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Strained Organic Thin-Film Single Crystals for High-Mobility

and High-Frequency Transistors
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Transistors fabricated from thin-film single crystals of organic semiconductors
(OSCs) have exhibited high mobility exceeding 10 cm? V=' s~! and show
compatibility with low-cost solution processing. However, their carrier
mobility is limited by the molecular vibrations in their soft lattices. This study
establishes a practical method for applying compressive strain to
single-crystal OSCs to enhance mobility and transistor performance. In this
method, a polymer film substrate is bent to mechanically stretch its surface.
Organic single-crystal transistors are then laminated onto the stretched
surface of substrate. Releazing the stretch by recovering the flat surface of the
substrate allowed the transistors to be compressed by up to 3%. This resulted
in a 52% increase in mobility, reaching 26.4 cm? V~! s~1. X-ray diffraction
measurements confirmed lattice strain in the OSC single crystals. Moreover,
carrier mobility and cutoff frequency increased in MHz-operating
short-channel transistors, demonstrating applicability for high-frequency
devices. The mobility increase is maintained even three years after
introducing the 1% compressive strain, possibly owing to the flexible,
molecularly thin characteristics of OSC single crystals. The proposed strain
management methods may provide new avenues to enhance the performance
of high-mobility and high-frequency electronic devices based on OSC thin-film

1. Introduction

Single-crystal thin films of organic semi-
conductors (OSCs)['®! exhibit flexibil-
ity, stability, and high mobility, posi-
tioning them as suitable candidates for
electronic devices fabricated via low-
cost solution processes. Organic thin-
film transistors (OTFTs) made from
OSC single crystals find applications in
devices such as wireless communica-
tion tags,!”!% complementary circuits,!*!!
and sensors.I>1213] The cutoff frequency
of OTFTs can exceed the very high-
frequency band (%30 MHz) owing to high
mobility values around 10cm?V-!g!
in band-transporting materials.'*17] Al-
though enhancing mobility would fa-
cilitate high-frequency device develop-
ment, carrier scattering from molec-
ular vibrations restricts OSC mobility
at room temperature.['8-201 Researchers
have relied on advanced molecular de-
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signs, including design, synthesis, and
evaluation of new molecules, to reduce
the effects of molecular vibrations!?'?2]
and in advancing organic electronics.

Strain serves as an external factor that can improve carrier
mobility and operational frequency in semiconductor devices. In
inorganic semiconductors, the modulation of the crystal struc-
ture by external strain can modify the effective mass and car-
rier mobility,?}] known as the piezoelectric effect.?*] A repre-
sentative example is the strained silicon metal oxide field-effect
transistor, 2’ where persistent strain is applied around the in-
terface of epitaxially grown materials with different lattice con-
stants to enhance mobility and operating frequency.

Strain engineering in flexible electronics(?#-3! could be crucial
for improving the device properties of OSC single crystals. Stud-
ies have demonstrated enhancements in carrier mobility by ap-
plying strains that uniformly modify lattice constants.!1330:32-37]
For example, a 2.9% uniaxial strain can increase mobility by up
to 70%, largely due to the reduced molecular vibration ampli-
tude and increased carrier relaxation time.** Such uniaxial strain
is achieved by bending the substrates, leveraging the flexibility
and small Young’s modulus of OSCs compared to those of inor-
ganic materials.®3%1 However, this approach requires the sub-
strate to remain bent with a very small curvature radius, typ-
ically less than 1 c¢m, to induce strain of up to 3%, which is
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Figure 1. Method to induce persistent strain in organic thin-film transistors (OTFTs). a) Schematic of the method to induce persistent strain in OTFTs.
b) Schematic of the device structure and packing and chemical structures of C;—DNBDT-NW. c) Polarized optical microscope image of the fabricated

transistor. The channel direction is parallel to the c-axis of the single crystal.

unsuitable for practical applications. Alternatively, lattice strain
can be induced in OSCs by varying the solution shearing
speed during crystal growth.32#°] However, this method yields
lower strain magnitudes compared to the bending method,
resulting in considerable expansion in one crystal axis when
shrinkage occurs in another. Additionally, strain relaxation
at the OSC/substrate interface occurs through weak van der
Waals forces. Thus, a novel method for inducing strain in
OSC single crystals could enhance mobility and performance
in OTFTs.

