf. Fig. 1(c)], Virns 1S the voltage
drop across the transport layer, and N, is the temperature-
activated ionized dopant concentration, equal to the effec-

tive charge-carrier density (cf. Sec. I of the Supplemental
Material [35] and the parameters in Table I):

—E,,
Ny = Nypexp ( = ) . (7

kgT

As temperature- and field-dependent experiments are car-
ried out and they alter the device characteristics, the
mobility term p = p(7, V) must contain a temperature
and an electric field dependency to successfully model the
experimental results. Ryansport has to drop with increas-
ing bias, since the J-V curves bend upward when sep-
arated according to their transport-layer thickness. This
cannot be explained by linear resistance characteristics.
The encountered field strength, here exceeding 100 kV/cm,
has previously been identified as relevant when studying
field-enhanced mobility [51]. The presented device archi-
tecture, employing doped films, easily exceeds this value
and hints that a large range of sandwich-type devices
should be eligible for the simple determination of their
contact resistance.

The nonlinear behavior at high electric fields requires a
field-induced mobility enhancement, commonly known as
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the Poole-Frenkel (PF) effect [11,49]:

_EL,d |Vrn |
M=M06Xp< kB/T )eXP(ﬁ %) ®)

e e

B ©

kgT\ me ey’

where the parameter S is defined in Ref. [52], kp is the
Boltzmann constant, 7 is the device temperature, €, is
the relative permittivity of the organic film, and £, , is the
mobility activation energy. For both dependencies, temper-
ature and electric field, we use simplistic approaches. We
are well aware that both dependencies have to be modeled
with more complexity if a good agreement between experi-
mental and model results is to be expected. Our model fails
at high electric fields, as can be seen by the increasing devi-
ations between Figs. 2(a) and 2(b). This accounts for an
oversimplification of the PF term in the equivalent circuit.
From the simulated results in Fig. 2(b), comprising both
a scenario with and without a PF term, one can estimate
the true PF contribution to be in between the two real-
ized modeling scenarios, i.e., a reduction of § would yield
better agreement. However, it is not the intention of our
investigation to pursue this. Nevertheless, it is worth point-
ing out that our presented experimental approach allows
the study of the PF effect in organic semiconductors with
very high precision, as demonstrated, e.g., by Blom and
coworkers [51,53]. While stacked films in complete semi-
conductor devices induce a varying electric field in the
vertical direction, the geometry realized here ensures a
very homogeneous field strength throughout the transport
layer.

The thinner the transport layer, the smaller is its resis-
tance contribution. A thinner device follows the pure
contact-resistance characteristics up to higher current den-
sities than a thick device. Hence the isolated contact resis-
tance can be estimated best from the / = 50 nm sample.
Figure 2(b) presents the model scenario with vanishing
transport influence, Ry = 0, indicated in red. It is, there-
fore, safe to deduce that the contact-resistance character-
istics must be nonlinear and must stay reasonably close
to the / = 50 nm device up to about 100 mA/cm?. This
range is sufficient to quantify the contact resistance for
most organic electronics applications.

Both the contact-resistance and the transport character-
istics are susceptible to temperature, as shown in Figs. 2(c)
and 2(d). That is, the mobility in Eq. (8) is enhanced by
an Arrhenius term, as are the tunneling and diode char-
acteristics in Eqs. (2) and (3). The experimental trend
of temperature-induced conductivity is replicated success-
fully by the model.

The simulation of the three resistance contributions dis-
played in Fig. 1(d) is evaluated with LTspice and allows
us to quantify each of them separately. Figure S9 in the

Supplemental Material [35] presents the modeled contri-
butions and makes it plain that the injection and ejection
resistances govern the device behavior at low voltages. For
V> 100 mV, all three resistances start to drop dramat-
ically. The two contact-resistance contributions, R;,; and
Rejec, however, drop faster than the transport resistance,
which takes over the device characteristics at increasing
bias. Figure S9 in the Supplemental Material [35] also
implies that injection and ejection follow roughly the same
trend at low voltages, owing to their mutual exponential
nature. Thus, an estimation to identify either the injection
(important for OLEDs) or ejection resistance (important
for PV) from the measurements would be Ry & Rgjec at
low voltages.

C. Impedance measurements

The resistivity measurements presented above are based
on the assumption that we are indeed probing the pure
contact resistance. To gather further evidence on that
assertion, impedance measurements are performed in
this section. We demonstrate that we can disclose the
contact and geometrical capacitance and that the investi-
gated devices show two depletion regions, two voltage-
dependent capacitance plateaus, and a temperature- and
thickness-dependent behavior, all of which follow basic
semiconductor physics.

Figures 3(a) and 3(c) present the experimental capac-
itance density versus frequency (C-f') characteristics at
zero bias voltage V' = 0 with varying thickness and tem-
perature, respectively. Details of the capacitance-density
evaluation from a four-wire measurement are given in Sec.
V of the Supplemental Material [35]. Again, it is very
important to employ a four-wire measuring technique to
keep parasitic series resistance out of the evaluation.

