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Fullerenes and their derivatives are well-known electron-transporting materials used in organic
olar cells and transistors. However, the extent to which fullerenes are able to transport holes is
eavily disputed. Using selective Ohmic contacts, we study the bulk hole and electron transport
in a bisadduct fullerene derivative. Trap-free space-charge-limited hole and electron currents are
easured, with a hole mobility equivalent to the electron mobility. Our results identify the
isadduct fullerene as an organic semiconductor with balanced bipolar bulk transport with

xcellent electron and hole mobilities.



Fullerenes and their derivatives are widely used in organic solar cells, in n-channel transistors,
nd as n-type thermoelectric materials, owing to their excellent electron-transport capabilities
[1,2]. For the same reason, fullerenes have been successfully applied as electron-transport layers
in hybrid perovskite photovoltaic cells [3]. By functionalizing fullerenes, such as Cgy and Cyy,
ith side groups, their solubility and energy levels can be tuned, enabling their use in solution-
rocessed electronic devices [4-6].

With regard to electron transport, fullerenes exhibit mobilities that are among the highest
in organic semiconductors [7] and exceptionally long electron diffusion lengths have recently
een observed [8]. The electron-transporting character of fullerenes has led to their classification
s “n-type” materials [1], though it has been shown that films of Cg, can also support radical
ations [9]. The extent to which fullerenes are able to transport holes, on the other hand, is less
lear. From a theoretical perspective, the intrinsic electron and hole mobilities are comparable in
any organic semiconductors [10], which would also be expected to hold for fullerenes.
However, experimentally, unipolar charge transport is often observed in organic semiconductors
ue to charge trapping [11,12].

Evidence of a balanced electron and hole mobility in fullerenes has been reported for
apor-phase grown Cgo single crystals, measured with the photocurrent time-of-flight technique
[13]. However, deep trapping sites for holes were also observed, which have negligible influence
n the measured transit time [14], but can greatly hinder steady-state charge transport. In films of
60, the hole mobility has been reported to be many orders of magnitude lower than the electron
obility [15-17]. In later work, a field-effect transistor using a solution-processed layer of the
ullerene derivative [60]PCBM was fabricated, exhibiting balanced electron and hole mobilities

t high gate bias [18]. However, at low gate bias a very low hole current was observed, which



as ascribed to the presence of a large hole-injection barrier. In a field-effect transistor at high
ate bias, charge-carrier densities are high, which obscures the presence of bulk traps or tail
tates to a certain degree [19]. By contrast, at low carrier densities in a diode configuration,
easurements of the bulk mobility in [60]JPCBM and [70]PCBM showed highly unipolar
ransport, with hole mobilities more than 6 orders of magnitude lower than the electron
obilities [20], comparable to what has been observed for Cgo thin films [15-17]. It should be
oted that for charge-transport characterization in a diode configuration Ohmic contacts are of
ritical importance.

In this Article, we demonstrate trap-free space-charge-limited hole and electron currents
in diodes based on a solution-processed bisadduct fullerene derivative. The bulk hole and
lectron mobilities are balanced and both higher than 10 cm?/Vs. Numerical modeling of the
urrent-density voltage characteristics shows that the energetic disorder for holes and electrons is
imilar. These measurements demonstrate that fullerenes can be excellent hole-transporting
aterials. The absence of charge trapping for both types of charge carriers reveals the intrinsic
ipolar character of charge transport in organic semiconductors, as would be theoretically
xpected, but is rarely observed experimentally.

For our charge-transport measurements, the fullerene derivative indene-Cgy bisadduct
ICBA) was chosen (Fig. 1). ICBA is a bisadduct fullerene, exhibiting a highest occupied
olecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) that are raised by
.2 eV as compared to PCBM [7]. The shallower HOMO (-5.9 eV) is expected to alleviate hole-
injection issues, and should allow for Ohmic hole-contact formation using a recently developed
echnique [21]. Hole-only devices were prepared, with ICBA spin coated from a chloroform

olution on top of glass substrates with patterned indium-tin oxide electrodes, covered with a 40



m layer of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), which has
work function of ~5.2 eV. To establish an Ohmic hole contact, a top electrode comprising
60(4 nm)/MoO3(10 nm)/Al(100 nm) was thermally evaporated, in which the Cg interlayer was
inserted to obtain Fermi level alignment between MoOj3 and ICBA [21].

