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Organic semiconductor materials are widely used in the field of organic electronic devices due to their wide
variety, low price, and light weight. However, their developments are still restrained by their low stability and
carrier mobility. Density functional theory (DFT) was used to study the influence of doped oxygen group
elements (O, S, Se, and Te) on the properties of organic semiconductor materials (seven-membered
benzothiophene, o-pentacene, thiophene derivatives, and pentacene) in this paper. Based on the
calculation of Eomo. ELumo, AE, and total energy, the performances of organic semiconductor materials
without and with doped elements were compared, and it was found that the doping of multi-element Te
makes the material have high stability and potential high mobility. For these studied organic
semiconductor materials, when the atoms of the doped site change in the order of O, S, Se, and Te, the

carrier mobility gradually increases, and the molecules show a tendency of stability. In this paper,
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Accepted 6th April 2021 promising doping elements and doping methods for these studied molecules are determined through

calculations and screening out suitable materials more efficiently and economically without a large

DOI: 10.1039/d0na01026] amount of repetitive experimental work, which may provide a theoretical basis and guidance for
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1. Introduction

In the past few decades, organic semiconductors have attracted
the attention of many researchers due to their adjustable elec-
tronic structure and optical band gap, light weight, and good
mechanical flexibility."® Because of their favorable perfor-
mance, a large number of organic materials have been widely
designed and applied in the fields of organic light-emitting
diodes,*® organic thin film transistors, and organic solar
cells.” Compared with inorganic semiconductors, organic
semiconductors possess discrete “energy levels” composed of
molecular orbitals, and the transfer of charge depends on the
ability of carriers to move from one molecule to another.®
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preparing high-performance organic semiconductor materials.

Carrier mobility is one of the important indicators for evalu-
ating the performance of organic semiconductors.® The higher
the carrier mobility rate, the better the performance of the
prepared device.**°

Improving carrier mobility is the key to the development of
organic semiconductor materials. In the past few decades,
researchers have made significant progress in enhancing the
carrier mobility of organic semiconductors.”'® Appropriate
molecular design and doping can adjust conductivity and make
organic semiconductors potentially useful.”’** Doping, espe-
cially with oxygen group elements,*~*® can lead to the formation
of more free charge carriers in organic semiconductors or the
passivation of traps, increase carrier mobility, increase the
effective injection of electrons, change charge transport prop-
erties, and improve the carrier mobility and stability of the
material. Di Tian* et al. introduced polarizable and electron-
rich sulfur or selenium atoms into electron-deficient nitrogen-
containing heteroaromatic compounds, which facilitated the
accumulation of adjacent molecules and achieved a m-atom
orbital overlap rate of more than 90%.

Common organic semiconductor materials include poly-
cyclic aromatic hydrocarbons (PAHs), metal complexes and
small compounds derived from conductive polymers, such as
polyolefins, polythiophenes, and pentacene.?®** The molecular
structure and semiconductor properties of these materials have
been a hot spot in recent years. Among them, in organic light-
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emitting devices, the mobility of organic semiconductors based
on thiophene and oligoacene is higher than 1.0 cm> V™" s~ 343
and thiophene derivatives have excellent stability and high
carrier mobility on linear oligoacetylene,* making them
common semiconductor materials.

In this paper, we used density functional theory (DFT) to
explore the effects of doping oxygen group elements on the
conductivity and stability of organic semiconductor materials
(seven-membered benzothiophene, o-pentacene, thiophene
derivatives, and pentacene), and calculate the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of a molecule (corresponding to the valence
band and conduction band of the semiconductor®’), and the
smaller the difference between LUMO and HOMO, the easier
the electronic transition between the orbitals.*® By comparing
the values of AE, total energy and other data, we get the general
law of doping oxygen group elements, which provides guidance
for screening high-performance organic semiconductor
materials.

