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ABSTRACT: Layer-controlled organic thin films are essential compo-
nents of organic electronic devices. Although layer-transfer methods are
effective for device prototyping, managing crack formation during this pro-
cess is challenging. In this study, we investigate the fracture mechanics of

bilayer-type organic semiconductor (OSC) films as a model for developing 025F 107‘:

a crack-suppressed transfer methodology. We find that crack formation is 02 1,
strongly dependent on film thickness and is suppressed when the film is |RAdA L | _-'112,9 —
reduced to a single molecular bilayer (SMB) thickness. The observed crack o ; 10,‘0?_);
directionality in thick films is clearly correlated with the crystallographic =M : o
orientation. These fracture behaviors can be qualitatively explained by

combining a macroscopic elasticity model with calculations of intermolec-

ular interaction energies. Based on this understanding, we successfully fab-
ricate highly ordered multilayered artificial lattices through sequential SMB
transfers. Furthermore, by expanding the m-electron core to tune intermolecular interactions, we achieve the direct patterning of OSC
films, even on lyophobic substrates, providing a suitable interface for organic thin-film transistors (OTFTs). OTFTs incorporating
crack-suppressed SMBs exhibit sharp on/off switching with a subthreshold swing of less than 150 mV dec™ and a relatively high device
mobility exceeding S cm® V™! s7'. These findings pave the way for molecular layer engineering for surface tailoring and organic device
manufacturing.

Patterning
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1. INTRODUCTION

and transfer them to other substrates. One such approach
involves the formation of a film on a hydrophilic substrate

Two-dimensional (2D) layered semiconductors provide an
ideal platform for electronic applications based on their flexibil-
ity and unique electrical properties. In such systems, film-
transfer techniques offer a powerful methodology for creating
artificial  heterostructures  with  tailored  optoelectronic
properties, as exemplified by graphene and transition-metal
dichalcogenides.'™ For these atomic layer systems, various
film-transfer methods have been developed, enabling the fabri-
cation of artificially stacked crystals that do not form spontane-
ously in nature, which have been conceptualized as “2.5D
materials”.* Such stacking degrees of freedom are expected to
support the development of novel heterostructures for organic
systems, offering immense potential for rapid prototyping and
the tailoring of material properties.”

For this purpose, various approaches have been proposed to
transfer organic semiconductors (OSCs), including the dry
transfer of bulk single crystals and scooping of self-assembled
films from liquid surfaces, such as Langmuir-Blodgett films."®
However, achieving molecular-level thickness uniformity while
maintaining crystallinity over large areas is difficult. Alternative
techniques have been developed to form large-area, uniform-
thickness thin films, detach them from their initial substrates,
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and the immersion of the entire setup in water.” Following
immersion, water molecules penetrate the interface and natu-
rally detach the film from the substrate. Although the structural
stability of OSCs on the water surface is required, this method
has been successfully applied to organic thin-film transistors
(OTFTs) using materials with rigid m-electron frameworks
(m-cores), such as dinaphtho[2,3-d:2/3"dbenzo[1,2-b:4,5-b']
dithiophene (DNBDT) derivatives. However, the direct trans-
fer of molecular layers often induces film damage, even in
atomic layer systems.'”'! To mitigate film fracture, the OSC
layer can be encapsulated by an additional protective layer,
enabling damage-free transfer as part of a stacked structure'*"?
(see Table S1 in the Supporting Information for a comparison
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of these representative film-transfer methods). Although such
methods are useful for fabricating prototype devices, establish-
ing more versatile transfer technologies requires a fundamental
understanding and control of the crack formation induced by
deformation during the transfer process. Therefore, it is neces-
sary to clarify the roles of molecular layer thickness and crystal-
lographic orientation in crack formation.

As a model system for investigating such properties, a class of
OSCs has been reported in which m-core is asymmetrically
substituted with an alkyl chain.'*'® Such asymmetric OSCs
typically provide bilayer-type molecular packing, where mole-
cules separately form a semiconductive mt-core layer and an inert
alkyl chain layer. These layers couple to form an alternating
antiparallel alignment, resulting in tail-to-tail (head-to-head)
contact for the alkyl chain (7-core) layers. It has been discussed
that the separate formation of 2D semiconductive m-core and
alkyl chain layers should enhance layered crystallinity, support-
ing the formation of single-crystalline thin films with large crys-
talline domains."” This layered crystallinity even enables the
formation of single molecular bilayers (SMBs) of OSCs by mix-
ing molecules with different alkyl chain lengths.”**' In mixed
crystallization from a solution, longer alkyl chains create protru-
sions on the film surface, which suppress stacking crystallization
as a result of the “geometric frustration effect.” The resulting
SMB-based OTFTs exhibit sharp on/off switching characteris-
tics,”* suggesting the formation of 2D molecular crystal OSC
layers with few defects. With their tunable thickness (or layer
numbers) and 7t-core interactions, such asymmetric OSCs serve
as an ideal platform for systematically investigating how film
thickness and specific intermolecular forces govern the mechan-
ical behavior of molecular thin films during transfer.

