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Approaching isotropic transfer integrals in crystalline organic semiconductors
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Dynamic disorders, which possess a finite charge delocalization, play a critical role in the charge transport
properties of high-mobility molecular organic semiconductors. The use of two-dimensional (2D) charge transport
in crystalline organic semiconductors can effectively facilitate reducing the sensitivity of charge carriers to
thermal energetic disorders existing in even single crystals to enhance the carrier mobility. An isotropic transfer
integral among adjacent molecules enables a dimensional transition from quasi-one-dimensional to 2D for
charge transport among molecules. Herein, a tuned molecular packing, especially molecular rotation, was
achieved in highly crystalline organic thin films via a brush-coating method. This tuned molecular packing
was favorable for approaching isotropic transfer integrals. Consequently, high-performance organic transistors
with a carrier mobility up to 21.5 cm2 V−1 s−1 and low angle dependence were obtained. This work presents a
unique modulation of molecular packing at the molecular scale to enable less sensitivity of the charge transport to
dynamic disorders, providing an alternative route for enhancing the electrical performance of organic electronic
devices.
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I. INTRODUCTION

Tremendous effort has been exerted to study the car-
rier mobility of organic semiconductors, reaching tens of
cm2 V−1 s−1 within a range that cannot be satisfactorily and
separately described by hopping or bandlike transport [1–4].
As described by transient localization theory, the quantum
localizations of electronic wave functions at timescales [4,5]
are shorter than typical molecular motions and are easily
affected by molecular vibrations and the resulting dynamic
disorders. A notable strategy to obtain high carrier mobility in
crystalline organic semiconductors is to realize high-transfer
integrals by increasing the molecular orbital overlapping
[4]. Moreover, isotropic two-dimensional (2D) transfer inte-
grals between adjacent molecules can effectively ensure less
sensitivity of charge carriers to intrinsic dynamic disorders
[6,7], thereby contributing a high overall carrier mobility and
low anisotropic discrepancy. From this aspect, tuning orbital
overlapping by molecular rotation provides a nonsynthetic
technique to adjust the isotropy of transfer integrals in molec-
ular semiconductors [8,9]. Strain in organic semiconductors
can efficiently improve the transfer rate along the transport
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direction by decreasing the π -π stacking distance, whereas
the charge transport along other directions contributes little
to the whole transfer property [10,11]. Thus far solution
processes, such as solution shearing, for organic films have
been employed to modulate the molecular packing in and elec-
trical properties of organic crystals with unique polymorphs
by narrowing the π -π overlapping in the transport direc-
tions [12–16]. However, effectively tuning highly crystalline
semiconducting channels to realize isotropic charge transfers
remains a great challenge.

Herein, we successfully tuned the molecular packing
in highly crystalline molecular dioctylbenzothienobenzothio-
phene (C8-BTBT) films in a nonequilibrium state (a unique
polymorph) during a solution process. The obtained thin films
exhibited single-crystalline properties with distorted molecu-
lar packing and molecular rotation. The hole carrier mobility
for organic field-effect transistors (OFETs) based on the ob-
tained C8-BTBT films showed a marked threefold increase,
exceeding 20 cm2 V−1 s−1, even when compared with that
obtained for single-crystal-based devices. We found that the
nonequilibrium C8-BTBT films possess relatively isotropic
transfer integrals among adjacent molecules compared with
that of single crystals, thereby facilitating the formation of a
2D charge transport. Our results demonstrated the potential
of realizing an isotropic charge transfer by molecular rota-
tion as an effective method for developing high-performance
OFETs.

2475-9953/2020/4(4)/044604(9) 044604-1 ©2020 American Physical Society

https://orcid.org/0000-0001-6040-1920
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.4.044604&domain=pdf&date_stamp=2020-05-26
https://doi.org/10.1103/PhysRevMaterials.4.044604


QIJING WANG et al. PHYSICAL REVIEW MATERIALS 4, 044604 (2020)

II. EXPERIMENT

Substrate preparation. Heavily doped p-type silicon wafers
with 50-nm-thick thermally grown oxide were used as the
substrates. The substrates (1.5 × 1.5 cm2) were sequentially
cleaned by sonication (100 kHz) in acetone and isopropanol
for 8 min each and then treated by UV ozone for 15 min.