This study developed a practical method to induce uniaxial
compressive lattice strain in OSC thin-film single crystals, en-
hancing mobility and cutoff frequency. Single-crystal OTFTs fab-
ricated on flexible thin substrates were attached to the convex
surface of a bent mother substrate (Figure 1a(i), (ii)). Upon
releazing the bending, the OTFTs experienced strain accord-
ing to the change in the mother substrate’s surface length
(Figure 1a(iii)). This method produced uniform strain in the
OSC single crystal, as confirmed via X-ray diffraction (XRD)
measurements. Uniaxial lattice strain was controlled by mod-
ifying the initial curvature of the mother substrate. We ap-
plied strain levels of up to 3%, resulting in a mobility increase
of 50%, reaching 26.4cm? V-!s71. Additionally, the cutoff fre-
quency of the OTFT with a 10 um channel length increased by
40% with persistent 1% compressive strain. Our findings high-
light the effectiveness of strain engineering in organic, flexible
electronics, providing opportunities for enhancing mobility and
device performance.
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2. Results and Discussion

We fabricated transistors with a bottom-gate top-contact struc-
ture to investigate the effect of lattice strain on the perfor-
mance of single-crystal OTFTs. We used thin-film single
crystals of 3,11-dioctyldinaphtho[2,3-d:2’,3’-d’benzo[1,2-b:4,5-
b’Jdithiophene(C;—DNBDT-NW)['* as the active layer on a
16 um-thick polyimide (PI) substrate (Figure 1b). The gate
electrode and gate dielectric were thermally deposited with
Au (40 nm) and Parylene-SR (200 nm), respectively. A-few-
molecular-layer thick single crystals of C;—-DNBDT-NW were
deposited on the Parylene-SR layer via the continuous edge-
casting method, 8] a meniscus-guided coating method. The Au
source and drain contacts were thermally deposited through
a shadow mask with a channel length of 240 ym and a width
of 80 um. The crystal growth direction of C;—DNBDT-NW is
aligned parallel to the channel of the OTFTs, ensuring that
the charge transport direction aligned with the crystal’s c-axis
(Figure 1c).

We developed a novel method to induce persistent compres-
sive strain in OTFTs. OTFTs prefabricated on a PI substrate were
tightly attached to a convexly bent polyethylene terephthalate
(PET) mother substrate (Figure 1a(i), (ii)) using a cyanoacrylate
adhesive (CC-33A, KYOWA). The thickness of the PET mother
substrate is 500 pm, more than 30 times that of the PI sub-
strate of our OTFTs. When the PET mother substrate is convexly
bent, its upper surface is stretched, whereas the lower surface
is compressed. The OTFTs attached to the stretched surface of
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Figure 2. Bragg peak shifts of the organic semiconductor (OSC) single crystal by mechanical strain. Results of X-ray diffraction measurements of (a)
(020), (b) (021), and (c) (011) surfaces of Cg—DNBDT-NW single crystals. Blue lines show the results for the initial state and red lines show those after

inducing a nominal strain of —0.98%.

the mother substrate endured persistent compression when the
mother substrate returned to a flat state. The surface strain ¢ of a
bent film is expressed as follows:[*!]

h

lel~ 0%

1)
where R is the radius of curvature, and h is the film thickness.
A positive ¢ represents tensile strain, while a negative value in-
dicates compressive strain. When the thickness of the OTFT is
considerably smaller than that of the mother substrate, the strain
applied to the OTFT as the mother substrate returns to the flat
state can be approximated as follows:

h, h,
2(R+ 2L 4h, ) 2(R+h

ms)

where horper and b, are the thicknesses of the OTFT and mother
substrate, respectively. Thus, the strain applied to our OTFTs can
be controlled by adjusting the thickness and curvature of the
mother substrate. To secure the OTFTs to the PET mother sub-
strate, we attached the PET mother substrate to a cylindrical sur-
face to allow precise control over the curvature radius (Figure S1,
Supporting Information). The c-axis of C;—DNBDT-NW aligned
with the circumferential direction of the cylinder, where com-
pressive strain was applied. In the following experiments, we
maintained a constant h,, of 500 um and varied the R values.
We determined changes in the lattice constants of Cg—
DNBDT-NW single crystals using XRD measurements con-
ducted before and after attaching the OTFT substrates to the