In this study, we examined a film-transfer technique for asym-
metric OSCs utilizing a water immersion technique assisted by a
polydimethylsiloxane (PDMS) protective layer. This PDMS layer
can also be used as a stamp for film transfer owing to its film-
release capability, which mitigates mechanical damage to the
OSC layer during delamination. By employing phenyl/alkyl-
substituted  [1]benzothieno[3,2-b][1]benzothiophene  (Ph-
BTBT-C,) as a benchmark material,"*'®>*** we find that while
thick films exhibit directional cracking during transfer, mechanical
failure is considerably suppressed in ultrathin SMBs. Such
thickness-dependent anisotropic crack propagation can be quali-
tatively explained using a continuum elasticity model combined
with quantum chemical calculations of the anisotropic intermo-
lecular interaction energies. Based on this physical framework,
we fabricate artificial organic superlattices via sequential SMB
transfer. Furthermore, by employing benzothieno[6,5-b]ben-
zothieno[3,2-b]thiophene derivatives (Ph-BTBTT-C,) with an
extended m-core backbone, we demonstrate that tuning intermo-
lecular interactions allow for successful direct SMB patterning,
even on lyophobic substrates. The resulting OTFT's exhibit sharp
switching characteristics and high reproducibility. This study pro-
vides fundamental insights into the interfacial mechanics of lay-
ered OSCs and offers rational design principles for
manufacturing advanced flexible electronics.

2. RESULTS
2.1. Molecular Semiconductor Layer Transfer

The film transfer process is schematically illustrated in Figure 1.
First, OSC films were prepared on freshly cleaved mica
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Figure 1. Transfer of organic semiconductor (OSC) films. (a—e)
Procedures for transferring OSC films. (a) Blade coating of the OSC
film on a mica substrate. (b) Covering the OSC film with a PDMS
sheet. (c) Exfoliation of the OSC film from the mica substrate upon
immersion in water. The blue arrow indicates the spontaneous sinking
of the mica substrate. (d) Transferring the OSC film onto a different
substrate using the PDMS stamp. (e) Transferred films on the
target substrate. (f-i) Typical polarized optical microscopy (POM)
images of multilayered ((j)long = 0.0) (f g) and SMB (¢, = 0.5)
(h, i) films, observed before (fh) and after (gi) transfer onto
Si/SiO, substrates. Scale bars are 200 pm for (f, g) and SO0 pm for
(b, i), respectively.

substrates (Figure 1a). Mica was chosen as the growth substrate
based on its atomically flat surface and pronounced hydrophilic-
ity (water contact angle < 5°), which are essential for subse-
quent water-assisted delamination. We used Ph-BTBT-C,
(n =10 and 12) as the benchmark material for the asymmetric
OSCs.'* The blade-coating method was used to create continu-
ous single-crystalline films of Ph-BTBT-C,. To control the film
thickness via the geometric frustration effect, we used solutions
of Ph-BTBT-C,, and Ph-BTBT-C,, mixed at various volume
ratios, (., (volume fraction of the longer-chain component
in the mixed solution; see the Experimental Section for details).

The blade-coated films were laminated with a thin PDMS
sheet, as shown in Figure 1b. The flexible PDMS stamp adhered
well to the film surface without external pressure, conforming to
any slight roughness of the substrate. Next, the substrate was
immersed in water to exfoliate the PDMS/OSC layer from
the mica substrate via the penetration of water into the hydro-
philic surface, as shown in Figure 1c. The sheet was utilized as
a sticker for the OSC layers, which were transferred onto vari-
ous substrates (see Figure 1d,e).