2. Computational methods

Geometry optimization, electronic properties, and orbital
information of organic semiconductor materials were studied
by the density functional theory (DFT) method using the DMol3
module in Materials Studio. The generalized gradient approxi-
mation (GGA) was treated by the Perdew-Burke-Ernzerhof
(PBE) functional. The double numerical atomic orbital plus
polarization function (DNP) of basfile v4.4 was chosen to be the
basis set. The convergence criteria for the total energy calcula-
tion and geometric optimization step were set as below: a self-
consistent field (SCF) energy tolerance of 10~> €V per atom,
a maximum force tolerance of 10~ eV A™%, and a maximum
displacement tolerance of 5 x 10~* A. Max self-consistent field
cycles were set as 1000 cycles.

3. Results and discussion

3.1 Seven-membered benzothiophene doped with oxygen
group elements

Multi-component benzo-based organic semiconductors tend to
form large m-conjugated structures with high carrier mobility,
and the introduction of thiophene rings improves the perfor-
mance of the material to a certain extent,* so we choose ben-
zothiophene compounds as the research object. Fig. 1 is
a schematic diagram of the molecular structure and electron
cloud of a seven-membered benzothiophene. It can be seen
from Fig. 1b, c and Table S17 that the three sulfur atom electron
clouds are densely distributed and the Fukui (—) and Fukui (+)
indices have the largest absolute values, indicating that these
three sulfur atoms have high activity and are prone to nucleo-
philic and electrophilic attacks, and they are ideal sites for
doping. Therefore, we used sulfur atoms as the starting point®
to study the effect of doping of oxygen group elements on the
performance of organic semiconductors. Next, we conducted
mono-, binary-, and ternary doping of the seven-membered
benzothiophene with oxygen group elements, and the specific

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagram of the seven-membered benzothio-
phene molecular structure; (b) Fukui (—) electron cloud distribution
diagram; (c) Fukui (+) electron cloud distribution diagram.

structure is shown in Fig. S1.7 According to the symmetry of the
molecular structure, both single and binary doping adopt
symmetry doping methods to make it more stable. The values of
Enomos ELumo and AE are used to characterize the ability of the
organic semiconductor molecule to bind electrons and the
electronic transitions between orbitals. The higher the Exomo,
the stronger the electron donating ability of the molecule,
which is conducive to accepting holes; the lower the Epymo, the
better the ability to receive electrons, and the smaller the
difference between the two, the faster the electron transfer rate
between the orbitals.

It can be seen from Fig. 2, S2, S3 and Table S2f that the
doping of Te has greatly changed the Eyomo and Erumo values
of the seven-membered benzothiophene compared to the
undoped benzothiopene and that doped with the other oxygen
group elements. The ternary Te doping increases the Eyomo
value most significantly (0.211 eV), the Epymo is also reduced
and its electron transport is more favorable, it can be seen that
Te is a better oxygen doping element. Fig. 3a shows the E;umo,
Eyomo, and AE of the undoped and ternary O, Se, and Te-doped
seven-membered benzothiophene molecules. As the relative
atomic mass of oxygen group elements increases, AE gradually
decreases. The interelectron transfer rate becomes faster, and
the carrier mobility gradually increases. It can be seen from
Fig. 3b that when the atoms of the doping site change in the
order of O, Se, and Te, their energy values gradually decrease
and the changes are more obvious, and the organic semi-
conductor molecules show a stable trend.

3.2 o-Pentacene doped with oxygen group elements

O-Pentacene has a special symmetrical structure with five
benzene rings. When doped, the six-membered ring breaks to
form a five-membered ring and the molecular structure is
shown in Fig. S4.7

It can be seen from Fig. 4, S5, S7 and Table S37 that the
decrease in the Epymo value of the mono Te-doped o-pentacene
is the most obvious (0.279 eV). The lower the E;ypo value, the
stronger the ability of the molecule to receive electrons,

Nanoscale Adv., 2021, 3, 3100-3106 | 3101
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Fig. 2 (a) ELumo. Enomo. and AE of seven-membered benzothiophene doped with the Te atom; (b) schematic diagram of the total energy of
each substance (a: seven-membered benzothiophene; b: mono Te-doped seven-membered benzothiophene; c: binary Te-doped seven-

membered benzothiophene; d: ternary Te-doped seven-membered benzothiophene).
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Fig. 3 (a) ELumo. Enomo. and AE of seven-membered benzothiophene doped with oxygen group elements; (b) schematic diagram of the total
energy of each substance (a: ternary O-doped seven-membered benzothiophene; b: seven-membered benzothiophene; c: ternary Se-doped

seven-membered benzothiophene; d: ternary Te-doped seven-membered benzothiophene).