mother substrates. Due to the substantial thickness of the mother
substrate, minimizing background noise was crucial to observing
the diffraction peaks of the single crystals. Instead of the trans-
mission setups commonly employed for single crystals, we used
the grazing-incidence X-ray diffraction (GIXD) method owing to
its high surface sensitivity. Figure 2 shows the Bragg diffraction
peaks from the C;—DNBDT-NW single crystal, while Table 1 lists
the changes in lattice constants before and after attaching the
OTFT substrate to the mother substrate. The detailed fitting pro-
cedures are shown in Figures S2 and S3 (Supporting Informa-
tion). In this measurement, the curvature of the mother sub-
strate was controlled to apply a strain of —0.98% to the OTFT
substrate. The lattice constant along the c-axis was decreased by
1.1% based on the observed shifts in the (021) and (011) diffrac-
tion peaks. This correlation between the predicted and observed
strains suggests that our method effectively induces controlled
lattice strain in the OSC thin-film single. The width of the diffrac-
tion peaks did not increase upon application of strain, support-
ing the uniformity of the lattice constant in the fabricated sample
(Table S1, Supporting Information). In addition, the lattice con-
stant along the b-axis increased by only 0.03%, confirming that
uniaxial strain mainly occurred along the c-axis with our method.

We confirmed enhanced mobility by our method through
four-terminal measurements of single-crystal OTFTs. The mea-
surements were conducted on OTFTs with a long channel
length (L = 240 pm), eliminating the influence of contact resis-
tance. Unstrained OTFTs exhibit nearly ideal transfer and out-
put characteristics (Figure 3a—c), achieving four-terminal mobil-
ity of 17.4cm? V-1s7! (Figure 3d). This OTFT was attached to
the mother substrate such that a compressive strain could be

Table 1. Changes in lattice constants of Cgc—DNBDT-NW when applying a nominal strain of —0.98%. The lattice constant errors are calculated from
the standard deviation of the peak positions of each crystal surface from measurements taken at various incident angles ¢. See Figure S2 (Supporting

Information) for details.

Lattice constant Strain

bIA c[A &y [%] e [%]
Initial 7.991 + 0.004 6.10 + 0.01 — —
Strained 7.994 + 0.004 6.03 +0.01 +0.03 + 0.06 -1.1+0.3
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Figure 3. Enhancement of static performances of OTFTs by applying persistent strain. Transfer properties in a) linear and b) saturation regions;
) Output properties. d) Gate voltage dependence of the four-terminal conductivity. The career mobilities extracted from these plots are also shown.
e) Dependence of the changes in four-terminal mobility on the nominal strain. f) Gate voltage dependence of the four-terminal conductivity of our OTFT
in the initial state (blue), after inducing —0.98% strain (red), and 284 days after inducing the strain (purple), and 1187 days after inducing the strain

(light blue).

applied along the c-axis of C;c—DNBDT-NW, which is the chan-
nel direction of our OTFTs. The curvature radius of the mother
substrate was controlled (R = 7.5mm) to introduce a nominal
strain of —3.1%. After applying the strain, the four-terminal
mobility increased by 52%, reaching 26.4cm? V-'s71. Smaller
strain performances are shown in Figures S4 and S5 (Support-
ing Information), where all devices exhibited increased mobil-
ity following compressive strain without significant degrada-
tion in transport properties. Notably, the four-terminal mobil-
ity increased monotonically with the applied nominal compres-
sive strain (Figure 3e), which is consistent with our previous
findings.[** This demonstrates that a compressive strain of up to
3% enhances mobility. We attribute the mobility enhancement
to the suppression of molecular vibration rather than changes
in effective mass;***?] a reduction in the lattice constant of Cg—
DNBDT-NW directly restricts the molecular vibrations associ-
ated with electron—-phonon coupling.

We verified the persistence of the compressive strain in our
OTFTs by measuring the changes in four-terminal mobility over
time. After inducing strain, OTFT was restored in a vacuum des-
iccator to mitigate environmental influences. Notably, the mo-
bility of the OTFT strained by —1% remained stable even af-
ter 1187 days (Figure 3f). OTFTs with larger strain also showed
moderate stability of performances (Figure S6, Supporting In-
formation). These findings verify suppressed strain relaxation at

Adv. Electron. Mater. 2025, 11, 2500144 2500144 (4 of 7)

the interface between the OSC thin-film single crystals and sub-
strate. The OSC film thickness is only 10 nm, and Young’s mod-
ulus for OSCs is typically more than one order of magnitude
lower than that of inorganic materials.?®! Therefore, the stress at
the semiconductor/substrate interface appears sufficiently low to
suppress strain relaxation.