Figure 1f-i present typical polarized optical microscopy
(POM) images of the fabricated films. The as-grown film on
the mica substrate consists of large crystal domains that grow
in the blade-coating direction (Figure Sla). Although most
of the film was successfully delaminated and transferred onto
Si/SiO, substrates (see Figure S1b), the structural integrity
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was highly dependent on the film thickness. Specifically, when a
relatively thick film (over approximately 1S nm) was trans-
ferred, significant crack formation was induced across the entire
area, as shown in Figure 1g, whereas no such cracks were pres-
ent in the as-coated film on the mica substrate, as shown in
Figure 1f. These cracks compromised the structural integrity
of the transferred crystals, which is expected to impede efficient
charge transport. In striking contrast, crack formation was sup-
pressed by reducing film thickness. As shown in Figure 1hjj, the
SMB film transferred using the same procedure exhibited a con-
tinuous and crack-suppressed morphology over a large area.
Furthermore, the microscopic analyses presented in Figure S2,
including angle-dependent POM and optical interference color
observations, reveal that crystalline orientation and thickness
uniformity were maintained even after the transfer process.
Notably, the magnified optical images confirm that no direc-
tional cracks were present in the transferred SMBs, as shown
in Figure S2d,e. Figure S3 shows that the atomic force micros-
copy (AFM) height profiles of the transferred films rarely con-
tain submicrometer cracks. This confirms that the larger-area
optical images provide sufficient information to evaluate crack
formation. We thus observed the film-thickness dependence of
crack formation, as shown in Figure S4. These results demon-
strate a clear correlation between film thickness and the integ-
rity of the transferred film, revealing that a bilayer-type OSC
film can be transferred without mechanical failure by reducing
its thickness to the SMB level.

We also investigated the film morphology at each stage of the
transfer process to identify the onset of crack formation. While
apparently no cracks are observed in the as-coated films, they
are occasionally generated during the handling of the freestand-
ing PDMS/OSC stack. We find that cracks are formed not only
under tensile strain but also under compressive strain
(Figure SS). However, the results indicate that the susceptibility
to crack formation under compression is lower than that under
tensile stretching.

2.2. Crack Anisotropy in the Transferred Multilayer Films

We first focus on the crack patterns observed in the transferred
thick multilayered films. A notable feature of these cracks is that
they do not propagate randomly but instead follow specific, reg-
ular directions, as shown in Figure 2a. This directional prefer-
ence is independent of the directionality of film transfer and is
unaffected by the alkyl chain length of the OSCs. This orienta-
tional propensity strongly suggests a direct correlation with the
underlying arrangement of rigid m-cores. Figure 2b illustrates
intralayer herringbone-type packing, with the crack directions
indicated by dotted lines. This fracture anisotropy should arise
from the anisotropy of the intermolecular interactions between
adjacent Tt-cores (see also Figures S6 and S7). To confirm this,
we calculated the intermolecular interaction energies within the
plane (see the Experimental Section and Figure 2c). Specifically,
we analyzed the fracture within a single layer, given that the
n-cores in both the upper and lower layers within the bilayer
packing exhibit an almost identical arrangement, as shown in
Figure S8. The interaction energies in the slipped parallel con-
figuration (e, and e,) are approximately two-thirds of those in
the T-shaped configuration (e, e, e, and e). For simplicity,
we denote the values of the interaction energies in the slipped
parallel and T-shaped configurations as e, and e, respectively
(ie,ep=1¢, =e¢,and ep = e, = e; ~ e = ¢). Figure 2d—{ pres-
ent three possible crack directions along the low-index crystal-
line planes, which require a low energy cost to cleave. The
actual fracture surface in Figure 2d exhibits a higher flatness
than the planes perpendicular to the xy or yyp directions, as
indicated in Figure 2e,f, respectively. This flatness should mini-
mize the total number of bond breakages per unit length of
macroscopic crack propagation, thereby suppressing alternative
pathways. Additionally, assuming that interactions with the
nearest-neighbor molecules are primarily responsible for the
energy cost of creating a particular fracture surface, we conclude
that the experimentally observed cracks shown in Figure 2d are
energetically favorable because the breakage of weaker e, bonds

O Ph-BTBTT-Cyo
Ph-BTBTT-Cs
® Ph-BTBT-C1o

Figure 2. Crack direction analysis for multilayered film transfer. (a) Optical microscopy image of typical cracks in the multilayer film ((])long =0.0).
White lines indicate the directions of crack propagation. The color contrast is adjusted to increase the visibility of cracks in the film. Scale bar is
50 pm. (b) Experimentally observed crack orientation is shown in the 7t-core arrangement within the crystal. (c) Schematic of the herringbone pack-
ing motif (left) and calculated interaction energies between 7t-cores for T-shaped (e,, e, e, and e) and slipped-parallel (e, and e,) contacts (right).
(d—f) Possible crack orientations (top) and their estimated energy cost per molecule, approximated from the nearest neighbor interactions (bottom).
(d) Experimentally observed crack orientation. (e,f) Model cleavages along planes perpendicular to the (e) xyyp, or (f) yyp direction.

