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Ohmic Electron Injection into Organic Semiconductors
by Solution-Processed and Evaporated Organic Interlayers

David Trieb, Paul W.M. Blom, and Gert-Jan A.H. Wetzelaer*

Efficient electron injection from an electrode into an organic semiconductor
remains a problem to solve for efficient organic semiconductor devices. In
this work, a general method is presented to form an ohmic electron contact
by inserting a thin organic interlayer between the metal electrode and the
organic semiconductor. It is demonstrated that inserting an interlayer of a few
nanometers of an organic semiconductor with a lower electron affinity than
the transport material can improve the injected electron current by over three
orders of magnitude. The electron current becomes space-charge limited,
demonstrating that the interlayer-enhanced contact is ohmic. The ohmic-con-
tact formation by inserting a thin interlayer is ascribed to the elimination of
barrier formation as a result of direct contact between the metal and organic
semiconductor. Additionally, it is demonstrated that it is possible to achieve
solution processing of such interlayers on top of organic semiconductors. The
method is generalized for different interlayer materials as well as for different
organic semiconductors, providing a general method for ohmic electron injec-

to prevent charge-injection barriers.? As
the injected current scales exponentially
with the injection barrier, it is important
that the barriers be minimized. Ideally, an
ohmic contact is formed, corresponding to
barrierless charge injection from the elec-
trode into the organic semiconductor.

To achieve ohmic contacts on organic
semiconductors, several methods have
been developed. To achieve low work-
function contacts for electron injection,
typically metals with a low work function
such as barium or calcium are applied.?!
Additionally, thin interlayers of metal
salts like LiF or Cs,CO; are commonly
used.™ For hole injection, transition metal
oxides, such as MoOj;, are often used as
an inorganic injection layer, because of

tion in organic devices.

1. Introduction

Organic semiconductors are currently investigated for their use
in optoelectronic devices, such as organic light-emitting diodes
(OLEDs), organic photovoltaic cells (OPV), and organic field-
effect transistors (OFETs).ll An attractive feature of organic
semiconductors is their solubility in organic solvents, enabling
the fabrication of optoelectronic devices by a facile and cost-
effective solution process. For the efficient operation of such
devices, it is of great importance that the organic semicon-
ductor layers are contacted with the right electrodes. For effi-
cient charge injection, the work function of the electrode has to
match the ionization energy (for hole injection) or the electron
affinity (for electron injection) of the organic semiconductor,
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their extremely high work function of
up to 6.9 eV.5 However, despite their
very high work function, it was recently
found that the contacts formed with these
metal oxides are non-ohmic. The unexpected hole injection
barrier could be eliminated by using thin (3-5 nm) tunneling
interlayers of organic semiconductors with a high ionization
energy.”l These interlayers act as a spacer layer, preventing bar-
rier formation upon direct contact between the electrode and
the organic semiconductor due to electrostatic interactions. The
high ionization energy of the interlayer allows the Fermi level
of the metal to align with the ionization energy of the semicon-
ductor, resulting in an ohmic contact.

Since a hole-injection barrier between MoO; and organic
semiconductors was found despite the more than sufficiently
high work function of the MoO; electrode, this raises con-
cerns about the analogous case of electron injection from low
work-function contacts. Indeed, for the high-mobility electron-
transporting polymer poly((N,N’-bis(2-octydodecy)naphthalene-
1,4,5,8-bis(dicarboxoimide)-2,6-diyl)-alt-5,5’-(2,2’-bithiophene))
[PNDI(20D)-2T], Steyrleuthner et al. found that ohmic electron
injection could not be achieved, despite the use of a wide range
of electrode materials with different work functions.® Intrigu-
ingly, the electron affinity of PNDI(20D)-2T is rather high at
3.8 eV, which should in principle be easily accessible for elec-
tron injection from low work-function metals. As such, it seems
that the formation of ohmic electron contacts is not straight-
forward, similar to the recent observations for the formation of
ohmic hole contacts.! Multiple reasons have been discussed
for the formation of charge-injection barriers between metals
and organic semiconductors, such as chemical reactions at the
interface leading to Fermi-level pinning states.’] In addition,
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the overlap between metallic states and molecular levels gives
rise to broadening of the latter, leading to an induced density of
interface states, to which the Fermi level is pinned.'”) Damage
to the organic semiconductor top interface may also occur
when a metal is evaporated on top, potentially leading to barrier
formation.??! For hole injection from metal oxides, the image
potential due to a dielectric contrast at the interface was associ-
ated with barrier formation, which is also generally present at
metal-organic interfaces.[]

