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Spin-coating stands out as one of the fastest and simplest processes for material solidification. While it is
commonly employed for producing polycrystalline thin films, recent endeavors have explored its potential for
epitaxial growth, albeit primarily limited to inorganic materials. In this study, we demonstrate the spin-coating
method enabling the rapid growth of large-sized organic single crystals (OSCs). Within 2 h, we successfully
obtained OSCs with controlled lateral sizes of up to 2 mm, which conventionally takes several weeks using slow

TTF solvent evaporation. Raman mapping and UV-Vis absorption measurements confirmed the growths of the OSCs.
We propose the growth mechanism by using the supersaturated dynamic fluid model. Furthermore, we
demonstrate the device integration of these OSCs for charge-transfer complex channel, revealing ambipolar
behavior during gate sweep. This innovative OSCs production method has the potential to advance the various
field of science and electronics, traditionally hindered by the scarcity of adequately sized OSCs.

1. Introduction

Organic single crystals (OSCs) have played a pivotal role in driving
recent advancements in the fields of organic electronics and optoelec-
tronics [1-4]. The innovation of organic conductors and superconduc-
tors has been developed based on the OSCs charge transfer complexes,
which still remains a critical issue in current physics and electronics [3,
5-8]. The recent advancement of low-dimensional halide perovskite
light-emitting diodes also stems from luminescence measurements of
their OSCs phases, providing insights into their electron-phonon
coupling effects [4,9-11]. The advantage of OSCs research, in compar-
ison to thin-film studies, lies in the highly ordered molecular structure
[12,13], negligible defect density [14], and the ability to investigate
interface properties with tunable atomic stacking arrangements [6,7].
Consequently, OSCs have found widespread applications across various
research areas, and hold potential for further exploration if easier
fabrication processes, akin to thin-film methods, are developed.

However, the current fabrication processes for OSCs have been
notoriously challenging in meeting the demand. Typically, solution-
based methods, such as evaporation or cooling techniques, require
several weeks to achieve the desired crystal size at least a few hundred
micrometers [6,15]. Vapor-based methods require a specialized
vacuum-based setup system which limits their widespread use [16], and
the optimization process for their crystal growth is highly sensitive to
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various factors including furnace temperature gradient, flow rate or
humidity [17,18]. This is why most organic research still relies on
polycrystalline thin-films due to their easy accessibility and rapid pro-
duction benefits, despite the well-known advantages of the
single-crystalline cases.

Several efforts have been undertaken to enhance the accessibility
and production efficiency of OSCs fabrication. One of the most well-
known efforts are solution shearing methods, including blade-coating
[19,20] and dip-coating [21]. These methods utilize a constant speed
and direction of the precursor fluid to induce kinetically favorable
conditions for fast OSCs formation. One shortcoming is that these
methods also require the setup of a moving substrate using a
constant-speed motor with intricate optimization. To make this
approach more accessible for a broader range of research areas, much
simpler methods that do not require specialized machine setups should
be explored.

The spin-coating method has been one of the simplest approaches for
various solid-state fabrication processes but has primarily been
restricted to polycrystalline thin-film fabrication. Recently, it was re-
ported that epitaxial growth was possible using the spin-coating process
[22]. However, this research primarily focuses on inorganic materials,
readily accessible through various existing processes. Moreover, it is
necessary to address the transfer process of the fabricated single crystals
to other substrates, which is essential for a wide range of applications,
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including desired characterizations or device demonstrations.

Here we demonstrate that OSCs can be readily fabricated using a
one-step spin-coating process by introducing a controlled environmental
chamber. By taking tetracyanoquinodimethane (TCNQ) and tetrathia-
fulvalene (TTF) as representative examples, we have obtained crystals
with controllable lateral sizes of up to 2000 pm within 2 h. The resultant
OSCs exhibit the optical absorption and Raman spectra, presenting the
formations of high-quality single crystals. Charge transfer complex
planes defined on the OSCs display conductive ambipolar behavior with
multiple current amplifications at applied gate voltage. This straight-
forward and rapid process offers significant potential for a wide range of
research areas, eliminating the need for specialized setups and lengthy
fabrication times.