49583

https://doi.org/10.1021/acsami.6c12628
ACS Appl. Mater. Interfaces 2026, 18, 49581-49589

9202 1890300 20 uo Jasn (SWIN) JONIIOS STLYIN HOH LSNI TLYN Aq Jpd G829Z1-9202-We/c92281.89/1.8561/9€/8 1 /1pd-ajomiepolwee/B10°soe sqnd wouy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c12628/suppl_file/am6c12628_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c12628

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

minimizes the overall energetic cost compared with disrupting
the stronger e bonds. The net interactions were evaluated for
crystallographically independent molecules, as indicated by the
blue and yellow arrows in the bottom panels of Figure 2d—f.
It should be noted here that the directional preference for the
most stable axes becomes gradually less pronounced in thicker
multilayers, as shown in Figure S7. This behavior occurs
because the low fracture threshold obscures the energetic
anisotropy, thereby diminishing the exclusive directional selec-
tion of crack propagation.

This result indicates that the anisotropy of the intermolecular
interactions between adjacent m-cores also contributes to crack
propagation. For example, DNBDT derivatives, which are
known for their robust transfer characteristics,” exhibit not only
stronger overall 7-core interactions owing to their extended -
electron backbone but also smaller anisotropies between their
ep and e values, as shown in Figure S9. This reduced energetic
anisotropy indicates that there is no single energetically favor-
able path for crack propagation, which should suppress prefer-
ential cleavage and enhance rigidity during the transfer process.

2.3. Modeling of Thin-Film Fracture

The contributions of film thickness and intermolecular interac-
tions to crack propagation can be understood qualitatively via
mechanical modeling. Note that the contribution of surface
effects should be negligible in this system, since the film surface
is composed of alkyl-chain layers,*” ensuring an identical inter-
facial environment regardless of the thickness. We consider a
thin film (thickness , Young’s modulus Eg ) laminated onto
a soft PDMS stamp (Young’s modulus E_ ;). A crack that pen-
etrates through the entire thickness of the thin film and propa-
gates in a long, straight line is referred to as a “channeling
crack,” and the theoretical aspects of such cracks have been
studied extensively.”*¢ Following this framework, we consider
a single crack formed when the film adheres to the PDMS
stamp under tensile stretching (Figure S10a) and ignore multi-
ple cracking modes.””*® By utilizing the Dundurs parameter o,
which reflects the elastic mismatch between the film and sub-
strate, the energy release rate G can be expressed using a dimen-
sionless function Z(a) as follows (see Supporting Information
for details):

GNUﬁlmh"‘Eﬁlth(a)gz, (l)

where € represents the total strain.

Fracture is expected when G reaches the intrinsic fracture
energy of the material at a critical strain. For a molecular crystal,
this fracture energy can be approximated by the cohesive energy
of the adjacent m-cores per unit area (e, ), rather than flexible
alkyl chains. Therefore, the fracture conditions can be expressed
as follows:

€c~y (m. (2)

Although eq 2 is derived from elasticity theory, which is rec-
ognized as a macroscopic approximation for discrete molecular
systems, the model predicts that when the film thickness h is
small, the critical strain is large. This relationship explains why
SMBs can be transferred without cracks, whereas thicker films
experience severe fracture. This model also incorporates the
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effects of the underlying support material. For a stiffer support
(higher E_,), the elastic mismatch is reduced, effectively
increasing the critical strain. It has been reported that a rigid
substrate can be used to prevent damage to films caused by
deformation during transfer.”” Figure S11 shows the optical
microscopy images of the films transferred using a PDMS stamp
with reduced thickness. While the thinner support increased the
structural flexibility and difficulty of manual handling, the SMBs
can be successfully transferred without significant damage, con-
firming the mechanical robustness of our film-transfer process
against variations in support rigidity. Although the above discus-
sion is limited to channeling cracks under tensile film deforma-
tion, cracks may also arise from buckling under compressive
strain,*>*! as shown in Figure S10b (see also Figure SS).
Regardless, as described in the Supporting Information, thinner
films are inherently more prone to buckling.*> However, the
local strain concentrated at the buckled apex decreases in thin-
ner films. Consequently, reduced thickness effectively mitigates
crack formation, suggesting that thickness dependence becomes
even more prominent.