Deposition and characterization of C8-BTBT films. The
p-type organic semiconductor C8-BTBT (99%) was pur-
chased from Sigma-Aldrich and used without further purifi-
cation. C8-BTBT (1.0 wt %) was dissolved in anisole. Chi-
nese brushes (0 G808-8 Martol, China) were purchased from
Taobao and sequentially cleaned in acetone and isopropanol.
A smooth coating setup was assembled, which includes three
stages (Thorlabs, Inc.) to control the position and speed to
program the movement of the brush. Three types of writing
(using the C8-BTBT solution as the ink) were used in the
experiments, drop casting, bar coating, and microbar coating.
A Keyence VHX-5000 digital microscope (Keyence Ltd.,
Japan) was used to obtain the optical microscopy images of
solution-processed C8-BTBT films. Two types of atomic force
microscope (AFM) were performed in this work. For regu-
lar AFM, the characterizations were performed on a Veeco
MultiMode 8 in tapping mode under ambient conditions.
For high-resolution atomic force microscope (HRAFM), the
experiments were performed on an Asylum Cypher under
ambient conditions using Asylum Arrow UHF AFM tips. Fast
Fourier transform (FFT) of AFM data was obtained using
IMAGEJ. Transmission electron microsopy (TEM) measure-
ments were carried out by a JEM1230R transmission electron
microscope (JEOL), and the evaporated films were directly
deposited on carbon-coated Cu grids (#36), and the solution-
processed C8-BTBT films were prepared on mica treated by
UV-ozone, which were easy to delaminate for transfer to
the carbon-coated Cu grids (#36) [17]. Photoluminescence
spectroscopy was acquired using the time-correlated, single-
photon counting technique (Hamamatsu, C10627), and excita-
tion was provided by a femtosecond mode-locked Ti:sapphire
laser (Spectra-Physics, Mai Tai XF-IMW) at 360 nm with an
average power at 8 MHz of 0.74 mW.

Fabrication and electrical measurements of the OFETs.
Uniform C8-BTBT films (trilayers) were selected for better
stability to fabricated OFETs. Patterned Au films with a
thickness of 100 nm and Au pads with dimensions of 80 ×
120 μm2 were thermally evaporated under a deposition rate
of 0.1 Å s−1. The two Au pads were subsequently transferred
onto the top of the strained films to form the source and
drain electrodes. Electrical measurements were performed
using an Agilent B1500 semiconductor parameter analyzer
in a closed-cycle cryogenic probe station with a base pres-
sure of ∼10−5 mbar. The saturation region equation [ID =
μFETCi(W/2L)(VG − VTH)2] was applied for calculation of the
carrier mobility.

XRD, x-ray reflectivity (XRR), and grazing incidence wide-
angle x-ray scattering (GIWAXS) characterizations, and den-
sity functional theory (DFT) calculations. The XRD and
XRR measurements were carried out in a Bruker D8 Dis-
cover instrument (Bruker AXS GmbH, Karlsruhe, Germany)
equipped with Cu wavelength λ = 1.54 Å x-ray source op-
erated at 1600 W and Goebel mirror. For XRR, the beam

was reduced in the reflectivity plane by a 0.05-mm-wide slit
in order to minimize the irradiated footprint at the sample
position. After careful alignment of the sample, data were col-
lected from 0° to 10° (2θ ) with a 0.01° step. The experimental
XRR data were fitted using the GENX v.2.4.10 software [18].
Conventional 2θ -ω scans using Bragg-Brentano configuration
were carried out on thin-film samples from 2° to 30° (2θ )
with a 0.02° step but using a larger slit (1.2 mm), a fully
open detector slit, and a longer accumulation time. The experi-
mental XRD data were fitted using the PROFEX/BGMN v.3.12.0
software [19]. Dimers AA and AB in strained thin films and
single-crystal strained configurations were optimized at the
B3LYP/6-311G (d , p) level using GAUSSIAN 09, REVISION

