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Organic semiconductors are inherently soft, making it possible to increase their mobilities by strains. Such a unique feature
can be exploited directly in flexible electronics for improved device performance. The 2,7-dioctyl[1]benzothieno[3,2-b][1]-
benzothiophene derivative, C8-BTBT is one of the best small-molecule hole transport materials. Here, we demonstrated its
band structure modulation under strains by combining the non-equilibrium molecular dynamics simulations and first-principles
calculations. We found that the C8-BTBT lattice undergoes a transition from monoclinic to triclinic crystal system at the
temperature below 160 K. Both shear and uniaxial strains were applied to the low-temperature triclinic phase of C8-BTBT, and
polymorphism was identified in the shear process. The band width enhancement is up to 8% under 2% of compressive strain
along the x direction, and 14% under 4% of tensile strain along the y direction. The band structure modulation of C8-BTBT
can be well related to its herringbone packing motifs, where the edge to face and edge to edge pairs constitute two-dimensional
charge transport pathways and their electronic overlaps determine the band widths along the two directions respectively. These
findings pave the way for utilizing strains towards improved performance of organic semiconductors on flexible substrates, for
example, by bending the substrates.
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1    Introduction

High performance organic electronic devices have been
sought by academic and industrial communities for decades
due to their bright outlooks in flat-panel displays [1,2],
radio-frequency identification tags [3,4], complementary
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integrated circuits [5–7], biological and medical applications
[8–13] and other advantages such as ease of fabrication,
low-cost, large-area production, and mechanical flexibility
[14–19]. However, charge carrier mobility is still the key
barrier that hinders organic electronic devices to broader
applications [20]. Factors limiting the mobility of organic
semiconductors include their chemical component, molec-
ular packing structure and crystallinity. The mobility of a
material with specific constituents can be very sensitive to its
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molecular packing structure. Due to the weak van der Waals
interactions between organic molecules, polymorphism often
shows up during the fabrication process. Many methods
and techniques including air-flow [21,22], roll transfer
printinf [23], solvent additives [24], solvent and polymer
matrix [25], solution shearing [26,27], and fluid-enhanced
crystal engineering [28] have been developed to increase
the alignment of crystallites and tune the molecular packing
structure towards a better charge transport performance.
Bao’s group [27–31] fabricated series of organic thin film
transistors by various solution processes. Among these,
solution shearing has been manifested as one of the most ef-
fective methods to tune the molecular packing in organic thin
films. For example, the π-π stacking distance of TIPS-pen-
tacene (6,13-bis(triisopropylsilylethynyl) pentacene) was
decreased from 3.33 Å to 3.08 Å at a shear speed of
8 mm s–1, and the mobility of sheared thin film was increased
to 1.5 cm2 V–1 s–1 due to the increased electronic overlap
between neighboring molecules. The mobility of TIPS-pen-
tacene was even increased to 11 cm2 V–1 s–1 by combining
fluid-enhanced crystal engineering and solution shearing
methods [28].
Thienoacenes, such as [1]benzothieno[3,2-b][1]ben-

zothiophenes (BTBTs), have appropriate HOMO spatial
distribution for effective intermolecular orbital overlap, and
exhibit excellent hole transport properties [32]. Bao’s group
[30] has reported growth of highly aligned 2,7-dioctyl[1]-
benzothieno[3,2-b][1]benzothiophene (C8-BTBT) thin film
by a novel off-center spin-coating method, which showed
a significantly increased transistor hole mobility up to
43 cm2 V–1 s–1. They found that structures grown by solution
shearing and off-center spin-coating methods are meta-sta-
ble, and would restore to the equilibrium after solvent vapor
annealing and thermal annealing. The alternative approach
to tune the molecular packing is by applying strains directly
to organic semiconductors from bending the flexible sub-
strates of devices. In a previous work [33], we studied the
relationship between shear strain, molecular packing, and
charge carrier mobility in TIPS-pentacene, and predicted
one order-of-magnitude increase of the mobility through a
combination of shear and tensile strains. TIPS-pentacene
adopts a brick-wall packing structure, whereas C8-BTBT
adopts a herringbone packing structure, and its response
to strain has never been looked over before. In this work,
we showed the strain-induced band structure modulation
in C8-BTBT by combining non-equilibrium molecular dy-
namics (MD) simulations and density functional theory
(DFT) calculations. We identified a new phase in the shear
process with almost identical energy and band width. We
discussed the band width enhancement under shear and uni-
axial strains with the packing motif of C8-BTBT and transfer
integrals.