indicating that the presence of Te atoms improves the ability of
the o-pentacene molecule to accept electrons. The binary Te-
doped o-pentacene (one-five ring) Exomo value increased by
0.127 eV, indicating that Te doping enhanced the electron
donating ability of the molecule. Based on the analysis of
Enomo, Erumo, AE and other data, although the binary Te-doped
o-pentacene molecule (one-five ring) has better stability, its
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band gap becomes larger, which is not conducive to electron
transport. Doping o-pentacene with binary Te (two-four ring) is
the best doping method in terms of band gap change and
stability. Fig. 5a shows Erumo, Enomo, and AE of the undoped
and mono-O, S, Se, Te doped o-pentacene molecules. As the
relative atomic mass of oxygen group elements increases, AE
gradually decreases, the electron transfer rate between Eyomo
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Fig. 4 (a) ELumo. Enomo. and AE of o-pentacene doped with the Te atom; (b) schematic diagram of the total energy of each substance (a: o-
pentacene; b: mono Te-doped o-pentacene; c: binary Te-doped o-pentacene (two-four ring); d: binary Te-doped o-pentacene (one-five ring)).
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Fig.5 (a) ELumo. Enomo and AE of o-pentacene doped with oxygen group elements; (b) schematic diagram of the total energy of each substance
(a: mono O-doped o-pentacene; b: mono S-doped o-pentacene; c: mono Se-doped o-pentacene; d: mono Te-doped o-pentacene).

and Epymo orbital becomes faster, and the carrier mobility
gradually increases. It can be seen from Fig. 5b that when the
atoms at the doping site change in the order of O, S, Se, and Te,
their energy values gradually decrease and the changes are more
obvious, and the organic semiconductor molecules show
a stable trend.
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Fig. 6 (a) Schematic diagram of the DP-DTT molecular structure; (b) Ey

3.3 2,6-Diphenyldithiophene (DP-DTT) doped with oxygen
group elements

We calculated the Fukui index (Table S47) of the undoped 2,6-
diphenyldithiophene (DP-DTT). The absolute values of the
sulfur atoms, Fukui (—) and Fukui (+), are the largest, which
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mo. Enomo. and AE of DP-DTT doped with the Te atom; (c) schematic

diagram of the total energy of each substance (a: DP-DTT; b: mono Te-doped DP-DTT; c: binary Te-doped DP-DTT; d: ternary Te-doped DP-

DTT).
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Fig. 7 (a) ELumo. Enomo. and AE of DP-DTT doped with oxygen group elements; (b) schematic diagram of the total energy of each substance (a:
ternary O-doped DP-DTT; b: DP-DTT; c: ternary Se-doped DP-DTT; d: ternary Te-doped DP-DTT).

makes them prone to nucleophilic and electrophilic attacks, As can be seen from Fig. 6, S9, S10 and Table S5, the band
and thus they are ideal sites for doping. According to the gap of DP-DTT molecules becomes smaller and the energy
symmetry of the DP-DTT molecular structure (Fig. 6a), in order becomes lower after doping with Te atoms. Although the band
to make it more stable, we adopt a symmetrical doping method, gap of the ternary Te is the smallest, its Eyypo value is signifi-
and the structural diagram of the doped structure is shown in cantly increased, and the decline in the ability to accept elec-
Fig. S8.1 trons is not conducive to electron transport. In contrast, binary
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Fig. 8 (a) Schematic diagram of pentacene; (b) £, umo, Enomo. and AE of pentacene doped with the Te atom; (c) schematic diagram of the total
energy of each substance (a: pentacene; b: mono Te-doped pentacene; c: binary Te-doped pentacene (two-four ring); d: binary Te-doped
pentacene (one-five ring); e: ternary Te-doped pentacene (two-three-four ring); f: ternary Te-doped pentacene (one-three-five-ring); g:
quaternary Te-doped pentacene; h: five membered Te-doped pentacene).
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(a: five-membered O doped with pentacene; b: pentacene; c: five Se-doped with pentacene; d: five-membered Te doped with pentacene).