For hole injection, the use of thin organic interlayers could
solve the problem of barrier formation.[l As a practical demon-
stration of the use of tunneling interlayers to form ohmic con-
tacts, a highly efficient single-layer OLED was fabricated, using a
Ce interlayer for hole injection and a 2,2’,2”-(1,3,5-benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBi) interlayer for electron
injection. As a result of the formed ohmic contacts, a high
external quantum efficiency of 19% was obtained despite the
absence of transport and blocking layers, and an extremely low-
operating voltage could be achieved due to the absence of injec-
tion barriers. These results show promise for efficient electron
injection by using thin interlayers. As a second example of the
use of such an injection strategy, tunneling interlayers have
been shown to enhance the hole injection in OFETs.[']
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Here, we demonstrate that ohmic electron contacts can be
formed by using thin interlayers of organic semiconductors
with a low electron affinity. Moreover, it is shown that these
interlayers can be processed from solution, without compro-
mising charge injection. Several interlayer materials are used
for efficient electron injection from an aluminum electrode
into the polymer PNDI(20D)-2T and the non-fullerene acceptor
IT-4F. These results highlight the potential of using tunneling
interlayers in solution-processed organic devices.

2. Results and Discussion

To investigate the electron injection in the presence of a thin-
tunneling interlayer, we have fabricated electron-only devices
as displayed schematically in Figure 1a. The devices are based
on the polymer PNDI(20D)-2T, of which the molecular struc-
ture is shown in Figure lc. The polymer has a high electron
mobility and finds applications in n-type transistors and
organic solar cells.’¥l As trap-free electron transport has been
observed for this polymer, the formation of an ohmic electron
contact should result in a space-charge-limited current, ren-
dering this polymer ideal for investigating electron injection.!'¥
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Figure 1. a) Schematic energy band diagram showing Fermi-level alignment between the electrode and the LUMO of PNDI(20D)-2T, due to a TPBi
interlayer. b) Schematic energy band diagram of a device with an interlayer with a deeper LUMO than PNDI(20D)-2T, leading to an offset between the
electrode Fermi level and the LUMO of PNDI(20D)-2T. ¢) Molecular structure of the organic semiconductor PNDI(20D)-2T. d) Molecular structure

of the interlayer material TPBi.
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Moreover, as observed by Steyrleuthner et al., ohmic electron
injection could not be achieved with the conventional method
of using low work-function electrodes, despite investigating a
wide range of injection layers.Bl In our electron-only devices,
we chose TPBi for the interlayer material, situated between the
polymer layer and the aluminum top electrode. Usually, TPBi
is used as an electron-transport material in organic semicon-
ductor devices. The reason we chose TPBi for the interlayer
material is the large energy offset between the lowest unoc-
cupied molecular orbital (LUMO) of PNDI(20D)-2T and TPBi
of 1.1 eV. This is analogous to the interlayer requirement for
improving hole injection, for which interlayers with a high ioni-
zation energy are required. The work function of the aluminum
top electrode is not sufficient for direct electron injection into
the LUMO of TPBi. Instead, the TPBi interlayer prevents direct
contact between the metal and the polymer and the associated
barrier formation upon contact, while the high LUMO of TPBi
ensures that the Fermi level of aluminum can align with the
LUMO of PNDI(20D)-2T. The Fermi-level alignment then
results in an ohmic contact where charges are transferred from
the electrode, through the interlayer, into the polymer. An inter-
layer with too deep a LUMO (Figure 1b), however, would result
in Fermi-level pinning of Al below the LUMO of the interlayer,
which results in misalignment of the electrode Fermi level with
the LUMO of the polymer. Similarly, the work function of the
used metal electrode should be at least as low as the electron
affinity of the organic semiconductor, to ensure Fermi-level
alignment, analogous to the case for hole injection.”]