2    Method

2.1    Model setup

The crystal structure of C8-BTBT at 293.2 K was taken
from the experiment [34]. The lattice is monoclinic with
parameters being a=5.927Å, b=7.880Å,c=29.180Å,α=90°,
β=92.443°,γ=90°. In the C8-BTBT crystal, conjugated rings
with delocalized electrons are distributed in the ab plane, and
long alkyl chains are oriented along the c direction, so the
ab plane has constituted the two-dimensional (2D) charge
transport channel of C8-BTBT. This has been manifested in
the band structure of C8-BTBT, which exhibits anisotropic
and 2D character [35]. The unit cell was such oriented in the
Cartesian coordinate system that the crystal axis a is along
x, and the crystal axis b is along y, as shown in Figure 1. A
super cell of 7×7×3 was set up to eliminate the boundary
effect in the molecular dynamics simulations with the general
amber force filed (GAFF) [36]. GAFF is appropriate for
describing molecular interactions in small-molecule organic
crystals, as demonstrated in our previous studies [33,35,37].
The geometry optimization and electrostatic potential calcu-
lation were performed by the HF/6-31G(d) method within the
Gaussian software package [38]. The partial charge on each
atom was derived by the restrained electrostatic potential
(RESP) fitting method [39,40].

2.2    MD simulation

All the MD simulations were performed with the LAMMPS
software package [41]. Energy minimization and NPT relax-

Figure 1         The herringbone packing of C8-BTBT and its orientation in
the Cartesian coordinate system. The experimental lattice parameters are
a=5.927Å, b=7.880Å, c=29.180Å, α=90°,β=92.443°, γ=90°. The crystal
axis a is along the x direction and b is along the y direction, which constitute
the 2D charge transport channel. The crystal axis c, which is the alkyl chain
elongation direction, is in the xz plane.
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ation were carried out for the super cell to release the inner
stress before inducing strains to the crystal. The pressure
and temperature were maintained in the NPT simulation by
the Nosé-Hoover thermostat and barostat [42,43]. Periodic
boundary conditions were applied to the finite simulation box
to eliminate the boundary effect. The average lattice param-
eters of C8-BTBT relaxed at the temperature from 300 K to
1 K at an interval of 20 K and the pressure of 0 atm were
provided in Table S1 of the Supporting Information online
(SI). At 300 K, the relaxed lattice parameters are a=6.07Å,
b=7.87 Å, c=28.92 Å, α=89.98°, β=91.98°, γ=89.99°. The
lattice remains monoclinic, and the deviation from room-tem-
perature crystal structure is within 2%, indicating the valid-
ity of the force field. The GAFF has been applied previ-
ously by us to calculate the lattice thermal conductivity of
C8-BTBT, and the result was reasonable [35]. During the
thermal cooling, C8-BTBT crystal undergoes a phase transi-
tion frommonoclinic to triclinic at 160 K. After the relaxation
at 1 K and 0 atm, the average lattice parameters are a=6.57Å,
b=7.01 Å, c=27.34 Å, α=84.92°, β=94.48°, γ=93.42°. Al-
though the crystal lattice has transformed from monoclinic to
triclinic, C8-BTBT molecules still pack in the herringbone
structure. The X-ray diffraction pattern of room-tempera-
ture monoclinic and low-temperature triclinic crystal struc-
tures was shown in Figure S1 of the SI. Since the band struc-
ture modulation by strains and structure-property relationship
are interested, the strain was applied to the low-temperature
C8-BTBT single crystal to avoid dynamic disorder.
After the NPT relaxation, shear and uniaxial strains were

induced respectively to the crystal during the non-equilibrium
MD simulations at 1 K. In this process, either shear strain in
the xy direction or uniaxial strain along the x or y direction
was applied by deforming the simulation box at a rate of 107

