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ABSTRACT: 2-(2-Methoxyphenyl)-1,3-dimethyl-1H-
benzoimidazol-3-ium iodide (0-MeO-DMBI-I) was syn-
thesized and employed as a strong n-type dopant for
fullerene Cg, a well-known n-channel semiconductor. The
coevaporated thin films showed a maximum conductivity
of 5.5 S/cm at a doping concentration of 8.0 wt% (14 mol
%), which is the highest value reported to date for
molecular n-type conductors. 0-MeO-DMBI-I can be
stored and handled in air for extended periods without
degradation and is thus promising for various organic
electronic devices.

ontrollable molecular doping of organic semiconductors’

has important advantages for organic light-emitting
diodes (OLEDs),> organic solar cells (OSCs),* and organic
thin-film transistors (OTFTs).* Previous studies on doping of
organic semiconductors showed that the addition of strong
electron donors or acceptors as dopants can generate extra
electrons or holes, respectively. This leads to a shift in the
Fermi level and improves the film conductivity." Furthermore,
an Ohmic contact can be formed by a highly doped layer at the
interface between the metal electrode and the organic
semiconductor layer, allowing good charge injection or
extraction to be achieved in spite of energy barriers between
the electrode and the organic semiconductor layer.” For
example, efficient doping in organic transporting layers resulted
in very low operational voltages of OLEDs with a high power
efficiency of 90 Im/W.>* Doping also enabled the fabrication of
tandem structures for efficient OSCs using a versatile organic
recombination contact.**"® Additionally, our group has recently
reported that intentional n-t)})e doping can improve the air
stability of n-channel OTFTs.

A number of molecular p-type dopants have been
investigated, such as F,-TCNQ and CgFs4." Recently, n-type
molecular doping has drawn interest to replace the reactive
alkali metals as dopants to prevent high diffusivity and difficulty
in handling.” However, efficient n-type molecular doping is
challenging since the dopant’s highest occupied molecular
orbital (HOMO) level must be above the lowest unoccupied
molecular orbital (LUMO) level of the organic semiconductor
matrix in order to make the electron transfer process favorable.
The required HOMO of the dopant is usually so shallow that it
is unstable in air,3%*° complicating the fabrication process and
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limiting the applications of such dopants in organic electronics.
One approach is to use new dopants with shallow HOMOs that
are still stable in air, such as tetrathianaphthacene (TTN)."!
However, they are not strong enough donors to obtain n-type-
doped films with high conductivity. Another approach is to use
a stable cationic salt precursor, such as pyronin B (PyB)
chloride,'* the triphenylmethane cationic dye crystal violet
(CV),"” or acridine orange base [3,6-bis(dimethylamino)-
acridine, AOB:|,14 to generate the volatile electron donor for
n-type doping in situ upon heating. Recently, a series of air-
stable dimers of sandwich compounds, including rhodocene
and (pentamethylcyclopentadienyl) (arene)ruthenium and -iron
derivatives, have been reported as highly reducing n-type
dopants for a variety of electron-transporting materials
processed by either vacuum or solution, with electron affinities
as small as 2.8 eV." In this approach, a thermodynamically
unfavorable reversible cleavage of the dimer occurs, followed by
a rapid irreversible electron transfer from the highly reactive
monomer radical. In comparison with the precursor approach
(e.g, PyB), chemical side reactions are minimized, and
electron-transporting materials with high LUMOs can be n-
type-doped using these dimers. Although several air-stable
molecular n-type dopants have been reported,*>!*»! 11213716
the highest reported conductivity for an n-type-doped organic
film with air-stable molecular dopants is still low, only ca. 4.9 X
1072 S/cm with C4 as the matrix.'* Therefore, it remains
challenging to develop molecular n-type dopants that are air-
stable and have strong doping ability to achieve high film
conductivities for applications in organic electronic devices.

Recently, our group introduced (4-(1,3-dimethyl-2,3-dihy-
dro-1H-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI)
as a solution-processable dopant with efficient n-type doping
ability™ and showed that the conductivity of an N-DMBI-
doped [6,6]-phenyl C; butyric acid methyl ester (PCBM) film
was significantly increased. In this communication, we
demonstrate the use of its cationic derivative, 2-(2-methox-
yphenyl)-1,3-dimethyl-1H-benzoimidazol-3-ium iodide (o-
MeO-DMBI-L; Figure 1), as an n-type dopant for vacuum-
processed n-channel semiconductors. A film conductivity as
high as 5.5 S/cm was obtained.