E.01. Charge transport analysis for routes connecting dimers
AA and AB were carried out using MULTIWFN [20]. Charge
transfer integrals were calculated using CALC_J, v.1.2 [21].
GIWAXS experiments were performed with an x-ray source
(wavelength = 0.138 nm) at the 9A beamline in Pohang
Accelerator Laboratory, Korea.

III. RESULTS AND DISCUSSION

A. Crystalline property characterizations and molecular
packing of C8-BTBT films

C8-BTBT was selected as the organic material for the
deposition of single-crystalline semiconducting thin films via
the microbar-coating method [Fig. 1(a)] [22,23]. The hair
direction was perpendicular to the writing direction, forming
an analogous multibar-coating process. The key element in
our method was that the solution was shorn by the moving
brush and was thus influenced by the hairs through the bar-
coating effect, contributing to both straining of the nonequi-
librium molecular packing and deforming unit-cell geometries
in the C8-BTBT thin films. At the solution edge retained
at the shearing brush, high-rate solvent evaporation occurred
due to the high velocity of the solution [inset in Fig. 1(a)],
which promoted C8-BTBT crystallization from a supersatu-
rated zone of the solution. The film property was crucially
affected by the number of C8-BTBT molecules; therefore,
the solution concentration was also adjusted to optimize the
film morphology (Fig. S1 in the Supplemental Material [24]).
The obtained C8-BTBT films exhibited a layered structure
and mainly consisted of bilayer and trilayer films with a
large area [Fig. 1(b)]. The single-crystalline feature of the
ultrathin C8-BTBT films was further confirmed via cross-
polarized optical microscopy [Figs. 1(c) and 1(d)] to observe
the changes in film brightness and color. When the crystal
growth direction was parallel or perpendicular to the polariza-
tion angle, a completely black image was obtained, indicating
that the crystal axes were highly oriented. The C8-BTBT films
exhibited a uniform morphology and atomic smoothness with
a root-mean-square roughness of ∼0.12 nm [Fig. 1(e)]. The
thickness of the step was ∼2.95 nm, which was equivalent
to the length of one C8-BTBT molecule [23]. Transmis-
sion electron microscopy (TEM) measurements were per-
formed to further evaluate the film crystallinity (Fig. S2
[24]). Clear diffraction patterns were observed, indicating that
the films were highly crystalline. Moreover, high-resolution
TEM (HRTEM) measurements were conducted to determine

044604-2



APPROACHING ISOTROPIC TRANSFER INTEGRALS IN … PHYSICAL REVIEW MATERIALS 4, 044604 (2020)

FIG. 1. Crystal property characterizations and molecular packing of the obtained C8-BTBT films. (a) The illustration of the coating process.
The inset is the COMSUL simulation of the microbar-coating method that shows the flow behavior of the solution around the hairs. The color is
coded to indicate the scale of velocity. (b) Optical microscope (OM) image of a microbar-coated thin film. (c,d) Cross-polarized OM images
of the strained thin films. (e) AFM image of the C8-BTBT films. (f) HRTEM image of the C8-BTBT films and (g) its corresponding SAED
patterns and (h) filtered IFFT image of the selected area in (f).

the molecular packing in the C8-BTBT films. As shown in
Fig. 1(f), a homogenous morphology for the C8-BTBT film
was observed in the dotted square. The corresponding selected
area electron diffraction (SAED) patterns, with clear elec-
tron diffraction patterns and the inversion of the filtered fast
Fourier transform (IFFT) image of the diffraction patterns,
are shown in Figs. 1(g) and 1(h). The patterns presented
an intermolecular periodicity within the columns (Fig. S3
[24]) [25]. These results indicated that a highly ordered
molecular packing was formed in the obtained C8-BTBT
films.