2.4. Fabrication of Artificial Superlattices via Sequential
SMB Transfer

The mechanistic understanding presented above suggests a
methodology for constructing thick yet crack-suppressed
multi-layered structures based on the sequential transfer of
SMBs. Figure 3a presents an optical micrograph of five stacked
SMBs of Ph-BTBT-C,, transferred onto a Si/SiO, substrate. We
intentionally shifted the edge positions of each SMB layer to
present differences in film thickness based on color. The film
color changes as a result of multilayer interference, as reported
previously.”>** The AFM height profile of this five-bilayer stack,
shown in Figure 3b, reveals a total thickness of approximately
27 nm, which is consistent with the thickness estimated from
the c-axis lattice constant (or bilayer thickness) of Ph-BTBT-
C,o- Notably, this multilayer film is crack-suppressed, in con-
trast to a film of a similar thickness produced in a single transfer
step (Figures 2a and S4). This result demonstrates that a layer-
by-layer transfer approach circumvents the fracture associated
with the release of large amounts of elastic energy in thick films.

Out-of-plane X-ray diffraction (XRD) measurements were
conducted to assess the structural quality and uniformity of
the multilayer films on a macroscopic scale. We prepared
multi-stacked films by transferring SMBs three and five times.
The resulting XRD patterns exhibit sharp Bragg peaks corre-
sponding to the interlayer spacing (Aq ~ 0.11 A™"), as shown
in Figure 3c. Notably, in the magnified view of the obtained
XRD patterns (Figure 3d), a series of well-defined satellite
peaks, known as Laue fringes, is clearly observable between
the main peaks. The number of fringes changes with the num-
ber of stacked layers, and their distinct appearance is the hall-
mark of a highly ordered superlattice with a uniform layer
thickness and flat interfaces.”>**** These results confirm that
the sequential transfer technique enables the fabrication of uni-
form artificial molecular superlattices.

2.5. Intermolecular Interaction Tuning and Patterning of
SMBs

In the previous subsections, we have demonstrated that reduc-
ing the thickness of molecular films effectively suppresses
channeling cracks. Considering the application of these films
as active layers in OTFTs, it is desirable to tune inter-core
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Figure 3. Layer-by-layer transfer of SMBs of Ph-BTBT-C,. (a) Optical
microscopy image of a multistacked transferred film with a five-bilayer
thickness. Each SMB was fabricated with ¢y,,, = 0.5. Scale bar is
500 pm. (b) Height profile of the film measured after trimming the
edge. (c) XRD patterns of the multi-stacked transferred films.
(d) Magnified view of the XRD patterns shown in (c) indicated by
the dotted orange region.

interactions to improve structural and mechanical processabil-
ity. In bottom-gate, bottom-contact (BGBC) transistor architec-
tures, we have previously demonstrated that Ph-BTBT-based
devices are susceptible to degradation as a result of structural
instability at semiconductor/metal/dielectric ternary inter-
faces.*> Therefore, to improve durability further, we used Ph-
BTBTT-C, as an OSC with an extended m-system.'®** This
material has a five-ring backbone incorporating an additional
thiophene ring attached to the BTBT core, which enhances
the interaction energy between adjacent mt-cores within the layer
(e.), as shown in Figure 2c. This increase in cohesive energy
should enhance fracture resistance during processing according
to eq 2, despite the core extension indirectly increasing the
Young’s modulus.

To assess mechanical processability, we first explored multi-
layer formation via sequential SMB transfer. Figure S12 pre-
sents high-quality multilayer structures, demonstrating that the
enhanced cohesion energy e does not impede the layer-by-
layer assembly process. Next, we investigated the tolerance of
the patterning procedure, as shown in Figure 4. In this process,
a continuous SMB is “die-cut” by a structured SiO, substrate
before being transferred to a target substrate, as shown in
Figure 4b. This lithography-free process creates a grid-like pat-
terned film, as shown in Figure 4a. The successful formation
of the die-cut film suggests that enhanced cohesive energy effec-
tively relieved the mechanical stress along the template bound-
aries, maintaining the structural integrity of the molecular film
during processing. The peeling force can induce a local strain
exceeding the critical strain of the molecular layers, leading to
mechanical damage at the pattern boundaries. Regardless,
Figure S13 shows the optical microscopy images of the pat-
terned films fabricated using a metal mask template with curved
geometry. The selective transfer was successfully achieved
regardless of the pattern curvature or the crystallographic orien-
tation. These results indicate that Ph-BTBTT-C, films enable

49585
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Figure 4. Transfer patterning of Ph-BTBTT-C, SMBs. (a) Chemical
structure of Ph-BTBTT-C, (top) and polarized optical microscopy
image of the patterned film (bottom). SMB was fabricated with
Bjone = 0.5. Scale bar is 200 pm. (b) Schematics of the procedure for
proc%ucing patterned OSC films.

the processing of both vertical and lateral patterning. The high
processability and structural stability of this material demon-
strate its excellent potential for electronic applications.