s–1, and at the same time releasing the stress induced in all
other directions. In the shear process, the shear strain εxy was
induced by tuning the projection of b along the x axis, which
is equivalent to changing the angle γ according to the engi-
neer definition. εxy>0 represents increasing the projection of b
along the positive x direction, εxy<0 represents decreasing the
projection of b along the positive x direction, as illustrated in
Figure 2(a). The crystal was sheared from εxy=–0.1to εxy=0.22
and during the shear simulation, the xy component of stress
tensor pxy was recorded as a response to the shear strain. The
uniaxial strain was induced by tuning the projection of a (or
b) along the x (or y) direction, which was defined as the ra-
tio of the projection change to the original projection along
a specific direction, x or y. εxx>0 (εyy>0) represents tensing
along the x (or y) direction, and εxx<0 (εyy<0) represents com-
pressing along the x (or y) direction, as shown in Figure 2(b)
and (c). Similarly, the xx or yy component of the stress tensor
pxx or pyy was recorded respectively as a response to εxx from
–0.02 to 0.16, or εyy from –0.12 to 0.04.

Figure 2         Illustration of lattice deformations induced by strains. Left panel:
shear strain in the xy direction. The inter-axial angle γ decreases with the
shear strain εxy>0, while it increases with the shear strain εxy<0. Middle panel:
uniaxial strain in the x direction. When the crystal is tensed along the x di-
rection, uniaxial strain εxx>0, and the distance between the conjugated rings
increases along the lattice axis a, when the crystal is compressed, uniaxial
strain εyy<0. Right panel: uniaxial strain in the y direction. Similar rules ap-
ply.

2.3    Band structure and transfer integral calculation.

The deformed crystal structures were extracted at a strain in-
terval of 0.02 from the non-equilibriumMD simulations. The
central unit cell parameters of each super cell under a specific
strain were used for the subsequent band structure calcula-
tion to explore the impact of strain on the charge transport
property. The atomic position was optimized before the band
structure calculation. Both optimization and band structure
calculation were performed by the projector augmented wave
(PAW) method with the Perdew-Burke-Ernzerhof including
dispersion (PBE-D) exchange correlation functional imple-
mented in the Vienna ab initio simulation package (VASP
5.3.2) [44–46]. The cutoff energy for the plane-wave basis
was 600 eV. The convergence criterion of the total energy in
the self-consistent field iteration was set to be 10–5 eV, the
Monkhorst-Pack k-mesh for ionic relaxations was 4×4×1 and
for the single-point energy and charge density calculations
was 8×8×2. The cutoff radius for pair interactions was set to
be 50 Å. The tetrahedron method with Blöch corrections was
used for smearing.
To understand the relationship between the molecular

packing and the charge transport property of C8-BTBT, in-
termolecular transfer integral of sheared structures has been
calculated by the site-energy-corrected coupling method,
which can be expressed as

V V e e O O= [ (1 / 2)( + ) ] / [1 ]mn mn m n mn mn
0 2 (1)

where e H V H= | | , = | |m m m mn m n
0 , and Omn=

O| |m n. m n( ) is the frontier molecular orbital of an
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isolated molecule m(n) in the dimer. H represents the dimer
Hamiltonian and O is the overlap matrix. Intermolecular
transfer integrals for the nearest neighbor pairs were calcu-
lated by the PW91PW91/6-31G(d) method [47], based on
previous benchmark studies [48].

3    Results and discussion

3.1    Mechanical response

In the shear process, the angle γ between a and b crystal axis
varied from 99.12° to 80.77°. In the tensile process, the cell
length increased in one direction while decreased in the other.
The length of a increased from 6.44 Å to 7.62 Å when tensed
along the x direction, while b decreased from 7.12 Å to 6.75
Å. Similarly, when tensed along the y direction b increased
from 6.18 Å to 7.30 Å while a decreased from 7.23 Å to 6.35
Å.
The stress-strain relationship obtained in the non-equilib-

riumMD simulation was shown in Figure 3. Those structures
in the elastic region of the stress-strain curve were extracted
for band structure calculations. In the shear process, there
appear two elastic regions in the stress-strain curve, one is
from εxy=–0.1 to εxy=0.02, and the other is from εxy=–0.1 to
εxy=0.22. The shear elastic constant γxy, defined as the slope
of the stress-strain curve, is 2.09 GPa and 2.45 GPa respec-
tively. Due to the weak van der Waals interactions between
molecules, the elastic constant of organic crystals is smaller
than inorganic crystals. The elastic region in the uniaxial
stress-strain curves is defined by εxx from –0.02 to 0.16, and
εyy from –0.12 to 0.04 respectively. The uniaxial elastic con-
stants γxx=4.58 GPa and γyy=5.59 GPa are twice as large as
the shear elastic constant. As compared to TIPS-pentacene
which adopts a brick-wall packing, C8-BTBT crystal is less
stiff, especially in the shear direction since the shear elastic
constant of C8-BTBT is half that of TIPS-pentacene.