In OTFT applications, improving mobility and cutoff fre-
quency (f;) is crucial for enhancing dynamic performance. The
cutoff frequency, defined as the maximum frequency at which a
transistor can amplify a signal, is given by

_ _Bm
fr= 2nCq G)

where g, is the transconductance (= %) and C; is the total
G

capacitance, including gate and parasitic capacitances. In top-
contact bottom-gate OTFTs, parasitic capacitance primarily re-
sults from the overlap between the gate and source/drain elec-
trodes, referred to as the contact length (L;). Therefore, a large
carrier mobility, short channel length (L), and short contact
length are necessary for enhancing cutoff frequency. To evaluate
the effect of lattice strain on the dynamic properties of OTFTs,
a short-channel transistor was fabricated on a 16 um-thick PI
substrate using photolithography to pattern the electrodes. The
channel and contact lengths of this device were 10 and 5 pm,
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Figure 4. Enhancement of static and dynamic performances of a short channel OTFT. a) Static transfer properties before and after strain. b) Frequency
dependence of the current gain before and after strain. c¢) Schematic of the cutoff frequency measurement setup.

respectively. Static and dynamic characteristics were evaluated
before and after applying a compressive strain (Figure 4a,b)
of —0.98% along the c-axis. Before inducing strain, the
short-channel OTFT demonstrated an effective mobility of
0.71 cm? V-!s7! in the saturation regime. After inducing strain,
the effective mobility increased to 1.01cm? V-!s7!, marking a
40% improvement. Owing to the effect of contact resistance, the
mobility of the short-channel device is smaller than the intrinsic
value obtained from four-terminal measurements. Note that the
contact resistance can be decreased by strain application, which
is supported in our long-channel four-terminal measurements
(Figure S7, Supporting Information). This can be attributed to
an increase in carrier mobility within the overlap region between
the contact and gate electrodes.l**] The cutoff frequency was ex-
perimentally measured by observing the frequency at which the
transistor’s current gain dropped to 0 dB using the setup shown
in Figure 4c. The current gain, defined as the ratio of the drain
current amplitude (AI;) to the gate current amplitude (Alp), de-
creased as a function of f~!. The measured f; was 0.98 MHz be-
fore strain application. After inducing strain, the current gain in
the dynamic measurements increased, and the extracted cutoff
frequency increased to 1.4 MHz, showing a 40% improvement.
The cutoff frequency in the saturation region can be expressed as
follows:[14:44-47]

Mol Vo — Vil

=
27[L<;L+2LC)

“)

where p.¢ is the effective mobility of the transistor and Vy, is
the threshold voltage. The increase in the cutoff frequency can
be ascribed to the increase in effective mobility in our case. Our
findings demonstrate that introducing persistent lattice strain ef-
fectively improves the static and dynamic responses of single-
crystal OTFTs.

Our findings highlight the importance of strain engineering in
flexible electronics using thin-film single crystals. For OSC thin-
film single crystals, the lattice strain was preserved on flexible
substrates even without covalent bonding between the crystals
and substrates. Our method may allow for the controlled applica-
tion of strain to various thin-film single crystals and devices, not
limited to those of OSCs, with potential increases in achievable

Adv. Electron. Mater. 2025, 11, 2500144 2500144 (5 of 7)

strain through substrate material design. In addition, in flexible
electronics, substrates undergo shrinkage and expansion during
solution processing and heating, altering the lattice constants of
overlying single crystals. Thus, the lattice constants and physical
properties of thin-film single crystals may differ from those of
bulk materials owing to the residual strain. The GIXD measure-
ments employed in this study can evaluate strain in these thin
films under the same device-operating conditions.