To investigate the electron-injection properties, we fabricated
three types of electron-only devices: one without interlayer,
one with an evaporated interlayer, and one with a solution-
processed interlayer. The interlayers were deposited on top
of the PNDI(20D)-2T layer. The solution-processed interlayer
was spin coated from an ethanol solution, as ethanol does not
affect the layer of the PNDI(20D)-2T, as observed from atomic
force micorscopy (AFM) measurements (Figure S1, Supporting
Information). Details on the solution preparation and the spin-
coating procedure are provided in the Experimental Section.
The thickness of the interlayer in the devices was 4 nm for both
deposition methods. The current density () versus voltage (V)
characteristics of these devices are shown in Figure 2. Upon
insertion of a TPBi interlayer between the polymer and the top
electrode, a substantial increase of the electron current density
in forward bias is visible in Figure 2, where forward bias corre-
sponds to injection from the aluminum top electrode. At 4V, an
increase in current density of about three orders of magnitude
is observed, independent of the deposition method of the inter-
layer. These observations indicate that the electron injection is
clearly enhanced by the addition of a tunneling interlayer, and,
importantly, that the interlayer can also be processed from solu-
tion, without loss of function.

To further investigate the mechanism of electron injection, we
have also fabricated electron-only devices with a Ba (5 nm) and
LiF (1 nm) interlayer, of which the J-V characteristics are dis-
played in Figure 2. It is observed that the current injected from
these conventionally used interlayers is limited by the presence
of a charge injection barrier. This is further confirmed when
studying the activation energy of the injected current, which is
larger in the absence of a TPBI interlayer, also pointing toward
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Figure 2. Current density versus voltage characteristics for electron only
devices of the organic semiconductor PNDI(20D)-2T, with a TPBi inter-
layer either thermally evaporated (black empty circles) or spin coated
from ethanol solution (green filled circles), with an evaporated TPBi
interlayer with Ba(5 nm)/AI(100 nm) on top (purple circles), with only a
barium (5 nm) interlayer (blue circles), with only a lithium fluoride (1 nm)
interlayer (ocher circles) and without interlayer (red circles).

an energetic barrier for charge injection (Supporting Informa-
tion). In the case of a TPBi interlayer, reducing the metal work
function with an additional barium interlayer (TPBi/Ba/Al) does
not further improve the current, showing that Femi-level align-
ment is already achieved with a TPBi/Al contact.

It is further noted that the current in reverse bias, corre-
sponding to electron injection from the aluminum bottom elec-
trode, remains comparable for all devices. The injected current
from the plain aluminum top electrode (forward bias) is lower
in comparison, which may have several potential origins, such
as damage of the top surface of the organic semiconductor or
the presence of different interface dipoles formed at the bottom
and top electrode, for instance due to an oxide layer at the sur-
face of the bottom electrode.[?1]

To confirm that the deposition method of the interlayer
does not have a significant influence on the morphology, AFM
micrographs of the surface of both films were taken (Figure 3).
In Figure 3a, the surface of the spin-coated TPBi film is shown
and in Figure 3b the evaporated TPBi film as a reference, both
on top of the polymer layer. The root-mean-square (RMS)
roughness for the evaporated film is 1.87 + 0.18 nm, compared
with 1.33 £ 0.12 nm for the spin-coated film. This shows that
equally smooth films can be obtained by spin coating of the
interlayer as compared with evaporated layers. From the asso-
ciated AFM phase images shown in Figure S2 (Supporting
Information), it is observed that for both deposition methods, a
continuous TPBi film is obtained, although it appears that a cer-
tain degree of molecular organization is obtained for the spin-
coated film. For the layer stack with the spin-coated interlayer,
a total thickness (including the polymer layer) of 131 + 1.4 nm
was determined, and 131 £ 3.1 nm for the layer stack with evap-
orated TPBi. The thickness of the pure PNDI(20D)-2T film was
measured to be 127 nm, confirming that in both cases, a TPBi
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Figure 3. AFM images for TPBi deposited on top of PNDI(20D)-2T via: a) spin coating, and b) thermal evaporation. The scale bar is 2 um.

interlayer of 4 nm was present and that the polymer layer thick-
ness remains unaffected by spin coating the interlayer on top.

To assess whether the use of a TPBi interlayer yields an
ohmic electron contact, we investigate whether the injected cur-
rent is space-charge limited. For ohmic injection, the magni-
tude of the space-charge-limited electron current will be deter-
mined by the electron mobility of PNDI(20D)-2T, according to
the Mott—Gurney square law:['!

9.V )

where ¢ is the permittivity, i the charge-carrier mobility, and L
the layer thickness. Fitting the measured electron current with
Equation 1yields a mobility of 5 x 1078 m? V-1 571, This mobility
is equal to the value determined previously for this polymer,™
indicating that the current is indeed bulk limited and thus the
electron contact can be considered ohmic, even without the use
of reactive metals.!®!