The interlayer-based contact engineering technique [21] allows us to inject holes directly
rom the top electrode into the HOMO of ICBA. For the case of an Ohmic contact on a trap-free,
intrinsic semiconductor, the injected current is limited by space charge, as described by the Mott-

urney square law, which reads [22]

QU ——7—, 1)

here J is the current density, ¢ is the permittivity, W is the charge-carrier mobility, V is the
oltage, Vi is the built-in voltage due to asymmetric work functions of the electrodes [23], and L
is the layer thickness. In Fig. 1(a), the measured hole current density is plotted against voltage
or three different layer thicknesses. Remarkably, the hole current depends on the square of the
oltage and scales inversely with layer thickness to the third power, as demonstrated in Fig.
(b), which is characteristic of a bulk trap-free space-charge-limited current. This also confirms
he formation of an Ohmic hole contact on ICBA. Furthermore, the hole-only devices did not
how electroluminescence, confirming the absence of electron injection (see Appendix A). As a
esult, the current is carried by holes only. Because of the mismatch between the work function
f PEDOT:PSS and the HOMO of ICBA, a small built-in voltage of ~0.45 V is present and the
urrent in reverse bias is injection limited, as shown in Fig. 1(b). When fitting Eq. (1) to the

orward J-V characteristics, as shown in Fig. 1(a), a hole mobility of 3 x 10 cm?/Vs is obtained



or all layer thicknesses, using the experimentally determined relative permittivity of 3.9 [24].
his hole mobility is similarly high as the electron mobility in the ubiquitous fullerene derivative
CBM [25]. Interestingly, the ICBA bulk hole mobility is even superior to that of typical hole-
ransport molecules and polymers [21,26-28].

To compare the hole transport directly to the electron transport, the electron current was
easured in ICBA electron-only devices with an Al(35 nm)/ICBA/TPBIi(5 nm)/Ba(5 nm)/Al(100
m) structure, where TPBi (2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)) is
vaporated as a buffer layer. As can be observed in Fig. 1, the electron current is very similar to

he hole current for a device with similar layer thickness. The electron mobility obtained by
itting the J-V characteristics with Eq. (1) amounts to 2.7 x 10 cm?/Vs, which is very close to

he determined hole mobility.
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IG. 1. (a) Current density-voltage characteristics of ICBA single-carrier devices. Hole-only devices of different
ayer thickness are shown (open symbols), with the voltage corrected for the built-in voltage (0.40 - 0.45 V) and the
lectrode series resistance. The solid lines are fits with Eq. (1), using a mobility of 3 x 10 cm?Vs for all layer
hicknesses. A 176 nm thick electron-only device is plotted for comparison (closed symbols). The error (standard

eviation) in the thickness was determined to be 3 to 4 nm for all films. (b) Thickness-scaled current density (JL*) vs




oltage for ICBA hole-only devices. The built-in voltage, which marks the transition from the exponential diffusion

egime to the quadratic drift regime, is indicated by the dashed line at 0.45 V. Chemical structure of ICBA.

Since Eq. (1) is a drift-only approximation, we have also evaluated the electron and hole
obility with a numerical drift-diffusion solver [29] as shown in Appendix B. The drift-diffusion
imulations can fit the full J-V characteristics, simultaneously fitting the exponential diffusion
urrent below the built-in voltage and the quadratic drift current above the built-in voltage. The
uilt-in voltage is determined by both the barrier at the hole-extracting cathode and band bending
t the Ohnic hole-injecting anode. The band bending typically amounts to ~0.3 eV for an Ohmic
ontact [23]. In the drift-diffusion simulations, the barrier at the cathode was determined to be
bout 0.75 eV, consistent with the difference between the ICBA HOMO (-5.9 eV) and the work
unction of PEDOT:PSS (5.1-5.2 eV). Combined with band bending, this barrier is also
onsistent with the built-in voltage of 0.45 V, as discussed in detail in Appendix B. For both
lectron- and hole-only devices, the thickness-dependent J-V characteristics can be fitted with a
obility of 2 x 10 cm?Vs, without incorporating electron or hole traps. This mobility is
lightly lower than the value estimated with Eqg. (1), which does not consider the diffusion-
ontribution to the current. The charge transport measurements demonstrate that ICBA is a
aterial with balanced hole and electron transport, which has not been shown before for an
rganic semiconductor in a diode configuration.

To explore the charge transport in more detail and evaluate the energetic disorder, we
ave investigated the temperature dependence of the hole and electron currents. The mobility in
isordered semiconductors exhibiting hopping transport depends on temperature, charge
oncentration, and electric field [19,30]. For a system with Gaussian disorder, these mobility

haracteristics can be described by the extended Gaussian disorder model (EGDM) [30], which



ses three input parameters: the width of the density-of-states distribution o, the lattice constant
, and a mobility prefactor ... The mobility prefactor determines the magnitude of the mobility,
mainly controls its temperature and charge-concentration dependence, and a predominantly
ffects its field dependence. In the EGDM, the temperature-dependent mobility at zero field and

ensity is a function of the energetic disorder and given by [30]

1 (T) = p1,6, exp[— c[ﬁj } )

ith c; = 1.8 x 10, ¢, = 0.42, k the Boltzmann constant and T the temperature. As can be seen
rom Eq. (2), the temperature dependence of the mobility at low fields and densities is controlled
y two input parameters, viz. the mobility prefactor and the energetic disorder. To obtain the
urrent density-voltage characteristics, the full EGDM mobility function, including the
ependence on temperature, density, and field, is incorporated in the drift-diffusion solver [29].