2. Experimental section
2.1. OSCs fabrication

For the fabrication of TCNQ OSCs, 0.01 g of TCNQ powder (purity
>99.0 %, product #: T3034, TCI) was mixed with 4 mL of acetonitrile
(purity >99.8 %, product #: A0130, Samchun). For TTF OSCs, 0.01 g of
TTF powder (purity >99.0 %, product #: T3380, TCI) was mixed with 4
mL of hexane (purity >95 %, product #: H0112, Samchun).

In the spin-coating process, an octagonal magnetic bar (length x
diameter = 22 x 8 mm?) was placed in the center of a beaker (with
spout, diameter x height = 50 x 30 mm?) previously filled with solvent
(acetonitrile or hexane) to a depth of approximately 3 mm. A 1 x 1 cm?
silicon wafer was attached to the magnetic bar using PVA glue. A 1.5 x
1.5 cm? square substrate (fused silica or silicon) was then attached to the
silicon wafer using carbon tape. Subsequently, the beaker with the
magnetic bar was placed in the center of a stirrer (model: MSH-20 A,
Daihan Scientific). Next, 30 pL of the prepared TCNQ or TTF solution
was dropped onto the substrate. A watch glass (diameter = 60 mm) was
placed with the concave side up, and the stirring speed was adjusted to
the desired speed range (100-300 rpm). After complete solvent evapo-
ration on the substrate, which took less than 2 h, the target substrate was
detached for further experiments.

2.2. Optical characterization

Local UV-vis absorption data was obtained using a home-built
hyperspectral imaging system [23]. Variable-wavelength illumination
was achieved by utilizing light emitted by a Xenon lamp and passing it
through a monochromator. Raman spectrum and mapping image was
obtained using a confocal microscope in a reflective configuration
(model: Alpha300RS, Witec) with a 532 nm wavelength laser used for
excitation.

2.3. OSCs transfer process & device characterization

To transfer the OSCs onto another substrate, the fabricated OSCs
were attached by thermal release tape and subsequently exfoliated.
Then, the OSCs were re-attached to the target substrate and annealed at
130 °C to facilitate release. The device was constructed on a 300 nm
SiO4/Si substrate through the following steps: Initially, gold (Au) was
thermally evaporated onto the SiO; surface via source/drain-patterned
shadow masks. The OSCs were then carefully transferred between the
source and drain electrodes, with alignment aided by an optical mi-
croscope. For the vapor deposition of TTF onto TCNQ OSCs, the entire
device was placed in a Petri dish together with TTF powder for a period
of one day at room temperature. Current-voltage and gate sweep data
were measured using a probe station within a dark shield box (model:
MST5500B, MS TECH).
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3. Results and discussion

The schematic illustration of the OSCs fabrication process is pre-
sented in Fig. 1(a). Initially, the precursor solution was deposited onto a
square substrate, followed by spin-coating in a solvent-moistened
environment to regulate the solution evaporation rate. After complete
drying of the solution, which occurred within 2 h, OSCs were fabricated
at the corners of the square substrates, observed in optical image
(Fig. S1). Fig. 1(b) and (c) show optical images of the fabricated
representative p-type OSCs, tetracyanoquinodimethane (TCNQ), and n-
type OSCs, tetrathiafulvalene (TTF), obtained at different spin-coating
rotational speeds. As shown in the images, TCNQ crystals exhibited an
expected rhombic shape, while TTF crystals took on a rod-like form. It is
noteworthy that the lateral sizes of OSCs can be broadly controlled by
varying the spin-coating rpm speed. The differing colors of individual
crystals are likely due to light interference phenomena, as our obser-
vations indicate a close relationship between optical color and OSCs
thickness (Fig. S2).