We assessed the distortion-induced molecular packing of
the C8-BTBT unit cells via x-ray diffraction (XRD) and x-ray
reflectivity (XRR) analyses. Typical (00l) diffraction peaks
were observed in Fig. 2(a), and the out-of-plane d spacing was
29.065 ± 0.010 Å, which was similar to the layer thickness
obtained through AFM. As shown in Fig. 2(b), (00l) fringe
peaks parallel and perpendicular to the deposition direction as
measured by XRR were observed (Fig. S4 [24]). The small
fringes formed due to the underlying native 50-nm-thick SiO2

substrates. An earlier β parameter was estimated to be 99.4°,
which was obtained using the average layer thickness obtained
from the XRR model and d spacing obtained from the (00l)
diffraction peaks (Table S1 in the Supplemental Material
[24]). Notably, this β parameter for the nonequilibrium films
was larger than that for the single crystals (92.4°) [23]. The

in-plane lattice parameters a and b were determined using the
FFT transform of the high-resolution AFM (HRAFM) image
[Fig. 2(c)]. Highly ordered molecular packing with a typical
herringbone-type periodicity was observed. The diffraction
spots obtained by the FFT image contained the information
needed from the reciprocal lattice upon indexing [Fig. 2(d)].
The values extracted for a and b were 6.354 ± 0.008 Å
and 7.856 ± 0.014 Å, respectively (Fig. S5 [24]). Compared
with the lattice constants extracted for the C8-BTBT single
crystals (Table S2 [24]), the unit cell in C8-BTBT films
expanded by ∼0.4 Å (or 7.2%) along the a axis, whereas a
negligible change was observed along the b axis. In principle,
this molecular packing is undesirable because the a axis is
the preferred charge transport direction for C8-BTBT. This
distortion-induced enlargement of a can decrease the transfer
integral along the a axis. However, the β parameter obtained
from the distorted unit cell achieved the opposite value of a
bulk crystal. Apart from these characterizations, more details
about the molecular packing property for the nonequilibrium
C8-BTBT films were obtained via grazing incidence wide-
angle x-ray scattering (GIWAXS) measurements [Fig. 2(e)].
Scattering spots in the out-of-plane directions (qz) at a given
in-plane direction (qxy) were observed (Fig. S6 [24]). All
structural parameters are summarized in Table I. Thus, the
obtained C8-BTBT films possessed a unique polymorph com-
pared with single crystals. A visual comparison of a single
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FIG. 2. Crystal property characterizations and molecular packing of the obtained C8-BTBT films. (a) XRD and (b) XRR patterns
characterized along the parallel and perpendicular direction of deposition in microbar-coated films. (c) HRAFM image of the microbar-coated
sample. The inset presents the oriented molecular structure according to (d) the FFT image. (e) The GIWAXS patterns of the obtained C8-BTBT
films. (f) Comparison of a single C8-BTBT molecule in obtained films (green) and single crystals (red).

C8-BTBT molecule for nonequilibrium films and single crys-
tals is presented in Fig. 2(f).

B. Attaining high-quality nonequilibrium C8-BTBT films

To evaluate the effect of external factors on the crystalline
property, we further deposited the C8-BTBT films under var-
ious processing speeds and solution concentrations. All ob-
tained C8-BTBT films were measured via GIWAXS (Figs. 3
and S7 [24]). The scattering patterns, especially the (01l)
peaks, of the samples deposited at 1, 3, and 5 mm/s (labeled as
samples I, II, and III, respectively) exhibited different features.
The position of the (01l) plane in the nonequilibrium samples
shifted gradually toward that of single-crystal samples with
increasing speeds, whereas the scattering property in sample
III was almost identical to that in single crystals (Fig. S6 in the
Supplemental Material [24]). This processing speed is not the
solvent evaporation rate, and generally these two parameters
do not match well. Therefore, the tuning effect on molecular
packing could not be always sustained, especially during a
fast process. Consequently, the C8-BTBT molecules tended to
pack in an equilibrium state. In addition, most (01l) peaks in

