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Organic semiconductors, which serve as the active component in devices, such as solar cells, light-
emitting diodes (OLEDs) and field-effect transistors," often exhibit highly unipolar charge transport,
meaning that they predominantly conduct either electrons or holes.”” Here, we identify an energy
window inside which organic semiconductors do not experience charge trapping for device-relevant
thicknesses in the range of 100 to 300 nm, leading to trap-free charge transport of both carriers. When
the ionization energy (IE) of a material surpasses 6 eV, hole trapping will limit the hole transport,
whereas an electron affinity (EA) lower than 3.6 eV will give rise to trap-limited electron transport.
When both energy levels are within this window, trap-free bipolar charge transport occurs. Based on
simulations, water clusters are proposed to be the source of hole trapping. Organic semiconductors
with energy levels situated within this energy window may lead to optoelectronic devices with
enhanced performance. However, for blue-emitting OLEDs, which require an energy gap of 3 eV,
removing or disabling charge traps will remain a challenge.

Theories of charge transport in organic semiconductors predict that for most materials the charge-
carrier mobility should be similar for electrons and holes.! In experiments, however, the transport of
one type of carrier is usually clearly superior. In field-effect transistor geometries, this has been ascribed
to the limited injection capabilities of commonly-used electrodes® and charge trapping at the
semiconductor/dielectric interface.” However, there seems to be a more fundamental factor causing
unipolarity in the bulk transport of organic semiconductors, not related to interfaces at the electrodes or
gate insulator. For example, bulk hole transport is dominant in most solution-processed conjugated
polymers, being orders of magnitude higher than electron transport. By systematically varying the
electron affinity of these polymers, it was found that electron trapping in the bulk is the reason for the
low electron mobilities.®> The trap depth reduces with increasing electron affinity, suggesting the
presence of a general impurity acting as the electron trap, with an electron affinity of around 3.6 eV. For
this reason, polymers with electron affinities higher than 3.6 eV can exhibit trap-free electron transport,
which is a design rule for the realization of n-type conducting polymers.?

Here, we first generalize this concept of electron trapping for organic semiconductors by including
measurements on vacuum-deposited small-molecular semiconductors. We then demonstrate that not
only electron transport becomes trap limited when the electron affinity is below 3.6 eV, but that also
hole transport will be hindered by trapping when the ionization energy of the material exceeds 6 eV,
implying that trap-free charge transport is only observed within this energy window.

Hole transport in materials with ionization energies above 6 eV could previously not be measured,
because of the lack of electrode materials with a sufficiently high work function to form an Ohmic hole
contact. When measuring the hole current through an organic semiconductor in a hole-only device
structure, it is essential that the injecting electrode does not exhibit an injection barrier. Otherwise, the
measured current will be predominantly controlled by the injection rate, rather than the charge



transport inside the organic semiconductor. Recently, we have developed a technique to create Ohmic
hole contacts on organic semiconductors with ionization energies beyond 6 eV.’

Enabled by this technique, we have here characterized the hole and electron transport for a large
variety of organic semiconductors, both polymers and small molecules, by measuring the current
density-voltage characteristics of hole- and electron-only devices. In the case of trap-free charge
transport, the current depends on the square of the voltage, according to the Mott-Gurney square law
for space-charge-limited currents.® However, when charge transport is trap limited, the current exhibits
stronger voltage dependence, according to a power law J &< V™ with m > 2.” The slope m of the J-V
characteristics on a double-logarithmic scale can therefore be used as a fingerprint of trap-limited
transport.

Figure 1 shows the slope (m) of the current density-voltage characteristics of single-carrier devices
plotted versus the ionization energy or electron affinity of the investigated materials. For electron
transport, as observed for both conjugated polymers and small molecules, a slope higher than 2 is
measured when the electron affinity of the organic semiconductor is lower than ~3.6 eV, indicating trap-
limited electron transport in this regime. Remarkably, for ionization energies higher than 6 eV, also hole
transport becomes trap limited. Consequently, for both electrons and holes, trap-free charge transport
(m = 2) is measured when the electron affinity (electron transport) or ionization energy (hole transport)
lies between 3.6 and 6.0 eV. As such, an energy window for trap-free charge transport in organic
semiconductors spanning approximately 2.4 eV is identified.