For a more detailed analysis, temperature-dependent [-V
curves were measured, as displayed in Figure 4. Subsequently,
the experimental data were fitted with a numerical drift-dif-
fusion model. This model includes a charge-carrier mobility
that is dependent on the electric field, charge-carrier density,
and temperature according to the extended Gaussian dis-
order model (EGDM).”] The temperature dependence of the
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J-V characteristics is mainly governed by the energetic dis-
order of the polymer. As observed in Figure 4, a decrease in
current of about one order of magnitude is observed by going
from 295 to 215 K for both deposition methods of the inter-
layer. Applying the EGDM, this temperature dependence corre-
sponds to an energetic disorder o of 0.09 eV, as obtained pre-
viously for electron transport in this polymer.™ We note that it
is possible to model the devices from both interlayer deposition
methods using the same parameters. No electron trapping was
included, which can be expected considering the LUMO energy
of PNDI(20D)-2T is situated inside the trap-free window.l®l
From these simulations a room-temperature electron mobility
of 2 X 10® m? V! 57! was determined, which is slightly lower
than the mobility obtalned by Equation 1, since the mobility in
the simulation is extrapolated to zero charge-carrier density and
electric field. Overall, the simulations show that the current den-
sity is indeed governed by the electron-transport properties of
PNDI(20D)-2T and therefore not limited by an injection barrier.

To investigate if the application of a tunneling interlayer for
electron injection can be generalized to more materials, we
also apply interlayers of bathocuproine (BCP) and 1,3,5-tri(m-
pyridin-3-ylphenyl)benzene (TmPyPB) by means of thermal
evaporation or spin coating from ethanol solution. These mate-
rials are commonly used as electron-transport materials and
have electron affinities significantly lower than PNDI(20D)-2T,
which is the expected main requirement for their use as thin

Current Density (A/m?)

10»1 L

102

Voltage (V)

Figure 4. Temperature-dependent J-V characteristics for electron-only devices of PNDI(20D)-2T with TPBi interlayers that were either: a) evaporated
or b) spin coated. Symbols represent the measured data, the solid lines show the drift-diffusion simulations using the EGDM combined with ohmic
injecting contacts. The film thicknesses of the PNDI(20D)-2T layers equal 119 nm (a) and 129 nm (b).
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Figure 5. J-V characteristics of electron-only devices of PNDi(20D)-T2 emp

loying different interlayer materials applied by: a) spin coating or b) thermal

evaporation. c) J-V characteristics of electron-only devices of the organic semiconductor IT-4F with different interlayer materials and different deposi-

tion methods. In all cases, application of an interlayer substantially improv

interlayers for electron injection. The BCP and TmPyPB inter-
layers were all spin coated with the same recipe as for TPBi. In
Figure 5a,b, the J-V curves of devices with the different inter-
layer materials are shown. It is observed that the current den-
sity significantly increases upon application of all interlayers,
where the obtained -V curves of the devices with the various
interlayers are all fairly similar. It should be noted that with the
spin-coated interlayer of TmPyPB, a slightly lower electron cur-
rent is obtained, which may be do suboptimal film formation.
The results for an evaporated TmPyPB layer show that efficient
electron injection is achievable also with this interlayer mate-
rial. With both spin-coated an evaporated BCP, an even slightly
higher current is observed compared with a TPBi interlayer.
The current in reverse bias, corresponding to electron injec-
tion from the aluminum bottom electrode, also seems to be
enhanced, potentially indicating diffusion of the small BCP
molecules into the layer. However, this observation is not fully
understood. Overall, the improved injected current by the appli-
cation of organic interlayers with a low electron affinity indi-
cates that this strategy can be generalized to more materials.

After having confirmed that the presented injection strategy
is not limited to a single interlayer material, we proceed with
substituting the organic semiconductor in which electrons are
to be injected. To this end, we chose the non-fullerene acceptor
material 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2",3"-d"]-s-indaceno[1,2-b:5,6-b"|dithiophene  (IT-
4F), which finds application in efficient organic solar cells.]
IT-4F as opposed to the polymer PNDI(20D)-2T is a small
molecule, which is expected to render solution processing
of the interlayer on top more challenging because of both
mechanical properties and solubility. However, as displayed in
Figure 5c, the J-V curves of electron-only devices of IT-4F yield
similar improvements upon application of either evaporated,
or spin-coated interlayers. Moreover, also for IT-4F both TPBi
and BCP interlayers give similar results, improving the injected
electron current by about two orders of magnitude compared
with a bare aluminum electrode. These measurements dem-
onstrate that a tunneling interlayer may also improve the elec-
tron contact in solar cells based on non-fullerene acceptors, not
requiring the use of instable reactive metals, while also being
conveniently compatible with solution processing.

