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ABSTRACT 

Numerous rod-like organic molecules self-organize into layered structures, as demonstrated in various systems, 

including smectic liquid crystals, micelles, and lipid bilayers, owing to side-by-side intermolecular interactions. These 

layered structures are of interest to another class of layered molecular assemblies in the solid state, namely, small-

molecule organic semiconductors (OSCs). Many OSCs are composed of various π-electron cores substituted with 

flexible side chains. Layered-structure formation is important in OSC systems because it enables the production of 

aligned molecular layers interfaced with gate dielectric layers, which are used to fabricate high-performance organic 

thin-film transistors (OTFTs). Using these rod-shaped OSCs, we developed a technique for fabricating single-crystal thin 

films of uniform thickness at the molecular level by introducing a geometric frustration effect between the layers. We 

also selectively produced crystalline polymorphs with distinct herringbone packing motifs. By producing these layer-

controlled films on the trap-minimized surface of gate insulators, we fabricated OTFTs exhibiting sharp on/off switching 

characteristics approaching the Boltzmann limit. In this paper, we introduce recent techniques for the rational design of 

organic semiconductors. 
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1. INTRODUCTION  

Rod-shaped molecules tend to self-organize into layered molecular assemblies, as observed in lipid bilayers and smectic 

liquid crystals [1]. Recently, these layered structures have been extensively investigated in different classes of solid-state 

materials, such as organic semiconductors (OSCs). In OSCs systems, many molecules are composed of π-electron cores 

(π-cores) substituted by long alkyl chains [2–4]. Alkylation enhances the layered crystalline nature of OSCs owing to the 

side-by-side intermolecular interactions. This layered crystallinity is a critical requirement for efficient carrier transport 

within the layer and is suitable for applications in organic thin-film transistors (OTFTs) [5, 6].  

                Previous studies have demonstrated that layered crystallinity is considerably enhanced using an unsymmetrical 

alkylation of OSCs, as was demonstrated in benzothieno[3,2-b][1]benzothiophene (BTBT) [5, 6], benzothieno[3,2-

b]naphtho[2,3-b]thiophene (BTNT) [7, 8], and benzothieno[6,5-b]benzothieno[3,2-b]thiophenes (BTBTT) derivatives [9, 

10]. The asymmetric OSC molecules basically provide bilayer-type packing, where the molecules separately form π-core 

and inert alkyl chain layers. Pairs of the unipolarly oriented molecular layers are coupled to form an alternating 

antiparallel alignment, such that the alkyl chain layers (π-core layers) are in tail-to-tail (head-to-head) contact, being 

reminiscent of the cell membrane. The separated formation of a 2D semiconductive π-core layer and inert alkyl-chain 

layers should eventually contribute to the enhancement of the layered crystallinity [8]. Another intriguing aspect is that 

these materials frequently undergo smectic liquid–crystal phase transitions at elevated temperatures, as observed in 

phenyl-alkylated BTBT (Ph-BTBT-Cn) [11]. 

                This study provides an overview of crystal structure control in layered OSCs and its effect on OTFT 

performance. First, the stacking control of molecular layers is demonstrated. Second, the polymorphic control of the 

molecular arrangement within the layers is presented. In these studies, the flexible alkyl chain plays an important role in 

tuning the crystal structure. Subsequently, the origin of the differences in the carrier transport properties of the 

polymorphs based on the transfer integral and energy band structure results is discussed. Finally, by combining crystal 

structure engineering with device optimization, it is demonstrated that sharp on/off switching characteristics of OTFTs 

can be reproducibly fabricated. 
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2. RESULTS AND DISCUSSION 

2.1 Thickness control of layered molecular crystals 

Herein, we focus on mono-Cn-BTBT, a simple system in which an alkyl chain is attached to only one side of the BTBT 

backbone. Its molecular structure is shown in Figure 1(a). A molecule crystallizes into a bilayer-type packing motif 

when the number of carbon atoms in the alkyl chain n ≥ 4 [6, 12]. From the direction of the molecular long axis, the π-

electron backbone is arranged in a herringbone shape within the layer (Figure 1(b)). 