sample I could be observed, although the intensities of these
peaks in sample III was considerably larger, whereas these
peaks, except (012), in sample II were missing. The pattern
intensity in (12l) tended to decrease with the increase in
processing speeds, indicating a weakening molecular packing
in these planes. We considered that sample I possessed the
highest unit-cell distortion in the unique polymorph. This
method was further employed to deposit C8-BTBT films
using a low-concentration solution (0.5 wt %) (Fig. S7 [24]).
C8-BTBT films with a high unit-cell distortion were obtained
at a processing speed of 3 mm/s with obvious position shift
of the (01l) plane, whereas the 5 mm/s sample possessed a
crystal property similar to that of single crystals. Undoubt-
edly, high processing speed would inevitably result in more
structural defects in the stained C8-BTBT films due to the
insufficient time for the molecules to adjust and pack at the
proper sites, thereby severely hindering the formation of high-
quality distorted C8-BTBT films in a large scale. Herein, we
successfully controlled the C8-BTBT films with distortion by
tuning the processing speed and solution concentration. The
molecule number plays a crucial role in molecular packing
during crystallization. A balanced relationship between the

TABLE I. Structural parameters characterizing the nonequilibrium C8-BTBT films and single crystals.

a (Å) b (Å) c (Å) β (deg)

Nonequilibrium films 6.354 ± 0.008 7.856 ± 0.014 29.065 ± 0.010 99.4 ± 0.01
Single crystal 5.927 ± 0.007 7.88 ± 0.01 29.180 ± 0.004 92.443 ± 0.004
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FIG. 3. GIWAXS images of C8-BTBT films for varying writing speeds. The (hkl) indices of (11l), (02l), and (12l) are shown on the
top. The dashed lines represent the positions of scattering patterns of C8-BTBT single crystals. The shift of red arrows on the (01l) plane
corresponding to the dashed line suggest the unit-cell distortion of C8-BTBT molecular packing. The number of scattering patterns in the (01l)
plane and the corresponding intensity also indicate the packing property along with the increasing speeds. Small shifts of (02l) and (12l) are
observed in the sample deposited at 3 mm/s.

number of C8-BTBT molecules and processing speed effec-
tively regulates the external mechanical force on molecular
packing and the corresponding crystalline property. As a
result, a C8-BTBT concentration of 1.0 wt % and an oper-
ation speed of 1 mm/s were utilized to deposit high-quality
nonequilibrium films.

C. Charge transport in the nonequilibrium C8-BTBT films

The charge transport among adjacent C8-BTBT molecules
in herringbone-type molecular packing was investigated using
the two distinct molecular pairs observed along the intra-
and intercolumnar directions, labeled as dimers AA and AB,
respectively [Fig. 4(a)]. We compared the charge transport
between these dimers obtained from the single-crystal struc-
ture and the dimers AA and AB from the nonequilibrium
C8-BTBT films. Four outer carbon atoms (two for each
monomer as indicated by the blue spheres in Fig. S8 [24])
not involved in the HOMO or LUMO of C8-BTBT films
were selected to constrain in space both polymorphs in a
simplified model structure of C8-BTBT. With the exception
of these four carbon atoms, all remaining atoms in the dimer
assemble were relaxed via density functional theory (DFT)
methods. Upon optimization of the dimers AA and AB in
single-crystal and unique polymorph structures, we employed
Yoshizawa’s indices at the atomic scale obtained from the
DFT calculations to compare the transport properties between
adjacent C8-BTBT molecules in the nonequilibrium films and
single crystals [26–29]. Charge carriers normally transport
through the π -π overlapping area (thiophene heterocycles) in
C8-BTBT molecules; the best charge transport routes ranked
by transmission probability are shown in Fig. 4(b). These
routes involved mostly frontier orbitals associated with sulfur
(S) and carbon (C) atoms adjacent to S in the C8-BTBT
dimers. The analysis of the charge transport route is presented
in Fig. 4(c) and Table S3 in the Supplemental Material [24].
Gi j quantifies the transmission probability between two atom
sites. Negligible differences in Gi j were observed in dimer
AA (a axis) in the nonequilibrium films and single crystals.
Notably, the values for Gi j of the four routes in dimer AB (ab

plane) in distorted films were markedly enhanced compared
with those in single crystals.