Adv. Mater. Interfaces 2023, 10, 2202424 2202424 (5 of 6)

es the injected electron current in IT-4F.

3. Conclusion

In summary, we have shown that adding a thin-organic tun-
neling interlayer can be used to obtain an ohmic electron con-
tact on organic semiconductors. The main requirement for
this interlayer is that the material has a lower electron affinity
than the organic semiconductor in which the charge is injected.
It was demonstrated that with the help of such an interlayer,
ohmic electron injection can be achieved even from a plain alu-
minum electrode, whereas the conventional method of using
low work-function reactive metals without interlayers results in
injection barriers. In addition, we also showed that these inter-
layers can be solution processed on top of organic-semicon-
ductor layers, as demonstrated for the polymer PNDI(20D)-2T
as well as for the non-fullerene acceptor IT-4F. These results
show that the use of such interlayers results in superior elec-
tron injection compared with reactive metals and are even com-
patible with solution processing.

4. Experimental Section

Materials: All materials were used as received without further
purification. Poly((N,N’-bis(2-octydodecy)naphthalene-1,4,5,8-
bis(dicarboxoimide)-2,6-diyl)-alt-5,5"-(2,2"-bithiophene)) PNDI(20D)-2T,
2,2,2”-(1,3,5_Benzintiryl)-tris (1-phenyl-1-H-benzimidazole) (TPBi),
bathocuproine (BCP), 1,3,5-tri(m-pyridin-3-ylphenyl)benzene (TmPyPB),
and 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-
indanone))-5,5,11,11-tetrakis (4-hexylphenyl)-dithieno[2,3-d:2",3"-d"]-s-
indacenol1,2-b:5,6-b’]dithiophene (IT-4F) were purchased from Ossilia
Ltd. Dried ethanol was purchased from Merck KGaA.

Device Fabrication: The organic semiconductors PNDI(20D)-2T
and IT-4F were dissolved in chlorobenzene with a concentration of
10 mg mL~ for PNDI(20D)-2T and 20 mg mL™" for IT-4F, respectively.
The solutions were stirred for 18 h at 60 °C. The interlayer materials TPBi,
BCP, and TmPyPB were dissolved in dry ethanol with a concentration
of 0.5 mg mL™ each and stirred for 18 h at room temperature. Glass
substrates were washed with soap, followed by ultrasonic cleaning with
acetone and isopropanol, and UV—ozone treatment. All subsequent
device fabrication and electrical characterization steps were performed
in controlled nitrogen atmosphere. A 30-nm aluminum bottom
electrode was thermally evaporated in high vacuum at a base pressure
of 1 x 10°® mbar. The organic semiconductors were spin coated
with a speed of 1000 rpm for 60 s, followed by 30 s at 4000 rpm. The
solution-processed interlayers were spin coated on top of the organic-
semiconductor layers at 3000 rpm for 60 s. For the evaporated

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWIWOD dA1E81D 3 qedt dde au Aq peusencb afe safole YO ‘9SO Sa|nJ Joj ARiq 18Ul UO AB]IAA UO (SUOPUOO-PUR-SUB)/LI0D™AB | 1M Afe.d 1[Bu [UO//:Sdny) SUORIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 ARIqi18UlUO A8]IM ‘YoIessay BWIAIOd SSE IdIN Ad v2y20220g IWpe/zZ00T 0T/I0p/W0d A8 | AReiq 1 pul|uo//Sdiy Woly pepeojumoa ‘6T ‘€202 ‘0SEL96T2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

interlayers, thermal evaporation was carried out in high vacuum at a base
pressure of 2 x 1078 mbar. The devices were completed with a thermally
evaporated aluminum top electrode with a thickness of 100 nm.

Device Characterization: All electrical measurements were performed
inside a nitrogen-filled glovebox with a Keithley 2400 source meter.
Layer thicknesses were measured with a DektakXT profilometer. AFM
measurements were performed with a Dimension 3100 AFM.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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