The experimental results present two distinct
capacitance-density plateaus. This behavior can be under-
stood if treating any of the three distinct layers within the
device not only as having a resistive representation but
as an RC element [cf. Fig. 1(d)]. At V' = 0, the depletion
regions of injection and ejection have the same width W
and, treated like plate capacitors in the equivalent circuit,

also the same capacitance density Cjyj = Cejec:
€0€,
Cinj = ——\ (10)
I/Vinj
€0€Ey
Coice = . (11)
ejec Wejec

At low frequencies, the reactance of the transport capaci-
tance Ciaps 18 high and the charge-carrier flow is, rather,
mediated via Ry.s. As a result, the device capacitance
is governed by the injection and ejection capacitances.
At room temperature, with no bias voltage, negligi-
ble transport resistance, and low frequencies, the device
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Frequency (Hz)

The impedance characteristics at ' = 0. (a),(b) Data at = 300 K for a thickness variation of the organic semiconductor.

(c),(d) Data for the / = 100 nm device at various temperatures. Experimental results are presented in (a) and (c), while data from the

equivalent-circuit modeling are shown in (b) and (d).

capacitance density can be estimated as

1 1\
C 1 kHz) ~
(f < Z) (Cinj * Cejec)
V=0 Ccontact
= 12
s, (12)

where Ciyj = Cejec = Ceontact due to the device symme-
try at V= 0. From Fig. 3(a), however, it is apparent that
Eq. (12) holds merely for low transport resistances, i.e.,
very thin transport layers. The thicker the transport layer,
the higher is its resistance. As a result, even at low frequen-
cies, the transport capacitance mediates a significant share
of the device current and reduces the total capacitance den-
sity. Thus, the capacitance at low frequencies is decreasing
with an increasing transport-layer thickness and the pure
contact capacitance can only be measured for transport

layers tending toward zero thickness, i.e., the / = 50 nm
device.

At high frequencies, the transport capacitance becomes
dominant, as its reactance drops below the resistance of the
transport layer. Since the depletion region is smaller than
the transport-layer thickness d of all of the devices [cf.
Eq. (1)], the contact capacitance is expected to be higher
than the transport capacitance. As a result, the total capac-
itance density falls to a second plateau at high frequencies.
This plateau is governed by the device geometry (organic
film thickness) and is called the geometrical capacitance
density Cgeo:

C(f > 1 kHZ) = Cgeo

g

1 1
Cinj Ctrans

1
Cejec

+

-1
) . (13)
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FIG. 4. The impedance characteristics at 7= 300 K and f = 1 k Hz for a thickness variation of the transport channel: (a) experi-
mental data; (b) results from the equivalent circuit presented in Fig. 1(d).

The transport capacitance density Ciys 1S a function of the
transport-layer thickness d and is, as a simplistic approach,
also represented by a plate capacitor in the equivalent
circuit given in Fig. 1(d):

€0E,
Ctrans - d . (14)
To support the understanding presented above, impedance
spectroscopy is also carried out with a fixed organic film
thickness (/ = 100 nm) for different temperatures. Figure
3(c) presents the transition interval between the contact
and the geometrical capacitance-density plateau as being
temperature dependent. This can be mainly understood by
considering Rians = Rirans(V, T) as a function of tempera-
ture according to Egs. (6) and (8). At low temperatures,
Rirans 18 high and the current is mediated earlier via the
transport capacitance, the reactance of which does not
scale directly with temperature. For increasing tempera-
tures, Ryans decreases and the cutoff frequency f; for the
transport RC element increases:

1
2 Rtrans ( V’ T) Ctrans ( V) '

Figures 3(b) and 3(d) present the results from the
equivalent-circuit model performed with LTspice. The
qualitative trends of the experiments are reproduced and
even quantitatively the results are similar. The transition
characteristics in the experiment, however, are sloping
more gently than in the model. The equivalent circuit
follows the Schottky assumption of three distinct lay-
ers having an abrupt change from depleted- to neutral-
semiconductor characteristics. This is a simplification
that allows the modeling of the two different frequency-
dependent operating regimes. In the real device, however,

fG,trans(V:T) - (15)

the transition between the depleted and neutral regions
is smooth and hence the impedance characteristics are
smeared out with respect to the model.

D. Depletion-zone variation

The impedance spectroscopy experiments discussed
above are performed at zero bias voltage, /' = 0. Here, the
contact capacitances at either side of the device must be
equal, according to the symmetry of the device. The deple-
tion width 7, however, depends on the voltage drop over
the respective layer [cf. Eq. (1) and Fig. 1(c)]. The idea of
the subsequent measurement is to investigate the influence
of voltage on the contact capacitances.