Furthermore, charge transport in organic semiconductors
at the molecular scale is mainly determined by the transfer
integrals (J) and their isotropy in the in-plane pathways. The
DFT calculations for charge transfer were also performed to
investigate the transfer integrals and charge transport. The
transfer integrals of hole and electron in the directions of
dimers AA and AB of nonequilibrium films and single crystals
are presented in Fig. 4(d) and Table S4 [24]. JAA slightly
decreased from 25.3 meV in single crystals to 21.9 meV in
the distorted C8-BTBT films, whereas JAB markedly increased
from 0.1 to 11.0 meV. This result was in good agreement

FIG. 4. Charge transport properties from DFT calculations. (a)
Top view projection along the c axis showing dimers AA and AB
in the crystal structure of C8-BTBT. (b) Schematic illustration de-
picting the largest four charge transport routes between C8-BTBT
molecules. (c) Charge transport route analysis of both dimers AA and
AB in the nonequilibrium films and single crystals. (d) Calculated J
in the a axis and ab plane.
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FIG. 5. Structural defects and disorders in the nonequilibrium
C8-BTBT films. (a) HRAFM image of microbar-coated C8-BTBT
films. Some mismatches and defects can be observed (white circles).
(b) Filtered IFFT image of the selected area in Fig. 1(f), showing the
intermolecular periodicity within the columns. Some fuzzy distorted
areas are easily observed, indicating the existence of defects and
lattice mismatch in the C8-BTBT films. (c) Schematic of charge
transfer showing the effective charge transport formed by virtue of
the in-plane 2D pathways when the hole carriers encounter structural
defects or thermal disorders in the obtained C8-BTBT films.

with the analysis of the electron transmission routes at the
atomic scale. In the distorted C8-BTBT films, a relatively
balanced charge transfer in the a axis and ab plane facili-
tated efficient 2D transport, whereas the hole transport in the
single crystals was fundamentally produced along the a axis
directions and almost negligible along the ab plane directions
(or 1D transport). In the single crystals, charge carriers were
easily impeded by the existing defects and disorders, resulting
in a low transfer efficiency [Figs. 5(a) and 5(b)]. In the
distorted films, these typical in-plane 2D pathways offered
an alternative route for charge carriers when encountering
energetic disorders and structural defects, leading to a more
efficient charge transport, thereby resulting in better device
performance [Fig. 5(c)]. This result was also supported by
simplified electrical circuit simulation that the 2D circuit
facilitated to obtain high currents (Fig. S9 [24]).

D. Electrical performance for the C8-BTBT OFETs

To evaluate the electrical property of the obtained films, we
fabricated planar OFETs using the nonequilibrium C8-BTBT
films. Figure 6(a) shows the typical transfer characteristics
of the C8-BTBT OFETs, yielding a high carrier mobility
(μFET) of 16.0 cm2 V−1 s−1, which was higher than that ob-
tained using single-crystal-based devices (4.9 cm2 V−1 s−1).
This device also exhibited a high on/off ratio of ∼106 and
a low subthreshold swing (SS) of 391 mV decade−1. The
maximum mobility reached as high as 21.5 cm2 V−1 s−1. The
average carrier mobility reached 15.6 ± 2.7 cm2 V−1 s−1 (Fig.
S10 [24]), which was threefold higher than that obtained for
single-crystal-based devices (5.1 ± 1.2 cm2 V−1 s−1).