3.2    C8-BTBT polymorphism

The linear region in the shear stress-strain curve, from
εxy=0.1to εxy=0.22, is identified as a new phase with slightly
different shear elastic constant. The structures located in the
linear region with εxy from –0.1 to 0.02 are denoted phase 1
and those in the linear region with εxy from 0.1 to 0.22 are
denoted phase 2. The stress is zero at εxy=0 and εxy=0.12,
which represent respectively equilibrium structures of the
two phases. The sheared structures in phase 1 and phase 2
were relaxed at the temperature of 1 K and the pressure of 0
atm in the NPT ensemble. The lattice parameters of relaxed
structures restore either to a=6.56Å, b=7.02Å, c=27.53Å,
α=84.84°, β=94.47°, γ=93.48°, which is the original cell
parameters at εxy=0, or to a=6.56Å, b=7.02Å, c=27.53Å,
α=95.1°,β=94.47°,γ=86.52°,which is the cell parameters at

Figure 3         Stress-strain curves from non-equilibrium MD simulations. (a)
Shear stress-strain curve shows two elastic regions, denoted as phase 1 and
phase 2 respectively. The shear strain changes from εxy=–0.1to εxy=0.22. (b)
Uniaxial stress in the x direction with strain from εxx=-0.02 to εxx=0.16. (c)
Uniaxial stress in the y direction with strain from εyy=-00.12 to εxy=0.04.

εxy=0.12. The sheared structures in phase 1 were relaxed to
the former, whereas those in phase 2 were relaxed to the lat-
ter. The atomic positions in the two crystal structures at εxy=0
and εxy=0.12 were optimized first-principlely within VASP
and their energies turned out almost identical. Undoubtedly,
a new phase showed up in the shear simulation. The only
difference between the two sets of lattice parameters is the
change of α and γ angles to their complementary angles, so
the two phases identified are related to the triclinic lattice of
C8-BTBT under the low temperature. Coincidentally, a new
phase of C8-BTBT was identified earlier by thermal anneal-
ing in Bao’s experiment [49]. Their new phase was distin-
guished by changes of the in-plane peak positions (Qxy) and
peak widths of the two major diffractions in 2D grazing inci-
dence X-ray diffraction (GIXD) experiments. Unfortunately,
it’s hard to fully resolve the lattice structural change by such
few peak information, so we cannot ascertain whether the
polymorphism induced by strain here under the low temper-
ature is similar to that induced by thermal annealing.
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3.3    Band structure modulation

The band structure of unstrained C8-BTBT was shown in
Figure 4(a). The reciprocal coordinates of high-symmetry
points are Γ=(0, 0, 0), Y=(0, 0.5, 0), X=(0.5, 0, 0), and
Z=(0, 0, 0.5) respectively. Although the lattice of C8-BTBT
is triclinic, its deviation from the orthorhombic lattice is
not large in the whole straining process, so ΓX, ΓY and ΓZ
directions in the reciprocal space largely coincide with a, b
and c directions in the real space. Electronic band structures
of C8-BTBT were modulated by shear and uniaxial strains.
The band width and effective mass of strained structures ex-
tracted from non-equilibrium MD simulations were obtained
by the DFT calculations. Since C8-BTBT is a p-type organic
semiconductor, we focus on the valence band only. In the
shear process, the valence band width exhibits a parabolic
dependence on the shear strain as shown in Figure 5(a). In
phase 1, the band width along the ΓX direction increased
from 184 meV to 436 meV and that along the ΓY direction
increased from 161 meV to 352 meV with shear strain
increasing from εxy=–0.1 to εxy=0.02, which shows that the
band width has been increased effectively by shear strain.
The band width of unstrained C8-BTBT is 412 meV along
the ΓX direction and 331 meV along the ΓY direction. Com-
paring with unstrained structure, the band width of sheared
structure at εxy=0.02has been enhanced by 24 meV along the
ΓX direction and 21 meV along the ΓY direction, about 6%
enhancement in both directions. In phase 2, the band width
along the ΓX direction decreased from 436 meV to 189 meV