We achieved the largest TCNQ OSCs, with sizes of up to 2000 pm, as
shown in Fig. 2(a). The color, which remains yellow as in the precursor,
indicates negligible interference due to sufficient thickness. The OSCs’
absorption spectrum was confirmed through local hyperspectral mea-
surements, as depicted in Fig. 2(b). The peak position of the absorption
wavenumber spectrum (30 kK) closely matched reference data [24].
Notably, this peak position corresponds to intermolecular transitions,
distinctly separate from the intramolecular transition region (25 em ™)
observed in solution-phase absorption [24]. Therefore, this clear inter-
molecular transition peak without any intramolecular transition peak
attests to the highly crystalline nature of our spin-coating-fabricated
OSCs. The tilt-angle SEM image (Fig. 1(c)) reveals that the OSCs
exhibit distinct sharp-edged morphology, clearly distinguishing them
from polycrystalline thin-film structures. The height AFM image show
that the crystal has a constant thickness of about 0.75 pm and there is no
sign of aggregation (Fig. S3). The Raman spectrum, displayed in Fig. 2
(d), closely matches prior reports [25]. It is worth noting that the C-CN
stretch peak position (1445 cm ) signifies their intrinsic p-type states in
comparison to their n-doping states [26]. Fig. 2(e) presents the Raman
mapping image of the TCNQ OSCs, illustrating a continuous plate-like
structure without notable defective or impurity related states.
Polarization-dependent fluorescent optical imaging is also taken on the
as-grown sample as a function of relative in-plane orientations of the
sample with respect to the linearly polarized excitation light. The images
(Fig. S4(a)) show uniform intensities across the whole sample area, and
the polarization angle-dependent intensities (Fig. S4(b)) exhibit the
monoclinic symmetry, matched with a TCNQ crystal, and the interaxial
angle between the two high-intensity angles is close to ~95°, close to the
interaxial (or monoclinic) angle of 98.54° for TCNQ crystal [27]. Our
optical imaging and spectroscopic data collectively indicate the
well-defined crystalline nature of the OSCs, despite their fabrication
solely through a simple spin-coating process within 2 h.

To elucidate how the straightforward spin-coating process produces
high-quality organic single crystals (OSCs), we propose a fabrication
mechanism based on the model of a supersaturated dynamic fluid. Both
convective fluid motion and solvent evaporation are important for
managing the fast growth of large crystals in our process. In solution-
based growth, the key to obtaining large crystals is to keep the con-
centration of soluble monomers below the critical concentration during
growth. This suppression of additional nucleation allows growth to
continue spontaneously from pre-existing seeds [28]. Although an
extremely low concentration of solute and a negligible evaporation rate
for the solvent could effectively suppress nucleation, the growth rate of
crystals would be very low.

Meanwhile, spin coating introduces continuous outward convective
fluid motion [29], as depicted in Fig. 3(b), maintaining a low concen-
tration at the outer region of the growth substrate. We note that het-
erogeneous nucleation is promoted at the interior surface by solvent
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Fig. 1. (a) Schematic representation of the spin-coating-based OSCs fabrication process. (b) TCNQ OSCs and (c) TTF OSCs fabricated at different spin-coating
rotational speeds, including 300, 200, and 100 rpm. Scale bar for all images in (b) and (c): 20 pm.
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Fig. 2. (a) Fabricated TCNQ OSCs with the largest lateral size as 2000 pm. (b) Micro-spot absorption spectrum of TCNQ OSCs together with reference data [24]. (c)
SEM image at a 70° tilt angle of TCNQ OSCs. (d) Raman spectrum and (e) Raman mapping image of TCNQ OSCs. Scale bar for (a): 500 pm. Scale bar for (c) and (e):

20 pm.

extraction outward with a high fluid velocity [30]. Therefore, mainly the
solvent can be effectively provided at the outer part during spin coating,
maintaining a steady concentration. We found that complete evapora-
tion took up to 2 h at the outer part, resulting in large crystals through
controlled growth. We note that the growth rate is still much faster
compared to conventional methods, where several tens of hours or days
are required to grow large organic single crystals. This faster growth is
attributed to the effective separation of solute and solvent by spin
coating, which maintains a low monomer concentration at the outer
region even with a relatively fast evaporation rate. Additionally, we note
that our heterogeneous growth on the surface is beneficial for control-
ling nucleation, as it is limited to two-dimensional space. Therefore, this
method can be useful for obtaining individual large organic crystals.