Te doping is an ideal doping method, which not only improves
the electron gaining and losing abilities of DP-DTT molecules,
but also reduces its band gap. It can be seen from Fig. 7a that
when the doped atoms change in the order of O, S, Se, Te, their
Erumo energy values do not change according to a certain law,
but the Eyomo value gradually increases with the increase of the
relative atomic mass of the oxygen group elements, indicating
that its ability to donate electrons is increasing. The band gap
width (AE) gradually decreases, indicating that the electrons
between orbitals easily undergo transitions. It can be seen from
Fig. 7b that when the atoms at the doping site change in the
order of O, S, Se, Te, their energy values gradually decrease, and
the molecules show a stable trend.

3.4 Pentacene doped with oxygen group elements

Fig. 8a is a schematic diagram of the structure of a pentacene
molecule; the calculation of the Fukui index (Table S6t) shows
that the absolute value of the Fukui index of five sulfur atoms is
the largest, indicating that the reaction activity is high and they
are ideal doping sites. Next, the pentacene molecule is doped
with an oxygen group element, and a schematic diagram of the
doped molecular structure is shown in Fig. S11.1 According to
the symmetry of the molecular structure, the binary oxygen
group element is doped into a two-four-ring and one-five-ring,
and the ternary oxygen group element is doped into a two-
three-four ring and one-three-five ring.

As can be seen from Fig. 8, S12, S13 and Table S7,t the E;ymo
value of the mono- and penta-membered Te-doped pentacene
decreased the most, being 0.285 eV and 0.302 eV respectively.
The quaternary and penta-element Te doping Eyxomo values
have been increased, and their electron-donating capabilities
have been enhanced. With the increase of the number of doping
Te atoms, the pentacene molecule shows a stable trend (Fig. 8c),
when the number of doping atoms is the same, even if the
doping sites are different, they have the same energy. By
comparing data such as Erymo, Eromo, and AE, it was found
that the five-membered Te-doped pentacene has a lower Eyypmo,
higher Exomo, and smaller band gap, so the best doping
method is doping pentacene with five-membered Te. When the
doped element changes in the order of S, Se, Te, its Epymo value

© 2021 The Author(s). Published by the Royal Society of Chemistry

gradually decreases, and the Eyomo value changes little, indi-
cating that the doping has little effect on the electron donating
ability of the molecule (Fig. 9a). However, the band gap width
tends to decrease, which indicates that the electron transfer rate
between Eyomo and Epymo Orbitals becomes faster. With the
increase of the relative molecular mass of the oxygen group
elements (Fig. 9b), the energy value of the organic semi-
conductor molecule gradually decreases and it is more obvious,
showing a stable trend.

4. Conclusion

In summary, through DFT calculations, the influence of doping
of oxygen group elements on the properties of four organic
semiconductor materials of seven-membered benzothiophene,
o-pentacene, DP-DTT and pentathiophene is explored. By
comparing the changes in molecular data before and after
doping, we screened the best doping methods for the four
materials, all of which are doped with multi-element Te. It can
be seen that Te atom doping can significantly improve the
carrier mobility and stability of these four organic semi-
conductor materials, and the molecular band gaps after doping
are reduced by 13.16%, 5.00%, 26.35%, and 16.64%, and the
energy value is reduced 5.426 times, 15.45 times, 6.36 times and
12.68 times, respectively. Among them, DP-DTT has the largest
decrease in the band gap, indicating that the doping of Te has
the greatest effect on its carrier mobility, and o-pentacene has
the largest decrease in total energy, which proves that the
doping of Te atoms has the greatest impact on its stability. By
comprehensive comparison, we get the general rule of oxygen
group element doping: as the relative atomic mass of oxygen
group elements increases, AE gradually decreases, and the
carrier mobility gradually increases. This research guides
experiments from theoretical calculations, provides ideas and
directions for specific experimental design, improves the accu-
racy of research, and accelerates the pace of exploring new
organic semiconductor materials.
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