The absence of trapping for materials inside the trap-free window has been confirmed with thickness-
dependent measurements>® ™, typically covering a thickness range of 100 to 300 nm, and transient
transport measurements further supported the obtained steady-state mobilities'** (see also
Supplementary Fig. S12). In most cases, the trap-limited currents were observed even for relatively thin
layers of close to 100 nm, in which the charge-carrier density is comparatively high: when Ohmic
contacts are applied, charge carriers will diffuse from the contact into the semiconductor to establish
thermodynamic equilibrium across the interface. The thinner the semiconductor film, the more diffused
carriers will fill the traps. Since trap-limited currents are observed even for thin layers, trapping is severe
and important for device-relevant layer thicknesses. Consequently, a trap-filled limit, in which all traps
are filled by injected charge carriers, was generally not observed, except for PCBM and CBP as discussed
in detail below.
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Figure 1. Energy window for trap-free charge transport. The top panel displays the slope of the hole or electron current vs
ionization energy or electron affinity of the organic semiconductor, respectively. The symbols are divided in groups representing
either electron or hole transport in either small molecules or polymers. Larger symbols represent data measured in this study
(see Supplementary Figs. S1-11); small symbols are slopes determined from J-V characteristics from literature. 3581318 The
dashed line marks a slope of 2, characteristic of a trap-free space-charge-limited current. Trap-limited currents (m > 2) for



electrons and holes are marked by the blue and red shaded areas, respectively. The chemical structures of the investigated
molecules are displayed in the bottom panel and listed in Table S1.

An interesting class of materials to exemplify the onset of the universal hole trapping are fullerenes,
which are commonly known for their good electron-transport properties. As shown in Figure 2, for the
fullerene derivatives Cgq and PCBM with IEs of 6.4 and 6.1 eV, respectively, the current has a strong
voltage dependence, with slopes of 4.9 and 4.0, respectively, indicating trap-limited hole transport. By
contrast, the fullerene derivative ICBA, with a lower IE of 5.9 eV, exhibits a high hole current that
depends quadratically on voltage, indicative of trap-free charge transport. Therefore, the presence or
absence of hole trapping in these fullerene derivatives is directly related to their IE with respect to the
trap-free window. Since the EA of ICBA, 3.7 eV, is also situated in this energy window, the electron and
hole transport are both trap free and nearly balanced.? Similarly, trap-free transport for both electrons
and holes has been observed in the polymer N2200 and a diketopyrrolopyrrole-based polymer, which
also fall within the trap-free window."’
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Figure 2. Hole transport in C4,, PCBM, and ICBA. Current density vs voltage characteristics of ICBA (213 nm), PCBM (222 nm),
and Cg (227 nm) hole-only devices, corrected for the built-in voltage (V,,;). The grey dashed line indicates a quadratic voltage
dependence (m = 2). The inset shows a schematic energy diagram, indicating the IE and EA (solid lines) of the fullerene
derivatives with respect to the trap-free window (horizontal dashed lines).

The ICBA hole mobility of 1.4 x 10> cm? V' s? extracted from space-charge-limited currents is very
similar to the electron mobility,® as expected theoretically for organic semiconductors. For PCBM, the
hole transport can also be described with a high hole mobility similar to the electron mobility, but with
the addition of a hole-trap concentration of 10'® cm™ (Supplementary Fig. S1). At high voltages, a
transition to a less steep slope of the J-V characteristics is observed (Fig. 2), which indicates that the
current approaches the trap-filled limit, reaching a hole mobility of approximately 10® cm?® V' s*. The



high hole mobility in PCBM is confirmed for a thin (75 nm) hole-only device, in which the higher charge
density fills most of the traps, leading to almost trap-free hole transport. This shows that the intrinsic
hole mobility of PCBM is not low, but that the hole transport is hindered by — possibly extrinsic — hole
traps.