There was only one previous paper reporting the synthesis of
0-MeO-DMBI-I via a two-step reaction from 1,2-diaminoben-
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Figure 1. (a) Chemical structure of 0-MeO-DMBI-I and its modified
synthetic route. (b) Chemical structures of the n-channel semi-
conductors Cg, and TCNQ.
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zene and 2-methoxybenzoic acid,'” in which 0-MeO-DMBI-I
was the side product. In our work, we modified the reported
synthetic route of 1,3-dimethyl-2-phenyl-1H-benzoimidazol-3-
ium iodide (DMBI-I),'® by using a large excess of methyl iodide
(Mel),” allowing the high-pressure reaction conditions
previously reported to be eliminated. Our new method easily
produced a large quantity of the target compound. o-MeO-
DMBI-I is air-stable and can be stored and handled in air for
extended periods without degradation.

To characterize the n-type doping ability of 0-MeO-DMBI-I,
the film conductivity of fullerene Cg, a well-known n-channel
semiconductor, was investigated. n-Type doping of Cg, was
previously shown to be essential for the fabrication of efficient
tandem solar cell structures.*"® Effective n-type doping of Cg,
is needed to create low-loss contacts between the stacked cells
while maintaining a very thin doped Cg, layer to minimize
parasitic absorption losses.® In our experiments, Cgy and o-
MeO-DMBI-I were codeposited from separate sources at high
vacuum onto smooth glass substrates to give 30 nm thick films.
Different doping concentrations were achieved by accurate
control of the deposition rates of the matrix and dopant
materials using separate quartz microbalances. The conductivity
of 0-MeO-DMBI-I-doped Cg, films were measured in high
vacuum, and the results are shown in Figure 2a. The
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Figure 2. (a) Conductivities of an undoped Cg, film and 0-MeO-
DMBI-I-doped Cg4 films at various doping concentrations. (b)
Transfer characteristics of 0-MeO-DMBI-I-doped C4 OTFTs at
various doping concentrations.

conductivity of the undoped Cg, film was only 6.6 X 107 S/
cm. Upon doping, the film conductivity significantly increased
by more than 7 orders of magnitude. The highest film
conductivity, 5.5 S/cm, was obtained by 8.0 wt% (14 mol%)
doping. This is the highest reported film conductivity obtained
by molecular n-type doping.3d’12b'13’14 As a reference, the
typical film conductivity of the well-known conducting polymer
poly(3,4-ethglenedioxythiophene) poly(styrenesulfonate) (PE-
DOT:PSS)* without a solvent additive such as dimethyl
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sulfoxide (DMSO) or ethylene glycol (EG) is in the range 0.1-1
S/em.**® This indicates the strong n-type doping ability of o-
MeO-DMBI-], which makes it promising for applications in
organic electronic devices. At a higher doping concentration of
12 wt% (21 mol%), the conductivity decreased slightly to 1.8
S/cm, which can be attributed to the tendency of 0-MeO-
DMBI-I to aggregate and the localization of the donated
electrons around dopant molecules in the films (Figures SS and
S6 in the Supporting Information).”%*"

To confirm further the n-type doping effect of o0-MeO-
DMBI-I in Cg, films, n-channel transistors were fabricated with
a bottom-gate, top-contact configuration on n-doped silicon
substrates with 300 nm thick thermally grown SiO,. We
passivated the SiO, surface using a thin (20 nm), thermally
cross-linked divinyltetramethyldisiloxane bis(benzo-
cyclobutene) (BCB) layer to eliminate electron traps due to
the surface hydroxyl groups on Si0,.>* In a N-filled glovebox,
the undoped Cg, transistors exhibited a high average electron
mobility of 4.02 + 0.35 cm®* V™' 57! and an average on—off
ratio of (4.68 + 1.04) x 10°% All of the doped transistors
showed the expected significant decrease in the on—off ratio
due to the increase in the off current (Figure 2b).34** With
only 1.4 wt% (2.6 mol%) 0-MeO-DMBI-I doping, the device
already exhibited a low on-off ratio of less than 100. At higher
doping concentrations, devices showed little gate-field-depen-
dent characteristics with on-off ratios of <10, indicating that the
films were essentially conductive.