Figure 2(a) shows the temperature-dependent current density-voltage characteristics of an
ICBA hole-only device. The experimental data was fitted with drift-diffusion simulations
incorporating the EGDM, using an energetic disorder o of 0.10 eV and a lattice constant a of 2
m. The mobility for vanishing carrier density and electric field at room temperature, o (295 K),
mounted to 1.4 x 10 cm?Vs. This number is slightly lower than the mobility extracted with
Eqg. (1) and from drift-diffusion simulations with a constant mobility, which is due to the
resence of a nonzero space-charge density due to diffused carriers from the contacts of typically
10™ cm™ in the measurements [31]. We estimated the error in the energetic disorder to be
ithin 0.01 eV, where higher or lower energetic disorder results in too strong or weak
emperature dependence of the current density, respectively. We checked that the measured

emperature range falls within the validity window of the EGDM.
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IG. 2. Temperature-dependent current density-voltage characteristics of ICBA hole-only (2) and electron-only (b)
evices, with an ICBA layer thickness of 169 nm and 176 nm, respectively. Experimental data is plotted as symbols,
he solid lines are fits with drift-diffusion simulations incorporating the temperature-, field-, and density-dependent
obility according to the EGDM. Due to the built-in voltage in the hole-only device, the steep diffusion-limited

urrent is visible at low voltages [see Fig. 1(b)].

A similar analysis was performed for the electron transport, as shown in Fig. 2(b). The

emperature-dependent J-V characteristics were again fitted using the EGDM, vyielding an

nergetic disorder o of 0.09 eV and a lattice constant a of 3 nm. The electron mobility po (295 K)
of 1.4 x 10 cm?/Vs is very similar to the hole mobility, demonstrating balanced bipolar charge
ransport in ICBA, which is also reflected in the similar values obtained for the energetic
isorder. The obtained charge-transport parameters were consistent for electron- and hole-only
evices of different layer thickness (see Supplemental Material [24]).

The hole- and electron-transport simulations were performed without the need for
incorporating additional trapping sites. Trap-free charge transport for both electrons and holes is
uite exceptional in organic semiconductors, which frequently exhibit electron trapping [12,32-

4]. While near-balanced charge transport in a poly(p-phenylene vinylene) derivative has been

8



laimed [35], the thickness dependence of the current was not reported and parasitic hole
injection from the used TiN bottom electrode in the electron-only device cannot be excluded
[36]. Other studies have demonstrated highly unbalanced charge transport in this polymer
[37,38]. As an exception to most conjugated polymers, trap-free electron and hole transport has
een found in the copolymer N2200, however, hole transport was substantially inferior to
lectron transport due to highly unbalanced intrinsic mobilities [39]. The high and balanced bulk
obilities observed for ICBA are an experimental confirmation of the intrinsic bipolar character
f organic semiconductors, which previously could only be assessed by deactivation of charge
rapping either by doping [34,40], blending with an insulator [38], or by measuring at carrier
ensities much higher than the concentration of bulk traps [11].

The observation of balanced electron and hole transport in ICBA raises the question if a
ipolar device can be fabricated, in which electrons and holes are injected simultaneously.
Bipolar injection, resulting in subsequent recombination has been observed previously in devices
f the fullerene detivative [60]PCBM with electrically detected magnetic resonance [41]. It has
een observed by Gadisa et al. that bipolar injection into a similar [60]PCBM device leads to
lectroluminescence [42]. Although these observations cannot evidence the presence of balanced
lectron and hole transport, they do support that bipolar injection and recombination is possible
in fullerenes,

To confirm electron-hole recombination in ICBA, a bipolar device was fabricated in
hich an ICBA layer was sandwiched between between a PEDOT:PSS bottom electrode and a
PBi(5 nm)/Ba/Al top electrode. The barrier at the non-Ohmic PEDOT:PSS electrode can be
educed by electrical conditioning in a bipolar device, enabling hole injection [43]. As observed

in Fig. 3, the device exhibits electroluminescence, effectively operating as a light-emitting diode.



he measured light output shows the presence of both electrons and holes in the device. In the
ole-only device, i.e. under unipolar injection conditions, electroluminescence could not be
etected (see Appendix A). The external quantum efficiency for electroluminescence in the
ipolar device was determined to be 1.8 x 10”°, which indicates relatively efficient electron-hole
ecombination when considering the low fluorescence quantum yield of fullerenes (~7 x 107 for

g0 Films at 300 K [44]).
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IG. 3. Current density and luminance vs voltage for an ICBA light-emitting diode with an ICBA layer thickness of

18 nm. The electroluminescence (EL) spectrum is shown in the inset.