Figure 4         (a) Band structure of unstrained C8-BTBT. The reciprocal coor-
dinates of high-symmetry points are Γ=(0,0, 0), Y=(0,0.5, 0), W=(0.5,0.5,
0), X=(0.5,0, 0), Z=(0,0, 0.5) respectively. (b) Three main charge transport
pathways including the edge to face T1 and T2, the edge to edge T3. (c)
Relative orientation of reciprocal space and real space lattice vectors.

Figure 5         Valence band width modulation by strains. (a) Shear strain from
εxy=–0.1to εxy=0.22. (b) Uniaxial strain in the x direction from εxx=–0.02to
εxx=0.16. (c) Uniaxial strain in the y direction from εyy=–0.12to εyy=0.04.

and that along the ΓY direction decreased from 349 meV to
156meVwith shear strain increasing from εxy=0.1to εxy=0.22.
The structure at shear strain εxy=0.1 shows the largest band
width, which increases by 24 meV along the ΓX direction
and 18 meV along the ΓY direction compared to unstrained
structure of phase 2 at εxy=0.12.
As seen from the stress-strain curve in Figure 3(a), there

locates between phase 1 and phase 2 a transient region from
εxy=0.04 to εxy=0.08. The stress is zero at εxy=0.06, but this
structure is unstable from its mechanical response to strain.
The atomic position was optimized by VASP and the total
energy was indeed 59 meV higher than that of phase 1 and
phase 2. Though thermodynamically unstable, the structure
at εxy=0.06exhibits the largest band width of 458 meV along
the ΓX direction and 379 meV along the ΓY direction. Com-
pared to unstrained structure in either phase, the band width
has increased by 46 meV along the ΓX direction and 49 meV
along the ΓY direction with up to 15% enhancement.
In contrast, the valence band width of C8-BTBT varies

monotonically with uniaxial strain. When the crystal is
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tensed along the x direction, the band width along the ΓX
direction decreases from 447 meV to 149 meV, and that
along the ΓY direction decreases from 340 meV to 144 meV
with the tensile strain increasing from εxx=–0.02 to εxx=0.16.
Comparing with the unstrained structure, the largest band
width enhancement is 35 meV along the ΓX direction and 9
meV along the ΓY direction with εxx=–0.02, which is about
8% and 3% increase respectively. The band width variation
showed the opposite trend when the crystal is tensed along
the y direction. This can be understood largely from the
Poisson effect, which states that when the crystal is tensed in
the y direction, it tends to shrink in the other two directions.
As a result, the band width along the ΓX direction increased
from 186 meV to 472 meV, however, it decreased slightly
along the ΓY direction from 378 meV to 327 meV with
the tensile strain increasing from εyy=–0.12 to εyy=0.04. So
the band anisotropy increased, which is different from the
tensile process along the x direction. The largest band width
increase along the ΓX direction is 60 meV with εyy=0.04 as
compared to the unstrained structure, which is about 14%
increase.
The valence band effective mass of strained structures was

also obtained (Figure 6). In general, the larger the bandwidth,
the smaller the effectivemass, which was verified by our data.
In the shear process, the effective mass along the ΓY direc-
tion decreased from 6.13 me to 2.81 me, and that along the ΓX
direction decreased from 4.19 me to 1.75 me with the shear
strain increasing from εxy=–0.1 to εxy=0.06, whereas the ef-
fective mass along the ΓY direction increased from 2.81me to
6.42 me, and that along the ΓX direction increased from 1.75
me to 4.03mewith the shear strain increasing from εxy=0.06to
εxy=0.22.The effective mass is the smallest at εxy=0.06the un-
stable structure, and it is 8% reduction along the ΓY direction
and 9% reduction along the ΓX direction as compared to the
stable unstrained structure. In the tensile process, the effec-
tive mass exhibits a monotonic variation with strain. When
the crystal was tensed along the x direction from εxx=–0.02to
εxx=0.16,the effective mass increased from 2.95me to 8.93me