To study the origin of the n-type doping effect of 0-MeO-
DMBI-1, we measured UV-vis-NIR absorption spectra of doped
Cygo films fabricated by vacuum deposition. In our experiments,
we could not observe the Cg, anion peaks at 1000—1200 nm
arising from electron transfer because the Cg, anion is too
unstable in air to be detected as a result of its high LUMO
level.'® Therefore, to confirm the electron transfer from o-
MeO-DMBI-I to the n-channel matrix, we doped 7,7,8,8-
tetracyanoquinodimethane (TCNQ), another well-known n-
channel semiconductor that has a much lower LUMO level
(-4.8 €V),” with 0-MeO-DMBL-L In this case, the anion peaks
could be observed in the absorption spectra even under
ambient conditions. We fabricated the 0-MeO-DMBI-I-doped
TCNQ _films by vacuum codeposition at a doping concen-
tration of 35 wt% (22 mol%). In the absorption spectra, the
strong TCNQ_ anion peaks (764 and 865 nm)">** were
observed in air (Figure 3a), indicating that efficient electron
transfer from o0-MeO-DMBI-I to TCNQ_ molecules had
occurred.
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Figure 3. (a) UV-vis-NIR absorption spectrum of a 35 wt% (22 mol%)
0-MeO-DMBI-I-doped TCNQ film fabricated by vacuum deposition.
(b) XPS spectra of 0-MeO-DMBI-I before and after sublimation at
high vacuum.
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In our previous work on the solution-processable n-type
dopant N-DMBIL* we speculated that the key species enabling
effective n-type doping was its neutral radical, whose singly
occupied molecular orbital (SOMO) level is very high (—2.36
eV according to B3LYP/6-31G* calculations using Gaussian
03>%). Thus, the neutral radical could potentially allow for
electron transfer from the dopant to the n-channel semi-
conductor. However, our recent Electron Paramagnetic
Resonance (EPR) experiments indicated that the radical
intermediate was not present. The reported studies on the
cationic salts of PyB and CV showed that their protonated
leuco bases can be generated in situ during vacuum
deposition.12’13’26 In our case, mass spectra were measured in
situ in the vacuum chamber during evaporation of o-MeO-
DMBII at its deposition temperature (180-200°C). A peak at
254.3 amu was clearly observed (Figure S7), which is assigned
to 2-(2-methoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-benzoi-
midazole (0-MeO-DMBI, molecular weight 254.3 amu),
indicating the formation of 0-MeO-DMBI during evaporation.
But no mass peak for a neutral radical was observed in our
experiments. Therefore, we hypothesized that 0-MeO-DMBI-I
was reduced during evaporation under high vacuum to form o-
MeO-DMBI, which underwent electron transfer to Cg
molecules. To elucidate the doping mechanism further, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on pure 0-MeO-DMBI-I films fabricated by either
vacuum deposition or drop-casting from ethanol solution
(Figure 3b). By comparison, no iodide peak was observed in
the XPS spectrum of the neat 0-MeO-DMBI-I film fabricated
by vacuum deposition, indicating that 0-MeO-DMBI-I was
reduced and lost I” during evaporation; this also demonstrated
that the lost I” in this precursor approach did not contaminate
the doping films. Moreover, we also fabricated 0-MeO-DMBI-I-
doped PCBM films at a doping concentration of 2.0 wt% (4.7
mol%) by solution spin-coating deposition. The entire process
was carried out below 100°C. In this case, we found no n-type
doping effect by both conductivity and transistor measure-
ments. These results indicate that 0-MeO-DMBI-I is an n-type
dopant precursor and that the doping effect can be obtained by
heating to form the neutral compound, 0-MeO-DMBI, which is
responsible for the strong n-type doping effect. Moreover, our
preliminary results showed that 0-MeO-DMBI-I can also
effectively accomplish n-type doping of organic semiconductors
with LUMO levels as high as —3.0 eV. Our further investigation
of the n-type doping effect of 0-MeO-DMBI-I on different
organic semiconductors with higher LUMOs (>—3.0 eV) is still
in progress to explore further the limit of the n-type doping
achievable with 0-MeO-DMBI-1.

In summary, we have synthesized a new air-stable n-type
dopant, 0-MeO-DMBI-], for vacuum-processed organic thin
films. Cgq, can be highly doped by 0-MeO-DMBI-], as shown by
measurements of film conductivity and transistors. The highest
film conductivity obtained in this work was 5.5 S/cm, indicating
that it is promising for applications in various organic electronic
devices. Systematic studies on the doping mechanisms of o-
MeO-DMBI-I and other DMBI-I derivatives as well as their
applications in solar cells are underway.
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