 Crystalline thin films were prepared from a solution of these molecules using the blade coating method 

(EXPERIMENTAL SECTION) [13]. The optical microscopy images of the resulting crystals are shown on the left side 

of Figure 1(c). The different colors of the thin films indicate thickness differences, with regions of common colors 

showing homogeneous thickness at the molecular level. Cross-Nicol observations and X-ray diffraction confirmed that 

the regions of homogeneous thickness were single crystals. 

 Multilayered regions possess inert alkyl chain layers, producing access resistance in top-contact OTFTs [13]. 

Access resistance reduces the effective carrier mobility of OTFTs in thick films. Therefore, we consider that molecularly 

thin crystals with homogeneous thickness must be fabricated. In this study, we introduced a structure that was 

incompatible with the stacking order of molecular films by mixing molecules with different alkyl chain lengths [14], as 

shown in Figure 1(d). Few molecules with longer chain lengths were introduced to act as protrusions on the surface of 

the molecular film and inhibit stacking. Such structures, which are incompatible with the long-range order, are associated 

with geometrical frustration effects, which are also observed in liquid crystals. The thin film produced by introducing the 

frustration effect is shown on the right side of Figure 1(c). The obtained films were homogeneous at the molecular level 

with a thickness of less than 5 nm. This thickness coincides with that of a single molecular bilayer of the compounds. 

The geometrical frustration effect is also applicable to analogs of these OSCs because it is based on a simple mechanism.  

 

 

Figure 1. Layer-controlled molecular crystal formation. (a) Chemical structure of mono-Cn-BTBT. (b) Molecular packing 

motif of mono-Cn-BTBT within the layer viewed along the molecular long axes. (c) Fabricated thin films of mono-C10-

BTBT (left) and a mixed crystal of mono-C10-BTBT and mono-C14-BTBT with a ratio of 9:1 (right). (d) Schematic of 

bilayer crystals of mono-Cn-BTBTs. (left) Normal stacked bilayer crystal and (right) mixed crystal that embraces alkyl chain 

length disorder. 
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2.2 Polymorphic control within the layer 

In addition to controlling the stacking, two different crystal polymorphs with a common bilayer structure but different 

intralayer arrangements can be observed [15, 16]. This polymorphism is specific to the layered herringbone (LHB)-type 

arrangement. The packing structures are shown in Figure 2. These are the crystal polymorphs found in mono-Cn-BTBT, 

and their packing motifs show the arrangement of the BTBT cores along the molecular long axis. To indicate the 

differences in the arrangement of the sulfur atoms, different colors associated with the positions of the alkyl chain (i.e., 

the closer and farther ones are yellow and orange, respectively) are used. These arrangements show that the middle lane 

(blue dashed line in Figure 2 (b) and (c)) has a similar arrangement, but each molecule in the adjacent lane arrangement 

(magenta dashed line in Figure 2 (b) and (c)) has a flipped arrangement. 

 These crystalline polymorphs are found for short (4 ≤ n ≤ 7) and long (8 ≤ n) substituted alkyl chains. Therefore, 

the packing motifs are called short-chain-type polymorphs (SCPs) and long-chain-type polymorphs (LCPs). Calculations 

of intermolecular interactions have revealed that a SCP is more stable regarding the arrangement of the π-cores 

compared with the LCP. The SCP-type arrangement of π-cores is selected for BTBT without substituted alkyl chains. In 

contrast, LCP packing is advantageous for interactions between neighboring alkyl chains within the layer. Thus, the LCP 

phase is selected based on the delicate balance of intermolecular interactions as the chain length increases [15, 16]. 

Moreover, interchain interactions are destabilized by increasing the temperature, leading to a crystal–crystal phase 

transition from the LCP layer to the SCP layer [16]. 

 

 

Figure 2. Layered herringbone polymorphism. (a) Schematic of the difference in the coloration of sulfur atoms. (b, c) 

Distinct glide symmetries in the layered herringbone polymorphs of mono-Cn-BTBTs. (b) n = 4 (SCP; short-chain 

polymorph) and (c) n = 9 (LCP; long-chain polymorph). The long axes of π-cores align perpendicular to the layer.  

