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Abstract

An economically expedient and simple method to improve charge injection and
transport through organic semiconductors via solution-processed low-concentration
doping is suggested. Two organic species, Pyronin B (PyB) and Acridine Orange (AO)
dissolved in 2-butanone, have been used as dopants for a conjugated polymer. Ultraviolet
photoelectron spectroscopy (UPS) and UV-vis-NIR absorption spectroscopy studies
confirmed that charge transfer between the organic semiconductor and dopants took
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place successfully. It should also be noted that the doping efficiency of the dopants is

strongly dependent on the intrinsic properties of the conjugated polymers.
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Introduction

Different electronic devices based on organic semiconductors
(OSCs) are being developed and promoted every year due to unique
and outstanding properties of the organic materials including
flexibility, transparency, light weight, and solution-process ability.
However, these materials are not fully commercialized due to their
intrinsically low electrical performance and poor stability. And in order
to overcome these issues several approaches have been developed and
one of them is doping. Doping is the most straightforward method
to increase electrical conductivity of the materials in the first place.
The organic light-emitting diode (OLED) industry already uses this
method to finally commercialize these organic devices successfully.! It
should be noted that doping of OSCs is completely different from that
of inorganic ones in which conductivity is enhanced via the increase
of charge carriers provided by the impurity atoms that replace the
atoms in the host lattice. In organic electronics, no replacement of host
lattice atoms by impurity atoms occurs. Rather, it is just simple and
direct introduction of extra charge carriers to the whole host molecule
via a charge transfer process.? In this case, the effectiveness of the
doping process depends on the energy level differences between the
materials’ highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO). This requirement seriously
limits the doping possibilities of the organic materials as dopant
and host molecules with matching energy levels are rare. One of
the suggested alternatives for doping of OSCs in which the energy
levels of the two materials can be ignored, is application of Lewis
acids and bases for p- and n-type doping, respectively.>” In this work,
two cationic organic dyes, Pyronin B (PyB) and Acridine Orange
(AO), are investigated as p-type dopants for a conjugated ambipolar
polymer diketopyrrolopyrrole-thieno [3,2-b]thiophene (DPPT-TT).
The dopants are conjugated molecules with Lewis acid nature.

Experimental

The polymer solution were prepared in 1,2-dichlorobenzene
(DCB) at the concentration of 10 mg/ml. Small amounts (0.5, 2, and
10mg) of the dopants were dissolved in different organic solvents,
such as ethanol, 2-propanol, isopropyl alcohol, ethyl acetate, and a
mixture of organic solvents (consisting of toluene (50%), ethanol
(15%), butyl-acetate (10%), butanol (10%), 2-ethoxyethanol (8%),
and acetone (7%)) to form solutions of 0.5 mg/ml in ethanol; 2 mg/ml
in 2-propanol, isopropyl alcohol, and ethyl acetate; 10 mg/ml in the
above mentioned solvent mixture (Figure 1).
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Figure | The OFET transfer characteristics of the doped: A) PyB-doped and B) AO-doped and (C) lllustrates the intrinsic OFET performance of DPPT-TT
polymer. As seen, DPPT-TT exhibits almost ideal ambipolar performance. But after doping with the cationic dyes, the ambipolar device performance changed
to unipolar, and the on/off current ratio was also improved by doping. The undoped and doped devices exhibit on/off ratios of 102 10* (for AO-doped devices),
and 10* (for PyB-doped devices, respectively.
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Results and discussion

Dopants were dissolved in 2-butanone and applied by mixing
them in a single blend system with the host in the same solution (film
doping). Dopant solutions were added into the host solution of DPPT-
TT at different volume concentrations and mixed with magnetic
stirrer on a hot plate for more than 24hours for complete blending.
By optimization of the dopant concentration, the whole transport of
the material was enhanced. The doped polymer films were applied
to organic field-effect transistors (OFETs). As it is clear from Figure
2A, for doped DPPT-TT films, the Fermi level (EF) gradually shifted
towards the DPPT-TT HOMO, which clearly indicates increased hole
density by PyB doping. The HOMO and LUMO levels of the pristine
DPPT-TT were 5.33 and 4.07¢V, respectively. According to previous
studies, PyB has a reduction potential similar to that of Pyronin Y,
which is -0.445V versus the normal hydrogen electrode (NHE)."*# And
the LUMO level of Pyronin Y is -4.685 eV, then, which is calculated
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from its reduction potential following the conventional formula
of ELUMO=-(Ered+5.13)eV (5.13eV is the constant (the absolute
electrode potential) value representing the potential difference
between the energy level of the NHE and the vacuum level). So, PyB
also has a LUMO level around ~-4.685¢V. Considering the energy
levels and electron accepting property of PyB, efficient electron
transfer is expected from DPPT-TT to PyB for p-type doping. This
type of doping is achieved using a strong mt-electron accepting Lewis
acid species. The charge transfer process between the polymer and
PyB is assumed to be as follows:

DPPT-TTO + PyB+ = DPPT-TT+ + PyB0

Through the generation of free charge carriers by doping, the
Fermi level shifted towards HOMO by 0.19, 0.23, and 0.3 eV for
1:40, 1:10, and 1:7 doping ratio, respectively. The Fermi level shift
and optical band gap values were calculated from UPS and UV-vis
absorption spectra respectively, and are given in Figure 2B & Table 1.
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Figure 2 A) UPS spectra of pristine and doped DPPT-TT films; B) Band gap and HOMO level values of the pristine and doped DPPT-TT films.

Table | Extracted Highest Occupied Molecular Orbital (HOMO) level and band gap values

Doping concentration (DPPT-

TT:PyB, weight ratio) HOMO (eV) Optical band gap (eV)
pristine -5.33 1.26
40:01:00 -5.14 1.07
10:01 5.1 1.03
701 -5.03 0.96

Conclusion

Two Lewis acids, PyB and AO were studied as p-type dopants
for a conjugated polymer DPPT-TT. The doped devices showed
highly improved device characteristics with enhanced hole transport.
Although these dopants are not stable in air, this simple solution
doping can be applied as an effective alternative method to enhance
the electrical performance of p-type conjugated polymers.
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