3. Conclusion

This study developed a practical method to induce lattice strain
in OSC thin-film single crystals. Uniaxial lattice strain in OSC
single crystals was confirmed by GIXD measurements. The four-
terminal mobility of strained OTFT increased by 52%, reaching
26.4 cm? V! 57! with a nominal compressive strain of 3.1% in
the flattened state. This highlights the advantages over the con-
ventional bending method, which requires the device to remain
bent with a very large curvature. The induced strain of —0.98%
remained almost stable even after three years, demonstrating the
feasibility of maintaining lattice strains in molecularly thin OSC
single crystals on flexible substrates. The mobility enhancement
also raised the cutoff frequency of our MHz-operating OTFT. Fur-
ther advancements in interface engineering may yield larger and
more stable lattice strains. The strain engineering demonstrated
here provides opportunities to control and enhance the perfor-
mance of high-mobility, high-frequency electronic devices using
OSC thin-film single crystals.

4. Experimental Section

Device Fabrication: ~ All devices in this study were fabricated on a 16 um-
thick PI film (zenomax®). The PI film was pre-laminated onto glass and
peeled off after fabricating the OTFT devices. Gold was thermally evap-
orated to form the gate electrode. Parylene-SR (KISCO Ltd.) was de-
posited via chemical vapor deposition, achieving a gate dielectric thick-
ness of 200 nm. Single-crystal film of C;—DNBDT-NW was grown on the
Parylene-SR layer via a continuous edge-casting method from a 0.010wt.%
3-chlorothiophene solution at 63°C. A 40 nm thick gold layer was ther-
mally deposited through the shadow mask to form the source-drain
contact electrodes and voltage probe on the Cg—DNBDT-NW layer. Dry
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etching of the OSC layer was performed using a Yttrium Aluminum Gar-
net Laser (V-Technology Co., Ltd., Callisto (266 nm)).

OTFT devices for high-frequency measurements were fabricated via
photolithography to pattern the gate, source, and drain electrodes. Cr
(1.5 nm)/Au (20 nm) /Cr (1.5 nm) layer was patterned via a lift-off process
to define the gate electrode. TLOR (Tokyo Ohka Kogyo Co., Ltd.), NMD-3
(Tokyo Ohka Kogyo Co., Ltd.), and 1-Methyl-2-Pyrrolidone were used as
the positive photoresist, developer, and remover, respectively. As a gate
dielectric, a 60 nm thick aluminum oxide was deposited via atomic layer
deposition, followed by Parylene-SR (50 nm) via chemical vapor deposi-
tion. A single crystal 3,11-dinonyldinaphtho[2,3-d:2’,3"-d"|benzo[1,2-b:4,5-
b'|dithiophene (Co,—~DNBDT-NW) was transfered(“®! onto the Parylene-SR
layer to serve as the active layer. The gold contact electrodes were pat-
terned using multiple photographic processes, utilizing AZ5214E (Merck)
and AURUM S-50790 (Kanto Chemical Co., Ltd.) as the positive photore-
sist and gold etchant, respectively. All lithographic processes were per-
formed using a maskless aligner (MLA150, Heidelberg Instruments).

X-ray Diffraction Measurement: For X-ray diffraction measurements,
Cg—DNBDT-NW was deposited on a Pl substrate covered by Parylene-
SR via continuous edge-casting, achieving a mono-domain single crystal
after wet-etching with 1,2,3,4-tetrahydronaphtalene. GIXD measurements
were conducted using SmartLab-2D/ME/T (Rigaku) with CuK, radiation
(A = 0.154187 nm at room temperature) to quantify changes in the Cg—
DNBDT-NW lattice constant.

Electrical Measurement:  All electrical measurements were conducted
under dark and ambient conditions. The static transistor properties were
measured using a semiconductor parameter analyzer (Keithley 4200-SCS).
Four-terminal conductivity was calculated by following equation, o4 =
(Lar /W) (Ilp/ (V7 = V3)]), where Ly was length between a pair of voltage
probes and V;, V, were the potential indicated by voltage probe. Simi-
larly, the four-terminal mobility was obtained from the following expres-
sion, Wiy = (1/G) (0o 47/0V;), where C; was the capacitance per unit area
of gate dielectric. The high-frequency responses were measured using a
digital phosphor oscilloscope (Tektoronix TDS3014C). AC voltage signals
of 1V peak-to-peak and a —9.5 V DC offset were generated using a func-
tion generator (Tektronix AFG3102) for the gate voltage, while a DC drain
voltage of —10 V was applied using a semiconductor parameter analyzer.
The output signals of the gate and drain voltages were measured using an
oscilloscope equipped with current probes (Tektronix CT-6).
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