 

2.3 Effect of crystal structure polymorphism on carrier transport performance  

To understand the effects of this polymorphism, the charge transport characteristics of mono-C4-BTBT (SCP) and mono-

C9-BTBT (LCP) were compared. Single-crystalline thin films of both materials were fabricated and used as active layers 

in OTFTs [16]. The device mobility of the mono-C4-BTBT TFTs was μsat = 0.20 cm2 V−1 s−1 along the x direction and 

0.45 cm2 V−1 s−1 along the y direction. The x and y directions indicate the crystallographic axes, as shown in Figure 2 (b, 
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c). These values are approximately ten times smaller than those of mono-C9-BTBT TFTs, μsat = 2.6 and 5.5 cm2 V−1 s−1 

along the x and y directions, respectively. 

 These differences may stem from differences in the intralayer LHB arrangement. Comparing the values of the 

transfer integrals calculated from the experimentally obtained crystal structures, as shown in Figure 3(a), the transfer 

integrals in the slipped parallel configuration showed similar values for the SCP and LCP, whereas the values in the T-

shaped configuration were significantly different. This difference arises from the different molecular orientations of the 

T-shaped contacts between the SCP and LCP. The electronic structures of each crystal were calculated 

(EXPERIMENTAL SECTION). Figure 3(b) and (c) show the corresponding band structures. The effective masses of 

holes were calculated from the band structures, and the values were 18.4 me (x direction) and 4.45 me (y direction) for the 

SCP, whereas the values were approximately 10 times higher than 1.65 me and 1.27 me for the LCP, in the x and y 

directions, respectively. me denotes the masses of the electrons. The results show that the effective mass calculated from 

the band structure correlates well with the carrier-transport properties of single-crystal OTFTs. 

 The band structures were affected by the arrangement of π-cores. We also calculated the band structures for 

differently layered OSCs with a BTBT skeleton showing LCP-type packing motifs. Figure 4 shows the results of the Ph-

BTBT-Cn and di-BTBT-Cn systems. Both crystals formed an LCP-type arrangement by introducing long alkyl chain(s), 

and the band structures were similar to those of the LCP phase of mono-Cn-BTBT. Both these materials have been 

reported to exhibit relatively high mobility, indicating that crystal structure engineering is key for achieving high device 

mobility. 

 Finally, we present the performance of OTFTs fabricated by combining crystal structure and device engineering. 

We previously reported that the sharp on/off switching performance of OTFTs can be realized by fabricating an ultrathin 

OSC layer on a highly liquid-repellent insulating polymer layer, Cytop [17]. Based on this method, OTFTs were 

fabricated using OSCs with LCP-type polymorphisms. By mixing and crystallizing molecules with different chain 

lengths, an ultrathin single-crystal thin film was fabricated using the interlayer frustration effect. Typical TFT 

characteristics are shown in Figure 5. This OTFT can be driven at low voltages below 2 V and shows good carrier 

transport performance with mobility exceeding 10 cm2 V-1 s-1. This shows that understanding and controlling the 

molecular arrangement is extremely effective for improving the performance of organic devices. 
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Figure 3. (a) Schematic of the layered herringbone (LHB)-type packing motif. (b) Calculated transfer integrals for T-shaped 

and slipped parallel configurations in LHB packing motifs. (c) Calculated electronic band structures and effective masses of 

holes along the crystal a* (mX*) and b* (mY*) axes. me denotes the mass of an electron.  

 

 

 

Figure 4. Calculated band structures for (a) Ph-BTBT-Cn and (b) di-BTBT-Cn.  
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Figure 5. Performance of the fabricated OTFT. (a) Schematic of the cross section of bottom-gate bottom-contact (BGBC)-

type TFTs. The surfaces of the source and drain electrodes were modified with pentafluorobenzenethiol (PFBT). (b) Typical 

device performance of the fabricated OTFT.  

 

3. CONCLUSIONS 

In this paper, we provide an overview of the crystal engineering of layered OSCs. By exploiting the tunable nature of 

substituents such as alkyl chains, we successfully controlled the thickness of the molecular crystal and intralayer packing 

motifs. We also show that the transfer integral in T-shape molecular contacts and the resulting energy band structure are 

significantly affected by crystal polymorphism. The difference in the effective mass calculated from the band structure 

correlates well with the carrier-transport properties of single-crystal OTFTs. This indicates that the performance of 

OTFTs can be improved by polymorphic control of layered OSCs, even if they have the same semiconductor backbone. 