FIG. 6. Electrical characterizations of OFETs based on distorted
C8-BTBT films. (a) Transfer characteristics measured in the satu-
ration regime (VD = −20 V). The channel width and length are 80
and 40 µm, respectively. (b) Gate-voltage dependence of the carrier
mobility in the C8-BTBT transistors. The inset shows a schematic
illustration of a bottom-gate top-contact transistor. (c) ID and I1/2

D

measured in the saturation regime (VD = −20 V) under various tem-
peratures. (d) Temperature dependence of μFET calculated from the
transfer curves.

Considering the markedly enhanced device performance
of the obtained C8-BTBT OFETs, we investigated further
the properties of the obtained films to understand this re-
sult. First, distortion (or strain) in organic molecular crystals
may influence the energy level of the semiconductors. Thus,
ultraviolet photoelectron spectroscopy measurements were
performed to investigate the energy levels of the C8-BTBT
films; no obvious difference was observed (Fig. S11 [24]).
Second, trap density of states (DOS), which is related to
multiple trapping and release [30,31] and efficiency of the
charge transport mechanism [32], have a remarkable influence
on device performance. Thus, we estimated the maximum
density of the interfacial traps (Ntrap) resulting from the di-
electric property and defects at the semiconductor/dielectric
interface. The Ntrap value for the 2D C8-BTBT devices
was ∼2.41 × 1012 eV−1 cm−2; this value was slightly lower
than that obtained for the single-crystal devices (∼2.45 ×
1012 eV−1 cm−2). The trap states of both samples were further
characterized by photoluminescence spectroscopy (Fig. S12
[24]) [33]. The extracted decay time for the strained samples
and single crystals was 1.06 ± 0.02 and 0.85 ± 0.02 ns,
respectively, indicating a slightly lower DOS in the brush-
coated films. Compared with the substantially increased μFET,
the negligible reduction in trap density was not considered as
the main contributor to the performance enhancement for the
OFET devices.

In addition, μFET rapidly increased and eventually reached
a plateau as the carrier density gradually increased along
with the increasing gate voltage [Fig. 6(b)], indicating the
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FIG. 7. (a) Carrier mobility of OFETs based on distorted C8-BTBT films as a function of angle between channel and the deposition
direction. (b) Distortion-induced molecular rotation. C8-BTBT molecular packing in dimers AA and AB in single crystals and unique
polymorphic films, showing the relative molecular rotation in dimers.

formation of a high-quality C8-BTBT film [34]. Then,
μFET slightly decreased because of the scattering effects,
such as electron-electron interactions. We further fitted the
VG-μFET dependence by the power-law equation (μFET =
K[VG-VT,P]γ ). A transition of charge transport from trap-
limited conduction (γ = 0.57) to percolation conduction
(γ = 0.03) was observed [Fig. 6(b)] [35,36].

To examine the charge transport behavior in distorted
C8-BTBT OFETs, we further characterized the transfer curves
under different temperatures. As shown in Fig. 6(c), the ID

and I1/2
D curves remained approximately unchanged when the

temperature decreased to below 240 K. The value of calcu-
lated carrier mobility exhibited two typical feathers within
the temperature range of 300–240 K (range I) and 240–90
K (range II) [Fig. 6(d)]. In range I, μFET decreased from
∼16.0 cm2 V−1 s−1 at 300 K to ∼9 cm2 V−1 s−1 at 240 K
along with decreasing temperature, whereas μFET became
temperature independent in range II. This behavior was some-
what unexpected in normal organic semiconductors, which
mostly exhibit hopping or bandlike charge transport. This
behavior, which has been checked in ten distorted film-based
samples, was somewhat unexpected in normal organic semi-
conductors, which mostly exhibit hopping or bandlike charge
transport. This phenomenon is not yet fully understood. A
possible explanation is that the charge transport is governed by
trap-limited conduction (300–240 K) and percolation conduc-
tion (240–90 K), respectively [35,36]. Another explanation
is the glasslike transition at a typical temperature (240 K
for C8-BTBT), which could induce the freezing-in of ori-
entational disorders in organic molecules [37]. Furthermore,
this phenomenon could also be a result of the competition
between hopping and bandlike transport. This temperature-
independent charge transport was also observed in other

high-performance OFETs, and the intrinsic mechanism be-
hind this phenomenon should be further investigated [38,39].