From these results, it is clear that hole and electron transport in organic semiconductors becomes trap
limited for IEs larger than 6.0 eV and EAs smaller than 3.6 eV, respectively. For electron transport,

1920 3nd water-oxygen complexes®*' have been identified as possible candidates for

molecular oxygen
the electron traps. The presence of water has been linked to the formation of shallow hole traps, due to
an energetic broadening of occupied states of the semiconductor in the presence of water molecules.?
Similar effects have been reported for clusters of water.”® To investigate if water or oxygen itself could
also be responsible for hole trapping, the ionization energies of these species were evaluated. The gas-
phase IE of water (12.65 eV)* or oxygen (12.06 eV)” are, however, much too high to cause hole
trapping, even when considering stabilization by the dielectric medium. This implies that isolated water

or oxygen molecules in an organic semiconductor cannot function as hole traps.

This situation changes when clusters of water are considered. If a water molecule is surrounded by an
H,O shell, its ionization energy can drastically decrease if dipole moments of the surrounding water
coherently stabilize the charge on the water molecule. In fact, the very same mechanism is responsible
for the difference in the optical and low-frequency relative permittivities of water (1.8 and 80).
Statistically, there will always exist clusters with water orientations leading to potential traps.

To justify our proposition, we show that “empty pockets” in organic materials are large enough to
provide electrostatic stabilization capable of lowering the gas-phase ionization energy from 12 eV to
6eV. To this end, we have evaluated the ionization energies of water clusters in amorphous
morphologies of representative organic molecules, with a broad variation in IE and molecular packing.
Molecular dynamics simulations of amorphous films and perturbative calculations of ionization energies
were performed as described in the Methods section. We note that these simulations represent a more
realistic situation than the system of a single organic molecule surrounded by water,”* which does not
include the stabilization effect of the surrounding organic molecules. A part of the simulated
morphology for amorphous Cg, is shown in Figure 3. It is clear that 20-40 water molecules can fit inside
the voids. For the other materials, the distributions of cluster sizes are shown in Supplementary Fig.
S15Error! Reference source not found..



Figure 3. Close-up view of a water-filled pocket in a simulated Csy, morphology. Molecular-dynamics simulation of the
morphology of Cg, (green) with water molecules (oxygen violet, hydrogen grey) filling the intermolecular voids. The red water
molecule surrounded by a water shell has an ionization energy of approximately 6 eV and is therefore a hole trap in Cg.

Figure 4 shows the corresponding densities of states of organic materials and water clusters. The IE of a
water cluster can be lower than the ionization energy of Cg (6.4 eV), implying that clusters indeed can
act as hole traps. This is in agreement with the experimentally observed trap-limited hole transport in
Ceo and its energy position outside of the trap-free window. For CBP with its IE (6.0 eV) at the border of
the trap-free window, some clusters would still act as hole traps according to the simulations, which is
also observed experimentally. Due to the low experimental hole-trap density of 7 x 10" cm?
(Supplementary Fig. S2), hole transport in thin layers of CBP appears to be trap free, while thick layers
reveal minor hole trapping. For NPB and TCTA, which have lower IEs of 5.4 eV and 5.7 eV, located inside
the trap-free window, hole trapping by water clusters would not be expected based on the simulations.

This is in agreement with the experimental observation of trap-free hole transport in these materials.

A water-induced shift in energy of the occupied states of the organic semiconductor leading to
shallow traps, as proposed recently,”® was not observed. This is due to the fact that stabilization already
occurs due to the surrounding organic molecules. Therefore, we would not expect water-related
trapping inside the trap-free window. The absence of trapping is confirmed experimentally by the
thickness- and time dependence of the transport>®'® (Supplementary Fig. S12). Since the devices were
fabricated and characterized in inert atmosphere the traps observed outside the trap-free window are
already present in the material after synthesis or deposition, and are not necessarily related to ambient
exposure.” We have carried out ambient-exposure experiments, which show only minor but consistent
effects on the device currents. However, the interpretation of these results is nontrivial, since it is not
clear how much water is actually absorbed upon air exposure and how this would translate in the
amount of additional traps, as discussed in more detail in Supplementary Section 6. We additionally
demonstrate that hole traps in PCBM can be partially removed by thermal annealing, while the
transport in the trap-free ICBA control device was unaffected (Supplementary Fig. S14).
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Figure 4. Calculated densities of states of water clusters in four organic films. The dark yellow distributions are the calculated
density-of-states distributions of the organic semiconductors. Broad green distributions are clusters with random orientations of
water molecules, violet peaks correspond to a few clusters were the water shell leads to a large dielectric screening of the

charge. The larger is the cluster, the stronger is the stabilization.