along the ΓY direction and from 1.85 me to 4.83 me along the
ΓX direction. When the crystal was tensed along the y direc-
tion from εyy=–0.12 to εyy=0.04, the effective mass remained
almost unchanged along the ΓY direction, and decreased from
7.32 me to 1.85 me along the ΓX direction.
Overall, by applying three forms of strains, the band width

of C8-BTBT has been effectively modulated. Under 6% of
shear strain, the band width has increased by up to 46 meV
and 49 meV in the ΓX and ΓY directions respectively. Under
2% of uniaxial compressive strain in the x direction, the band
width has increased by 35 meV and 9 meV in the ΓX and
ΓY directions respectively, while under 4% of uniaxial tensile
strain in the y direction, it increases by as large as 60 meV in
the ΓX direction. The magnitude of  band width  increase is
comparable to  that of  transfer integral increase  induced by

Figure 6         Valence band effective mass modulation under strains. (a) Shear
strain from εxy=–0.1 to εxy=0.22. (b) Uniaxial strain in the x direction from
εxx=–0.12to εxx=0.16. (c) Uniaxial strain in the y direction from εyy=–0.12to
εyy=0.04.

shear and uniaxial strains in TIPS-pentacene, which ranges
from 35 to 50 meV with shear or uniaxial strain up to 10%
[33]. For TIPS-pentacene, the mobility increase induced by
shear strain is as large as one order of magnitude, from 0.31 to
12 cm2 V–1 s–1 by a combination of shear and uniaxial strains
[34]. In contrast to C8-BTBT, charge carriers in TIPS-pen-
tacene are believed to adopt a hopping transport mechanism
because the reorganization energy of TIPS-pentacene, ~220
meV, is much larger than the transfer integral, which is only a
fewmeV in unstrained crystals. The band width of unstrained
C8-BTBT is 412 meV along the ΓX direction, and 331 meV
along the ΓY direction. In TIPS-pentacene, the strain-induced
transfer integral increase is more than 10 times, while the
strain-induced band width increase is only 10% in C8-BTBT.
The unstrained C8-BTBT has the effective mass of 1.92 me

along the ΓX direction and 3.06 me along the ΓY direction.
Under 6% of shear strain the effective mass is the smallest,
which is 1.75 me and 2.81 me along the ΓX and ΓY directions
respectively. The larger band width and smaller effective
mass usually indicate the higher mobility. If assuming that
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charge carrier scattering is the same, the mobility increase is
expected to be 8% according to µ e m= / *, where τ is the re-
laxation time.

3.4    Packing structure and transfer integral

Different from TIPS-pentacene that adopts a brick-wall pack-
ing and exhibits one-dimensional charge transport, C8-BTBT
adopts a herringbone packing structure and exhibits two-di-
mensional in-plane charge transport behavior. The transport
pathways in C8-BTBT have been illustrated in Figure 4(b).
There are six nearest neighbors around the central C8-BTBT,
with three symmetry inequivalent transport channels denoted
as edge to face T1, edge to face T2 and edge to edge T3 re-
spectively. Of these, transfer integral of two edge to face
pairs T1 and T2 is responsible for charge transport in the y
direction, and that between edge to edge pair T3 is responsi-
ble for charge transport along the x direction. The molecular
packing structure has been changed significantly under strain.
In the shear process, the center-of-mass distance of T3 ex-
hibit largely a parabolic variation with shear strain, in accord
with the variation of band width along the ΓX direction, see
Figure 7(a). In our previous study of TIPS-pentacene which
adopts the edge to edge stacking, we showed that the transfer
integral is determined not only by the inter-plane distance but
also by the displacement along the long and short axis of con-
jugated core. In case of edge to edge packing T3 in C8-BTBT,
it seems that the electronic overlap between two conjugated
rings is mainly determined by the center-of-mass distance be-
tween them, since there is little displacement along the long
and short axis of BTBT core during the shear process. The
center-of-mass distances of both T1 and T2 vary monotoni-
cally with shear strain, with that of T1 decreasing from 5.246
Å to 4.464 Å and that of T2 instead increasing from 4.463 Å
to 5.247 Å when the shear strain increases from εxy=–0.1 to
εxy=0.22. However as shown in Figure 8, transfer integrals
of both T1 and T2 vary parabolically with shear strain, in line
with the bandwidth variation along theΓY direction presented
above in Figure 5(a). This indicates that for the edge to face
packing as T1 and T2 the electronic overlap of the pair is not
only determined by its centroid distance, but also by the ori-
entation of conjugated rings. The band width in the ΓY direc-
tion is apparently governed by transfer integrals of both T1
and T2.
In the tensile process along the x direction, distance of T1