E. Isotropic property of the carrier mobility

The angle dependence of μFET and deposition direction
were examined to determine the advantage of 2D charge
transfer in OFETs [Fig. 7(a)]. The devices based on unique
polymorphic C8-BTBT films exhibited lower angle-dependent
discrepancy compared with that based on equilibrium samples
(Fig. S13 in the Supplemental Material [24]). This feather
was attributed to the in-plane 2D pathway formed because
of the close transfer integrals in the a axis and ab plane. In
consideration of the negative effect of an enlarged a parameter
in charge transport, another crucial lattice parameter, β, which
is influenced by the nonequilibrium state and affects the
overall charge transport, should be examined. Distortion in
organic materials at the molecular scale not only features
in the molecular packing distance but also in the relative
molecular rotation among adjacent molecules in dimer AB.
Based on the DFT calculations, the markedly increasing JAB

possibly originated from the molecular rotation induced by the
lattice distortion. Figure 7(b) clearly illustrates the molecular
rotation of both dimers in nonequilibrium films and single
crystals as obtained after DFT structure optimization. We
found that the angle between molecules in dimer AB in
nonequilibrium films was considerably larger than that in sin-
gle crystals, increasing from 47.9° to 81.0° and thus forming
a T-shape structure via such a molecular rotation (Table II)
[8,9]. Hence, the improved isotropic transfer integrals of the
distorted C8-BTBT films were attributed to the molecular
rotation. Notably, the minute variation in molecular packing
distance and enlarged β parameter facilitated a molecular

TABLE II. The extracted molecular packing for dimers AA and AB in the nonequilibrium films and single crystals.

Dimer AA Dimer AB

Distance (Å) Rotation angle (deg) Distance (Å) Rotation angle (deg)

Nonequilibrium films 6.276 0.001 5.823 81.0
Single crystals 5.995 0 5.378 47.9
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rotation in dimer AB and significantly affected the transport
properties of the distorted films. This technique is applicable
to a broad class of functional soluble organic semiconduc-
tors with a herringbone-type molecular packing feature. We
attributed this change in molecular rotation to the existence
of microstructures at the brush surface. For comparison, tradi-
tional bar coating was utilized to deposit the C8-BTBT films
under the same condition (Fig. S14 [24]). However, based on
the XRD, XRR, and HRAFM data, and DFT calculations, no
such molecular rotation occurred.

IV. CONCLUSIONS

In this work, we successfully tuned the transfer integrals
in the a axis and ab plane to realize an isotropic charge
transport via molecular rotation in nonequilibrium crystalline
C8-BTBT films. This molecular rotation greatly enhanced the
charge transfer among intercolumnar molecules, regardless
of the decrease in intracolumnar molecules. As expected,
the carrier mobility of nonequilibrium C8-BTBT film-based
OFETs yielded average and maximum values of 15.6 ± 2.7

and 21.5 cm2 V−1 s−1, respectively. The carrier mobility ex-
hibited a low anisotropic discrepancy compared with that
of equilibrium samples. Conclusively, the charge transfer in
dimer AA dramatically increased in these nonequilibrium
C8-BTBT films, whereas that in dimer AB slightly decreased
due to the molecular rotation, leading to the transition in
charge transfer from quasi-1D transport in single crystals to
2D in the unique polymorphic films. The 2D charge trans-
port enables a more efficient pathway for charge carriers in
distorted films and is less sensitive to dynamic disorders and
structural defects. Our work presents a strategy for tuning the
molecular packing and realizing an isotropic charge transport
in organic molecular semiconductors.
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