In conclusion, we have identified an energy window inside which organic semiconductors exhibit trap-
free charge transport, applying to both small-molecule and polymeric organic semiconductors. In
addition to the frequently-observed electron trapping in organic semiconductors with an electron
affinity below 3.6 eV, it was found that also hole trapping occurs in materials with an ionization energy
beyond 6 eV, even in vacuum-deposited films of small molecules. Theoretical calculations reconcile this
behaviour with water clusters acting as hole traps. This study on a large number of materials with a large
variation in chemical structures shows that labelling organic semiconductors as being n-type, p-type, or
bipolar is directly related to the position of their energy levels with respect to the trap-free window.
Balanced charge transport in devices such as organic solar cells and OLEDs requires the energy levels of
the organic semiconductors to be situated within this energy window of around 2.4 eV, which is a design

rule for efficient organic devices.
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Methods

Materials: 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) was synthesized according to
procedures described in the literature®” and purified by vacuum sublimation. 4,4"-bis(triphenylsilanyl)-
(1,1',4',1")-terphenyl (BST) and 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-(pyridin-3-yl)pyrimidine (B3PyPPM)
were purchased from Luminescence Technology Corp. and all other materials were purchased from
Sigma-Aldrich and used as received. All materials are listed in the Supplementary Information.

Device fabrication and characterization: Hole-only devices were generally fabricated in a
glass/ITO/PEDOT:PSS(40 nm)/organic  semiconductor/interlayer/MoO3(10 nm)/Al(100 nm) structure,
using a 3-5 nm interlayer with a higher ionization energy than the main organic semiconductor, where
ITO denotes indium-tin oxide and PEDOT:PSS denotes poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate). Electron-only devices were generally fabricated in a glass/AlI(35 nm)/organic
semiconductor/[TPBi(5 nm)]/Ba(5 nm)/Al(100 nm) structure, where TPBi denotes 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene. PEDOT:PSS was deposited by spin coating and organic layers were
either thermally evaporated at a base pressures of 4-5x 10~ mbar, or spin coated from chloroform
solution (fullerene derivatives) under nitrogen atmosphere. Electrical characterization was performed in
a nitrogen-filled glovebox (O, < 0.1 ppm, H,0 <0.1 ppm) with a Keithley 2400 source meter. Devices
were not exposed from organic-semiconductor deposition until after the electrical measurements.

Computer simulations: In order to investigate the potential ability of water molecule acting as energy
(hole) trap in the organic semiconducting materials, atomistic molecular dynamics simulations were first
performed to acquire amorphous morphologies. In the next step, these morphologies were used to
study the energy levels of different constituents by employing quantum chemical calculations and
polarizable force fields. In the process of morphology simulations, the OPLS-AA”7! force field was
addapted for organic semiconductors such as Cey, NPB, TCTA, and CBP.' To reparametrize the missing
bonded interactions, density functional theory based calculations (at B3LYP/6-311+G(d,p) level of
theory) were performed to scan the cross-sections of the potential energy surfaces, following the

3233 The ChelpG scheme®* was used to compute the atomic site charges.

procedure described elsewhere.
All Lennard-Jones parameters were taken from the OPLS force field,”**" including the combination rules
and a fudge-factor for 1-4 interactions of 0.5. On the other hand, SPC/E parameters35 were used to
model the water molecule. To obtain amorphous morphologies for studying energy traps for holes, 1000
H,0 molecules were inserted into a pre-equilibrated simulation cell at 500 K of 3000 molecules (except
for C60, 3136 molecules) of organic semiconductors. Out of 1000 molecules, 10 molecules were
considered to be an H,0 cation, resulting in a total charge of the system to be +10e. Atomic partial
charges for the H,0 cation were computed via the ChelpG scheme.? The presence of H,0 cations results
in a subtle imbalance in local charge distribution and consequently, surrounding neutral H,0 molecules
orient their dipoles to stabilize the positively charged H,0. Thus, the H,0 cations facilitate the formation
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