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1. List of Donor Materials

Table S1. Information on the donor materials used in low-donor-content organic solar cells. Ceo is used as acceptor (94 mol%).
The energy of the charge transfer (CT) state (Ect) and the reorganization energy (AZ’f}’) were obtained by fitting the low energy
region of the CT absorption band measured by sensitive EQE. The indicated error values are obtained by a systematic variation

of the fitting range.
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2. Hole only devices

Figure S1. Absolute current density vs applied voltage of 18 hole-only devices. The curves are symmetric.
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The J-V curves of the hole only devices were fitted using the Murgatroyd equation for space charge

limited current;

JV) =

9euy ., o089y [¥
g3 ¢ t

(1)
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3. Dependence of mobility on Ect and A%

In the following, hole mobilities are shown in two graphs for materials with similar A% and

varying Ect and vice versa. It is evident that the dominating parameter affecting mobility is A}

as multiplying A% by a factor 3 changes the mobility by 5 orders of magnitude. Varying Ect by

a factor 2 instead leaves the mobility almost unchanged.
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Figure S2 Mobilities for materials with similar Ecr=1 eV or Ect=1.45 eV and varying A},F%¢,
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Figure S3 Mobilities for materials with similar A7f*¢ = 0.038 or A;f%¢ = 0.075 and varying Ecr.
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4. Dark injection

A voltage step was applied on the samples and the current was monitored to get the peak

current time. The mobility is then calculated from the current maximum time as:
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Figure S4 Hole mobilities obtained from dark injection transients.
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The mobilities values were fitted with a Poole-Frenkel function to get the field-independent

mobility Ho:

u(E) = Hoewf

3)
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which is in agreement with the hole mobility obtained from SCLC measurements on hole-only

devices:
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Figure S5 The mobility values determined by dark injection (DI), shown as red crosses, are in good agreement with the values

obtained from SCLC measurements on hole-only devices, which are shown as black dots.
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5. Superexchange transfer rate correlation with trap depth

Charge transport in amorphous organic semiconductor is commonly described as an
incoherent process: thermally assisted tunneling (hopping) between localized states on individual
molecules. Superexchange is a coherent process, tunneling happen between two lower laying
energy units through a higher energy “bridge” unit, in which the carrier resides only virtually. The
effective superexchange transfer integral, to be combined with the direct transfer integrals Hy o

according to Hyc = Hyco + Hac sg, directly depends on Ey, as

N
Hyp,0Hp,c,0 (4)

H =
AC,SE AEABiC

i=1
where the energy denominator in eq (4) is given by

Eg0+ Ecp (5)

and is related to the energy Eg , of the system in its virtual state with the charge on molecule B
(and Ac,, the relaxation energy of Ce0).12 In our case of equal donors, eq (5) simplifies because
Ej o = Eco = —IPp, thus yielding direct proportionality to the donor IP (AE,pc = E,), Which
means that the superexchange transfer integral may depend on the activation energy Hyc sg

1/E,, and the hole-transfer rate for superexchange « 1/EZ. accordingly.
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6. Schematic representation of the two proposed hole transport

mechanism
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Figure S6 Schematic representation of the two proposed hole transport mechanis. Above holes tunnel from one donor to another
donor through the Ceo host. Below holes move by means of thermally assisted jumps from the highest occupied molecular orbital
(HOMO) of the donor to the HOMO of the neighboring Ceo. Since Ceo is able to transport holes, those might then be transported

in the fullerene phase, until they are trapped at another donor molecule.
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7. Methods

Device preparation: Organic solar cells were prepared with a photo-active layer consisting of
diluted donor:Ceo blends, employing 18 different donor molecules with varying frontier energy
level offsets (for information regarding the donors see Table S1 in Sl). The device architecture is
as follows: the substrate is glass with a pre-structured ITO contact (Thin Film Devices, USA).
2 nm of MoOs are deposited to adjust the ITO work function and to form an Ohmic hole contact.
The active layer is thermally evaporated at ultra-high vacuum (base pressure < 10" mbar) and
consists of 50 nm small molecule electron donor diluted at ~6 mol% in Ceo. The solar cell is then
finalized with 8 nm of Bathophenanthroline (BPhen, abcr GmbH, Germany), used as electron
contact, and 100 nm of Al. The device is defined by the geometrical overlap of the bottom and the
top contact with an active area of 6.44 mm?. To avoid exposure to ambient conditions, the organic

part of the device is covered by a small glass substrate, glued on top.

Hole only devices: For hole space charge limited current mobility measurements, single carrier
devices were prepared, where the top cathode (BPhen, Al) was substituted with another layer of
MoO3z 3 nm thick, followed by 100 nm of Ag.

For dark injection measurements the samples’ active layers were thicker (200 nm).

Sensitive EQE measurements: The light of a quartz halogen lamp (50 W), chopped at 140 Hz, is
coupled into a monochromator (Cornerstone 260 1/m, Newport). The resulting monochromatic
light is focused onto the solar cell, its current at short-circuit conditions is fed to a current pre-

amplifier before it is analyzed with a lock-in amplifier (7280 DSP, Signal Recovery, Oak Ridge,
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USA). The time constant of the lock-in amplifier was chosen to be 1 s and the amplification of the
pre-amplifier was increased to resolve low photocurrents. The EQE is determined dividing the
photocurrent of the organic solar cell by the flux of incoming photons, which was obtained with a

calibrated silicon (Si) and/or indium-gallium-arsenide (InGaAs) photodiode.

Theoretical calculations: All calculations were performed within density functional theory using
the Gaussian09 software package.® Structure relaxations and calculations of (reduced) relaxation
energies use the B3LYP hybrid functional and the 6-311G** basis set.*’ Relaxation energies of
the donor molecules are obtained from the adiabatic potential energy surface of the neutral state
according to Ap = E(qy) — E(qo), with E(q,) the energy of the neutral molecule in the relaxed
geometry of the cationic state and E (q,) the ground state energy.®

Each normal mode j contributes to the relaxation process according to a dimensionless electron-
phonon coupling constant g; with Ap = YA =%; g]?hwj. The coupling constants g; are
extracted from an expansion of the relaxed neutral structure by the normal mode vectors followed
by an evaluation of the linear variation in HOMO energy according to reference (9) . Here, we
apply a scaling factor of 0.967 for the frequencies of the vibrational modes Aw;, but we keep the
relaxation energies 4; by increasing the coupling constants g; by a factor of 1/0.967.° To
extract the reduced relaxation energy A, we subtract the contributions from high energy quantum
modes (hw; =1000 cm't) from Ap.*

lonization potentials of the donor molecules in the solid state are estimated from vacuum values

IP, using*?1?
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IP' = [P, + P — Ap (6)
with the polarization energy P obtained as
_e (L _ 1) <0 (7)

We assume &,,] = 4.4 being the dielectric constant of Ceo 1* because of the low donor content. r;,,,
and 1P, are extracted from DFT calculations using the M06-2X hybrid functional and the cc-pVTZ

basis set.1>1’
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