To access the isolated contact capacitance characteris-
tics as well as possible, the experiment is performed at
f =1 kHz and room temperature, as deduced from the
Sec. III C. Figure 4(a) presents the capacitance density
of all four devices versus the applied bias voltage. Using
the global set of model parameters displayed in Table I,
a short-circuit depletion width (at /' = 0) of about W ~
4 nm at each interface can be expected. According to
Eq. (1) and as indicated in Fig. 1(c), Wi, increases and
Wejec decreases under forward bias. When considering the
contact-limited capacitance at 1 kHz, where the transport
capacitance density Ci,y,s 1s assumed to play no pivotal
role, the capacitance-density trend can be understood to
follow a voltage-dependent version of Eq. (12), i.e.,

), (16)

where both W;,; and Weje. follow Eq. (1). For low applied
bias, the two voltage dependencies apparently cancel each
other, as around V' = 0 their behavior can be approximated

€,€0
I/Vinj ( Vinj) + Wejec ( Vejec)

cqzlmam=(
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FIG. 5. (a) The investigated stack designs comprising 100 nm

of p-doped organic semiconductor and either no or one or two
contact enhancement layers of MoO3 (0.5 nm). (b) The respec-
tive J-V characteristics at 7 = 300 K and an illustration of the
effect on the measured contact resistance.

as being linear. Beyond an applied bias of about 100 mV,
the linear approximation fails and the denominator of Eq.
(16) starts to grow. The total capacitance density of the
devices drops. The same overall trend can be reproduced
by the equivalent-circuit simulation, presented in Fig. 4(b).

E. Demonstration scenario for injection-enhancement
quantification

Throughout the preceding sections, an experimental set-
ting is introduced that evidently provides direct access to
the contact resistance of a given interface between a metal
and a doped organic film. As an outline toward potential
application scenarios, in this section we present a short
study on the effect of additional interface layers that reduce
the contact resistance.

The subsequent experiment uses an equivalently sim-
ple stack of 100 nm of Spiro-TTB-doped with CgF3
(4 wt%) sandwiched between two silver electrodes. Again,

we perform a thickness-dependent J-V analysis and find,
as for the m-MTDATA:F¢-TCNNQ devices, that the resis-
tance behavior for J < 10 mA/cm? is not influenced by
the organic layer thickness up to / = 200 nm (cf. Sec. VI
of the Supplemental Material [35]). That is, direct access
to the contact resistance of the device is guaranteed. Now,
either at the top, the bottom, or at both contact interfaces, a
thin layer (0.5 nm) of molybdenum oxide (MoO3) is added
[cf. Fig. 5(a)], which is commonly used to reduce the con-
tact resistance of p-doped organic semiconductor devices
[4,15,54-56]. The data in Fig. 5(b) prove that adding one
injection interlayer clearly reduces the contact resistance
of the respective interface. There appears to be no signifi-
cant difference between employing the enhancement layer
in the top or bottom configuration. Most likely, the nonen-
hanced contact governs the contact-resistance characteris-
tics here. The use of MoQOj3 on both interfaces reduces the
contact resistance at 10 mA/cm? by more than one order
of magnitude, from about 30  cm? to below 3  cm?.
A detailed investigation of this material combination can
be found in Sec. VI of the Supplemental Material [35]). In
such a fashion, contact-resistance-enhancing strategies can
easily be evaluated.

IV. CONCLUSIONS

This paper presents a strategy to measure the isolated
contact resistance between metals and doped organic semi-
conductors up to reasonable device operating conditions.
For the investigated model structure of a p-doped film (m-
MTDATA:Fs-TCNNQ, 4 wt%) between two silver elec-
trodes, the two metal-organic interfaces cause a potential
drop of about 400 mV at 10 mA/cm?. At this current den-
sity, one contact poses therefore a resistance of Reontact &
20 Q cm?. The presented concept requires neither com-
plex experiments nor sophisticated theoretical treatment
but is based entirely on an easy-to-perform J-V scan. As
a proof of concept, we perform a thorough evaluation for
the mentioned hole-only device configuration. We employ
resistance and impedance measurements while scanning a
variety of device temperatures and organic film thicknesses
and successfully compare the results to a simple equiva-
lent circuit realized in LTspice. The model uses one global
set of parameters that replicate all the experimental find-
ings. This proves that the measured device characteristics
directly disclose the contact behavior of the device up to
about 100 mA/cm? for the given system, which is suffi-
cient for most operating scenarios in LEDs or solar cells.
We further present how our measurement concept can help
other groups evaluate their contact enhancement strategies
by investigating the influence of molybdenum oxide as
an injection layer in a second material system compris-
ing Spiro-TTB doped with CgyF36 and silver electrodes.
The presented device architecture turns out to achieve
extremely strong and homogeneous electric fields, which
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allows us to specifically study the Poole-Frenkel effect in
organic semiconductors.

All materials, code, and data are available on reasonable
request.
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