The fabricated OSCs can be feasibly transferred onto the desired
substrates for device fabrications. Our OSCs were originally grown on
inorganic amorphous substrates, which were expected to provide weak
adhesion. By employing a common transfer method involving thermal
release tape [31,32], we successfully transferred the fabricated OSCs to
the channel position between the source and drain gold electrodes on a
Si0»/heavily doped Si (Si*™) substrate, as depicted in the left scheme of
Fig. 4(a). The precise positioning of the OSCs during the transfer process
was achieved through meticulous techniques employing an optical mi-
croscope [33]. After that, our focus was to investigate the electronic
transport behavior of the organic charge transfer complex system by
vaporizing TTF onto the surface of TCNQ OSCs, as illustrated in the right
scheme of Fig. 4(a) [33]. After TTF vaporization, the transferred TCNQ
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Fig. 3. Proposed mechanism of the spin-coating-based OSCs fabrication process in three steps. (a) (Upper scheme) Initial radial spreading of the solution with (lower
graph) rapid saturation in the central region. (b) (Upper scheme) Steady-state solution at the corners with constant radial pressure. (Lower graph) Supersaturated
solution forming at the corner region. (c) (Upper scheme) Final OSCs products after complete evaporation with (lower graph) single crystalline solidification.
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Fig. 4. (a) Schematic of TCNQ OSCs-based device integration (left) with TTF vaporization (right). (b) Optical image of the integrated OSCs devices as illustrated in
(a). (c) AFM image of TCNQ OSCs underneath the surface before (upper) and after (lower) TTF vaporization. (d) Source-drain voltage (Vyq) - current (I) measurement
data before (black) and after (orange) TTF vaporization on TCNQ OSCs. (e) Gate voltage (V) — sheet resistance (R;) measurement data for TTF-vaporized TCNQ OSCs.
Scale bar for (b): 100 pm. Scale bar for (c) and (e): 100 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

0OSCs exhibited no microscopic shape change in the optical image, as
shown in Fig. 4(b). However, nanometer scale morphological changes
became evident on the surface of TCNQ OSCs after TTF vaporization.
The atomic force microscope (AFM) image of the TCNQ OSCs’ under-
neath surface, depicted in the upper image of Fig. 4(c), revealed that the
initial TCNQ OSCs’ surface exhibited a flat plane with negligible
roughness at the nanometer scale. It’s important to note that the OSCs’
surface roughness mirrored that of the fabricated substrate, a commer-
cially available SiO,/Si wafer, which also featured negligible nanoscale
roughness. However, the TCNQ OSCs’ surface became significantly
rough with amplitudes in the tens of nanometers after TTF vaporization,
as shown in the lower image of Fig. 4(c). Electrical transport
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measurements as shown in Fig. 4(d) indicated that TTF vaporization
induced a conducting path on the insulating TCNQ OSCs. Consequently,
both the AFM and the electrical transport data confirmed the formation
of a TTF-TCNQ charge transfer complex on the TCNQ OSCs’ surface, as
previously reported [34].

In this charge transfer complex system defined on TCNQ OSCs, we
applied a gate voltage vertically, and observed ambipolar transport gate
sweep behavior, as presented in Fig. 4(e). Intriguingly, the highly
conductive pathway exhibited multiple amplifications (4 times) during
the gate sweep. This phenomenon is noteworthy because the electronic
doping per unit area for the maximum gate voltage could be calculated
as only 6 x 10'2 cm™2, while the surface density of TTF and TCNQ is
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known to be approximately 5 x 10'* em™2 [6], almost two orders of
magnitude higher than the injected electron/hole amount. While further
investigations are required, we suspect that the electric field-induced
strain onto the freestanding soft crystals affect the charge transports
along the charge complex surfaces [35].

4. Conclusions

In summary, we have successfully developed an ultrafast and easily
accessible method for fabricating high-quality OSCs using a straight-
forward spin-coating technique, solely by confining solvent humidity.
The lateral size of OSCs can be precisely tailored by adjusting the spin-
coating speed, achieving dimensions of up to 2000 pm, as confirmed
through extensive optical characterizations.

The underlying principle of this rapid OSC fabrication process via
spin-coating can be attributed to the generation of a dynamic fluid-
induced supersaturated concentration gradient. By employing stan-
dard transfer procedures, we integrated these OSCs into the desired
device structures. Furthermore, we conducted electrical transport ex-
periments on the source/drain channel-defined organic charge transfer
complex system, revealing its ambipolar characteristics under gate
voltage sweeps. This simplified and high-speed OSC fabrication process,
combined with its transferability, holds immense potential for facili-
tating research and applications across various fields due to its unpar-
alleled accessibility.
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