2.6. OTFT Characteristics When Using Transferred SMBs

To examine the electrical performance of the transferred SMBs,
BGBC OTFTs were fabricated as shown in Figure Sa. The sur-
faces of the source/drain electrodes were modified using penta-
fluorobenzenethiol (PFBT) to improve carrier injection.>®>’
We also covered the surface of the SiO, gate insulating layer
with CYTOP to reduce carrier-trapping agents and achieve
sharp switching characteristics.”>*® Notably, this dry transfer
method can be used to form SMBs over a large area on a
liquid-repellent CYTOP surface, whereas thin films cannot be
formed directly via simple blade coating.

Figure Sb—d present the typical transfer and output charac-
teristics of the fabricated TFTs. Low-voltage operation (below
3 V) was achieved, along with sharp on/off switching, a small
threshold voltage (V,,) or turn-on voltage (V) of approxi-
mately 0 V, and negligible hysteresis. The highest device mobil-
ity measures are approximately 5.8 and 5.9 cm® V™! 57! in the
linear and saturation regimes, respectively. These values are
slightly lower than those reported for single-crystal-based top-
contact devices using the same material,"®** which is partly
explained by the fact that the current channel does not consist
of a single-crystal domain. Notably, Figure Se reveals that the
device mobilities in the linear and saturation regimes are almost
identical, indicating that charge injection occurs smoothly even
under a low applied voltage in the linear regime (V, =-0.2V),
just as in the saturation regime. Furthermore, the mobility
exhibits negligible V; dependence for the Ph-BTBTT-C -based
OTEFTs. In contrast, Figure S14 reveals that the Ph-BTBT-C, -
based TFTs exhibit a decrease in mobility at high voltages, orig-
inating from contact resistance,®” suggesting a possible struc-
tural disorder at the ternary interface due to weak inter-core
interactions, as discussed previously.*®

While maintaining device mobility without a significant
reduction in BGBC geometry for both materials, the devices
exhibit sharp on/off characteristics. Typical TFTs using Ph-
BTBTT-C, and Ph-BTBT-C,, can provide subthreshold swing
(SS) values of approximately 135 mV dec™' and 85 mV dec™!
in the linear regime, respectively (see Figures Sb and Sl4a).
Such sharp switching characteristics, which were obtained
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Figure 5. Typical performance of the OTFTs using the stamp-transferred Ph-BTBTT-C,, SMB fabricated with (]ﬁlong =0.5. (a) Schematic cross sec-
tion of a bottom-gate bottom-contact (BGBC) TFT. (b,c) Typical transfer characteristics in the (b) linear regime (V, = -0.2 V) and (c) saturation
regime (V, = —3.0 V). The channel length and width are L = 200 pm and W = 730 pm, respectively. (d) Typical output characteristics. (e) Gate-
voltage dependence of the device mobility in the linear and saturation regimes. (f) Distribution of transfer curves for 10 TFTs fabricated on the same

substrate, observed in the (left) linear and (right) saturation regimes.

despite the small capacitance (~16.5 nF cm ™) owing to the rel-
atively thick dielectric layer (Figure S15), suggest an extremely
low density of interfacial trap states, indicating that our crack-
suppressed film transfer technique successfully preserved the
high crystalline quality of the SMB. Sharp switching properties
were also confirmed using different types of insulating layers,
where the SiO, surface was modified with fluorinated self-
assembled monolayers, as shown in Figure S16 (also see the
Experimental Section). These findings indicate that SMBs can
be transferred to various surfaces without incurring severe
damage.

We also examined the distribution of the transfer curves for 10
TFTs fabricated on the same substrate, as shown in Figure Sf.
Uniform subthreshold characteristics were observed in both the
linear and saturation regimes, regardless of the channel orienta-
tion relative to the crystal growth direction. The results exhibit
a small variation in V for each regime, leading to minimal fluc-
tuations in the subthreshold characteristics, as indicated by the
orange arrows in the figure. It should be noted that while the
device-level variation in the same substrate remains small, the
average V_  can shift when using different substrates, even when
covered by a CYTOP layer (see Figure S17). Given that both the
device mobility and SS values are unaffected by substrate differ-
ences, this shift is likely attributable to extrinsic factors, such as
adsorbed molecules and fixed charges near the surface of the
dielectric layer, rather than the transfer process itself. This result
implies that further optimization of the dielectric surface and pas-
sivation techniques is expected to enhance overall uniformity
when using transferred SMBs.