changes little and distance of T2 increases significantly from
4.668 Å to 5.112 Å with the tensile strain from εxx=–0.02 to
εxx=0.16. As a result, the band width along the ΓY direction
decreases. At the same time, distance of T3 increases from
6.44 Å to 7.623 Å so the band width along the ΓX direction
also decreases. When the crystal is tensed along the y direc-
tion, again distance of T1 changes little and that of T2 in-
creases slightly from 4.511 Å to 4.729 Å, so the band width

Figure 7         Center-of-mass distances between the nearest conjugated rings
along three charge transport pathways modulated by shear and uniaxial
strains. (a) Shear strain from εxy=–0.1to εxy=0.22. (b) Uniaxial strain in the
x direction from εxx=–0.02 to εxx=0.16. (c) Uniaxial strain in the y direction
from εyy=–0.12 to εyy=0.04.

xyε

Figure 8         Transfer integral changing with shear strain from εxy=–0.1 to
εxy=0.22.

along the ΓY direction decreases. Simultaneously, distance
of T3 decreases from 7.225 Å to 6.349 Å so the band width
along the ΓX direction increases.

4    Conclusions

To conclude, we have shown that C8-BTBT lattice under-
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goes a transition from monoclinic to triclinic at the temper-
ature below 160 K. Based on the low-temperature triclinic
structure, we identified a new phase of C8-BTBT during the
non-equilibrium molecular dynamics simulations by apply-
ing the shear strain. This new phase is thermodynamically
stable, and its band width is comparable to the original one.
A thermodynamically unstable structure under 6% of shear
strain with zero stress, locating between these two phases, ex-
hibits the largest band width, with up to 15% enhancement as
compared to the unstrained structure. The polymorphism of
organic semiconductors is common since organic molecules
are bound together by weak van der Waals interactions. Ac-
tually, a new phase of C8-BTBT has been identified in Bao’s
experiment by thermal annealing.
We have observed significant band structure modulation

under uniaxial strains during the non-equilibrium molecular
dynamics simulations. The band width of C8-BTBT shows
as large as 8% enhancement under 2% of compressive strain
in the x direction, and 14% enhancement under 4% of tensile
strain in the y direction. In case of tensing along the y di-
rection, the band anisotropy also increases significantly. The
bandwidthmodulationwas closely related to the packingmo-
tifs of C8-BTBT, where the two edge to face pairs T1 and T2
constitute main charge transport pathways in the y direction,
while the edge to edge pair T3 is responsible for charge trans-
port along the x direction. The variation of transfer integrals
between the edge to face pairs T1 and T2 with strains is in
line with the variation of band width along the ΓY direction,
and that between the edge to edge pair T3 is in line with the
band width variation along the ΓX direction.
In a previous work, we studied the pressure-dependent mo-

bility of naphthalene single crystal from 1 atm to 2.1 GPa at
room temperature, and found that the pressure increases the
phonon frequency and lowers the electron-phonon coupling,
leading to a linear increase of hole mobility with increasing
pressure [50]. The lattice parameters of naphthalene single
crystal under various pressures were determined experimen-
tally. The pressure is isotropic while the strain applied in the
current study is uniaxial, and can be easily induced in the fab-
rication process. Our findings here have laid the foundation
for utilizing strains to improve the performance of organic
semiconductors built on flexible substrates. For example, a
recent experiment showed that under homogeneous strain of
3%, induced by bending the flexible substrates, the field-ef-
fect mobility of C10-DNBDT-NW single crystal increased by
70%, from 9.7 to 16.5 cm2 V–1 s–1 [51].
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