In conclusion, trap-free space-charge-limited hole currents were measured in the

ullerene derivative ICBA. The determined bulk hole mobility of 1.4 x 10 cm?/Vs at zero field

is equally high as the bulk electron mobility, and similar to the electron mobility of the widely-
sed fullerene derivative PCBM, highlighting the fact that fullerenes can be excellent hole-
ransporting materials. Both the electron and hole transport exhibited trap-free characteristics,
esulting in the unique observation of an organic semiconductor with trap-free and balanced

lectron and hole transport.

10



cknowledgments
his project has received funding from the European Union Horizon 2020 research and

innovation programme under Grant Agreement No. 646176 (EXTMOS).

ppendix A: Confirmation of hole-only current

In Fig. 4 it is demonstrated that the current measured in the hole-only devices is carried by holes
nly and electron injection is absent. This can be confirmed by performing electroluminescence
easurements, which we detect as a photocurrent from a silicon photodiode. Figure 4
emonstrates that while electroluminescence is observed in the bipolar device above the built-in
oltage, following the injected current, there is no electroluminescence detected for the hole-only
evice, despite the large current density. This implies that electron injection from PEDOT:PSS in
he hole-only device is not significant, confirming that the measured current is carried by holes
nly. In addition, Fig. 4 shows the current of the bipolar device in reverse bias. Only a leakage
urrent is observed in reverse bias, demonstrating that electron injection from PEDOT:PSS and
ole injection from TPBi/Ba/Al are not significant. As a result, electroluminescence is also

bsent in reverse bias. The low built-in voltage in the hole-only device once more confirms the
nipolar character.
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ig. 4. Current density (solid lines) and light output (dashed lines) vs voltage for hole-only and bipolar (OLED)
evices of ICBA. The light output is measured as a photocurrent by a silicon photodiode
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ppendix B: Drift-diffusion simulations with a constant mobility

s discussed in Ref. 23, the current density in an asymmetric single-carrier device can be
escribed by a diffusion-dominated current below the built-in voltage and a drift-dominated
urrent above the built-in voltage. As illustrated in the energy band diagram in Fig. 5, the built-in
oltage in a hole-only can be described as the potential difference between the energetic barrier
t the cathode ¢y, and the band-bending parameter b. Band bending is present at the Ohmic
ontact, which is the result of charges diffusing into the organic-semiconductor layer. The band-
ending parameter b typically has a value of ~0.3 V and can be calculated as described in Ref.
3.

N LUMO

Cathode

Anode I Vi

T g

ig. 5. Schematic band diagram of an ICBA hole-only device with an Ohmic hole-injecting anode and a non-Ohmic
ole-extracting cathode at the built-in voltage (V = V).

Figure 6(a) shows the experimental data and the simulated drift-diffusion current for hole-only
evices of different ICBA layer thickness. A constant mobility of 2.0 x 10 cm?/Vs was used for
Il layer thicknesses. The barrier at the injecting contact was set to 0 VV (Ohmic contact). The
arrier at the extracting (PEDOT:PSS) contact ¢y (see Fig. 5), which shifts the simulated curves
orizontally along the voltage axis, is tuned to fit the exponential diffusion regime below Vy;.

he values obtained for ¢, were 0.72 V, 0.78 V, and 0.78 V for layer thicknesses of 75 nm 120
m, and 169 nm respectively. The variation in the barrier ¢, is small and the value is consistent
ith the difference between the ICBA HOMO (-5.9 eV) and the work function of PEDOT:PSS
5.1-5.2 eV). Since Vy; = ¢, — b, as shown schematically in Fig. 5, the value of the cathode barrier ¢y, is
in agreement with the built-in voltage in Fig. 1, considering a typical band-bending parameter b
f~0.3 V [23].

12
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ig. 6. Current density-voltage characteristics of ICBA hole-only (a) and electron-only (b) devices of different layer
hickness. The symbols represent experimental data, the lines are fits with drift-diffusion simulations using a
onstant mobility.

Figure 6(b) shows the current density-voltage characteristics of ICBA electron-only devices and
orresponding fits with drift-diffusion simulations. A constant mobility of 2.0 x 10 cm?/Vs was
sed for both layer thicknesses. The deviation at higher voltage is due to the field dependence of
he mobility, not included in this simulation. The simulations are performed without injection
arrier, the barrier at the extracting contact ¢, was 0.25 V, a built-in voltage is consequently
bsent. The small barrier ¢y, results in a slightly injection-limited current in reverse bias.
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