To further investigate the vertical interlayer transport proper-
ties across the transferred interfaces, we also fabricated top-
contact OTFTSs incorporating a double-transfer SMB channel,
as shown in Figure S18. The resulting output characteristics
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showed negligible access resistance, indicating that the vertical
interlayer electronic coupling remains robust even across artifi-
cial stacked interfaces. This behavior is consistent with that of
naturally grown multilayers,*® suggesting that the vertical trans-
port is predominantly governed by the intrinsic interlayer struc-
ture rather than the in-plane crystallographic alignment.
Furthermore, Figure S19 shows the long-term stability of the
fabricated OTFT's under ambient conditions. The Ph-BTBTT-
based OTFT maintains the device mobility even after 100 days
of storage in air at room temperature, while the Ph-BTBT-based
device shows slight decrease in the mobility. This robust ambi-
ent stability was reproducible across multiple evaluated devices,
confirming the chemical and structural durability of the trans-
terred SMBs. The reliable formation of crack-suppressed ultra-
thin OSC layers demonstrates the potential of our approach
as a versatile platform for device engineering, contributing to
fundamental studies on molecular-scale electronics.

3. CONCLUSIONS

In this study, we have investigated the mechanical aspects of
transferring bilayer-type OSC films. We found that crack forma-
tion can be suppressed by reducing film thickness to an SMB.
Furthermore, we observed that cracks propagate in specific crys-
tallographic directions. These behaviors can be explained by
elasticity theory combined with anisotropic intermolecular
interaction energies. Based on this concept, multilayer films
were fabricated through multiple SMB transfers. The artificially
stacked films exhibited clear Laue fringes, indicating the unifor-
mity of the transferred layers. We also successfully fabricated
patterned SMBs without lithography techniques using extended
n-core molecules. It should be noted that increasing inter-core
interactions can potentially compromise solvent solubility and
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the resulting solution processability. Therefore, the develop-
ment of extended m-cores with a five-ring backbone, such as
BTBTT derivatives, could be an effective strategy for balancing
the competing requirements of processability and stability.

The electrical quality of films prepared using these methods
was evaluated by fabricating BGBC TFTs. By tuning the
inter-core interactions using Ph-BTBTT-C,, the fabricated
OTEFTs exhibited reliable operation with sharp switching char-
acteristics, demonstrating that our transfer methodology can
produce high-quality films with favorable interfacial properties
suitable for device applications. These findings should provide
a rational basis for designing both materials and processes,
thereby contributing to the advancement of manufacturing
techniques for flexible organic electronics.

4, EXPERIMENTAL MATERIALS AND METHODS
4.1. Thin-Film Fabrication

Powdered Ph-BTBTT-C; and Ph-BTBTT-C,, were synthesized and
purified according to a previous report.”* We purchased Ph-BTBT-C,,
and Ph-BTBT-C,, from Tokyo Chemical Industry Co., Ltd. These
materials were used as received without further purification. We pre-
pared 0.02 and 0.1 wt % solutions of Ph-BTBTT-C, and Ph-BTBT-C,
in chlorobenzene (Wako Special Grade; Fujifilm Wako Pure Chemical,
Japan), respectively. To produce SMBs, solutions with different chain
lengths were mixed at a volume ratio of 7:3 or 5:5 (ie, Prong = 0.3 or
0.5). The results were not affected when ¢, was varied between 0.1
and 0.5. The OSC film was fabricated using tﬁe blade-coating method,
in which a solution was unidirectionally swept using a thin glass blade
covered with CYTOP (CTL-809 M; AGC Inc, Japan). The coating
speed was controlled at 1.0 pm s™* for Ph-BTBTT-C, and 4.0 pm s
for Ph-BTBT-C, via a stepping motor (SHOT-302GS; Sigma Koki
Co. Ltd,, Japan) under ambient conditions.