High-performance OSCs show similar energy band structures associated with the similar symmetry of π-core 

arrangements. We also found that OTFTs with an extremely steep switching performance could be achieved by 

fabricating a crystal-structure-engineered OSC layer on the surface of the Cytop insulating layers. We believe that these 

findings open the possibility for the rational design of layered OSCs for controlling the molecular packing motifs in 

flexible displays and sensors. 

 

4. EXPERIMENTAL SECTION 

4.1 Thin-film fabrication and characterization 

Powdered materials were synthesized and purified as previously described. We prepared 0.8 wt% solutions of mono-Cn-

BTBTs by dissolving the powdered materials in chlorobenzene (FUJIFILM Wako Pure Chemical Corporation, Japan). 

The solution concentration was sufficiently lower than its saturation concentration. We used a heavily p-doped silicon 

wafer covered with a 100 nm thermally grown silica layer as the substrate for device fabrication. The substrate was 

cleaned via 3-min sequential sonication in deionized water, acetone, isopropanol, and deionized water. Single-crystalline 

thin films were produced using a blade coating technique. A thin glass plate coated with Cytop (CTL-809M, AGC Inc., 

Japan) was used as the coating blade and its motion was controlled using a stepping motor (SHOT-302GS; Sigmakoki 

Co., Ltd., Japan). Blade coating was performed at a sweep rate of 4−10 μm s−1 under ambient conditions.  

 The fabricated thin films were observed using a digital microscope (VHX-6000, Keyence, Japan). We also used 

crossed Nicols-polarized optical microscopy to observe the single-crystal domains within the films. The height profile 

was measured at the rim of the film using atomic force microscopy.  
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4.2 Preparation and characterization of OTFTs 

We prepared a Cytop solution diluted using the solvent (CT-Solv.180; AGC Inc., Japan) at a volume ratio of 1:4 and 

formed a gate dielectric layer on the silica surface by spin coating at 2000 rpm for 60 s. Subsequently, the Cytop layer 

was cured at 80 °C for 15 min at 0.02 MPa and 180 °C for 60 min at 0.02 MPa. After drying, source and drain electrodes 

with 0.5-nm-thick Cr and 25-nm-thick Au were deposited via thermal evaporation on the Cytop surface. The electrode 

surfaces were then modified by CVT with PFBT (> 95.0%; Tokyo Chemical Industry Co., Ltd., Japan) in a closed 

container. Thereafter, each OSC solution was coated onto the substrate at room temperature (25 °C). For a proper 

mobility evaluation, parts of the thin films outside the channel were trimmed using a micromanipulator (Axis-Pro; 

Systems Engineering Inc., Japan). The conventional two-probe characteristics of the bottom-gate top-contact TFTs were 

measured using a semiconductor parametric analyzer (E5270A; Agilent Technologies Co. Ltd., USA). 

 

4.3 Theoretical calculations 

Intermolecular transfer integrals were also calculated by DFT calculations using the Gaussian 16 program package [18], 

based on the molecular packing geometries obtained from CSD. We used the PBEPBE/6-311G** level of calculation. 

The transfer integral tAB between the molecular orbitals A  and B  was calculated using the following equation: 

 
2

1

2

1

AB

AB

AB

A F B A F A B F B S

t
S

 




,  

where F is the Fock matrix and SAB is the special overlap integral between the orbitals of the two monomers.  

 The electronic structures were calculated using a plane-wave basis set and pseudopotentials as implemented in 

the Quantum Espresso (QE) program [19, 20]. Calculations were performed based on the crystal structures obtained from 

the CSD. We employed the PBE level of theory with D3BJ dispersion correction [21]. Self-consistent calculations were 

conducted with cut-off energies of the plane wave basis set and charge densities of 25 and 225 Ry, respectively, and 

Brillouin-zone integrations of a 3 × 3 × 1 k-points mesh. We evaluated the hole effective mass mh from the curvature of 

the valence band at the Γ point. 
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