4.2. Transfer Procedures of Molecular Films

Mica was selected as the hydrophilic substrate for preparing the molec-
ular layer. The mica substrate was cleaved to obtain a fresh surface
before preparing the OSC films. A molecular layer was formed on this
surface using the blade-coating method and then covered with a PDMS
sheet. We used a 200-pum-thick PDMS sheet (CSCRIE, Japan), and the
tensile strength of the film was 8.0 MPa. To examine the effect of
PDMS thickness, we also used a 100-pm-thick PDMS sheet purchased
from the same supplier. Owing to the flexibility of the PDMS sheet, it
could cover the substrate even if it was slightly rough. The entire sub-
strate was immersed in water at ambient temperature, allowing the
molecular layer to be exfoliated while attached to the PDMS sheet.
The OSC layer was transferred to a target substrate by placing the
composite on it and subsequently peeling off the PDMS sheet. This
process was repeated to obtain multilayer structures. For patterning,
the OSC film on the PDMS stamp was brought into contact with a
micro-structured SiO, template to selectively remove unwanted
regions prior to the final transfer onto the target substrate.

4.3. Structure Evaluation of the Films

The thickness profile of the OSC film was measured using a tapping-mode
AFM (MFP-3D, Oxford Instruments, U.K.). The crystallinity of the OSC
film was characterized using a crossed Nicols polarized microscope (VHX-
8000; Keyence Co. Ltd,, Japan). We also measured XRD patterns using a
thinfilm diffractometer (Empyrean 3, Malvern Panalytical, UK.) with
monochromated CuKal radiation. The diffraction intensity was recorded
using a proportional detector under ambient conditions.

To analyze crack-angular preference, the contrast of the optical
microscopy images was enhanced, followed by a fast Fourier transform
(FFT) to extract the characteristic crack orientations. Then, the bright
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spots in the resulting FFT profiles were systematically counted along
each direction. Due to the orthogonal relationship between real-space
lines and Fourier-space peaks, a 90° angular correction was applied
to the extracted data prior to plotting. Note that this counting method
provides an approximate orientational preference rather than a strict
number distribution.

4.4. Calculation of Intermolecular Interaction Energies

We evaluated the intermolecular interaction energies between two
molecules using the Gaussian16 program.** We used the atomic coor-
dinates for each molecular packing obtained from X-ray single-crystal
structure analyses. The intermolecular interaction energies were calcu-
lated at the B3LYP/6-311G** level using Grimme’s D3 dispersion cor-
rection.*’ The basis set superposition error** was corrected using the
counterpoise method.” Note that this calculation provides reasonable
estimates of the interaction energies between aromatic hydrocarbons
and heterocycles.** The contributions of core—core interactions were
evaluated using the fragment structures in the crystals. The dangling
bonds in the fragments were capped with hydrogen atoms.

4.5. OTFT Performance

We used a heavily p-doped silicon wafer covered with a 100 nm
thermally grown silica layer for device fabrication. The substrates were
cleaned via 3 min sequential sonication in deionized water, acetone,
isopropanol, and deionized water. The Si/SiO, substrate was covered
with either CYTOP (CTL-809M, AGC Inc, Japan) or
1H,1H,2H,2H-perfluorodecyltriethoxysilane ~ (PFD-TES;  Sigma-
Aldrich Co. LLC, USA). 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.
We prepared PED-TES vapor in a metal container, placed the substrate
in it, and heated it at 150 °C for at least 2 h. After the substrate had
absorbed the vapor, it was rinsed with isopropanol and heated at
120 °C for 20 min to form the fluorinated self-assembled monolayer
on the silica surface. After drying, the source and drain electrodes were
fabricated through the thermal deposition of 25 nm thick gold layers
through a shadow mask. The electrode surfaces were then modified
using chemical vapor treatment with PFBT (>98.0%; Tokyo
Chemical Industry Co., Ltd,, Japan) in a closed container. For the
double-transfer SMB channel devices, the SMBs were sequentially
transferred onto the Si/SiO, substrate. Subsequently, the top-contact
Au electrodes were fabricated using the same evaporation conditions
and thickness as those for the single-layer devices. For accurate mobil-
ity evaluation, the parts of the thin films outside the channel were
trimmed using a homemade micromanipulator. The conventional
two-probe characteristics of bottom-gate bottom-contact OTFT's were
measured under ambient conditions using a semiconductor device ana-
lyzer (B1S00A; Agilent Technologies Co. Ltd,, USA). For the long-
term stability evaluation, the fabricated devices were stored under
ambient conditions in air. The frequency-dependent dielectric constant
was measured using an impedance measurement setup combining a
digital impedance analyzer (MFIA, Zurich Instruments) and a material
impedance analyzer interface (MIA, Toyo Corporation). The measure-
ments were performed with an AC amplitude of 50 mV and a DC bias
of 0 V over a frequency range from 0.1 Hz to 100 kHz using a probe
station (TOP-400G, Toyo Corporation).
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