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ABSTRACT: Field-effect transistors based on single crystals
of organic semiconductors have the highest reported charge
carrier mobility among organic materials, demonstrating great
potential of organic semiconductors for electronic applications.
However, single-crystal devices are difficult to fabricate. One of
the biggest challenges is to prepare dense arrays of single
crystals over large-area substrates with controlled alignment.
Here, we describe a solution processing method to grow large
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arrays of aligned Cy, single crystals. Our well-aligned Cg, single-crystal needles and ribbons show electron mobility as high as 11
ecm?V s (average mobility: 5.2 + 2.1 cm’V's™! from needles; 3.0 + 0.87 cm®V's™! from ribbons). This observed mobility is
~8-fold higher than the maximum reported mobility for solution-grown n-channel organic materials (1.5 cm*V's™") and is ~2-
fold higher than the highest mobility of any n-channel organic material (~6 cm®V's™"). Furthermore, our deposition method is
scalable to a 100 mm wafer substrate, with around 50% of the wafer surface covered by aligned crystals. Hence, our method
facilitates the fabrication of large amounts of high-quality semiconductor crystals for fundamental studies, and with substantial
improvement on the surface coverage of crystals, this method might be suitable for large-area applications based on single crystals

of organic semiconductors.

Bl INTRODUCTION

Organic field-effect transistors (FETs) are promising for
flexible, low-cost, and lightweight electronic applications, such
as complementary circuits,' ™ displays,”® and sensors.””!
Organic thin films have been widely used to fabricate FET
devices due to their facile processability in large areas. The
charge mobility of p-channel organic thin-film FETs has
reached up to 23.2 em?V~'s™.">7*¢ For n-channel organic thin-
film FETs, vapor-deposited devices exhibit mobility as high as 6
em?V1sL 1718 while solution-processed ones have lower
mobility of ~1 cm®V's1.*"*7*' Organic single crystals, in
theory, are ideal charge-transport media, with fewer structural
defects and thus better electronic performance than the thin-
film counterparts.”> Experimentally, single crystals of organic
semiconductors exhibit hole mobility up to 40 cm®V's™" and
electron mobility as high as 6 cm?V's71.>*733 Although the
charge carrier mobility of single-crystal devices is much higher
than that of thin-film FETs, single-crystal devices are mostly
limited to fundamental charge-transport research because
individual devices are usually fabricated manually, and it is
difficult to scale-up for technological applications. In contrast to
continuous thin-films where devices can be defined anywhere,
crystal growth location is stochastic in nature, and yet, position
registration between crystals and electrodes is crucial to make
electronic contacts. Therefore, various attempts have been
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made to achieve high-throughput controlled placement of
single crystals. Crystals can be either selectively grown where
the electrodes are located®**** or aligned and subsequently
transferred onto the pattern electrodes.”® In this work, we
report a facile approach to deposit well-aligned Cq, single
crystals on substrates as large as a 100 mm wafer. FETs based
on these crystals exhibit unprecedented electron mobility above
10 cm?*V s,

B EXPERIMENTAL SECTION

Crystals were grown in situ on substrates for FETs. Divinyltetrame-
thyldisiloxane bis(benzocyclobutene) (BCB, Dow Chemicals) thin
layers were spin coated from a mesitylene (Fluka) solution
(Vicn: Vinesitylene = 1: 30) and thermally cross-linked on a hot plate in
a N, glovebox. A Cg, (Alfa Aesar) solution (20 L) was dropped onto
a BCB-covered highly doped silicon substrate (1 cm?) with 300 nm
SiO,. A piece of silicon wafer (0.4 X 0.4 cm? pinner) was placed on
the substrate to pin the solution droplet (Figure 1). The silicon
substrate with the droplet was placed on a Teflon slide inside a Petri
dish (35 X 10 mm) sealed with parafilm. Crystals formed on the
silicon substrate after the solvent slowly evaporated on a hot plate of
30 + 1 °C. Needle-shaped crystals were grown from m-xylene (Sigma-
Aldrich) with a C4, concentration ([Cg]) of 0.4 mg mL™, and the
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Figure 1. Schematic representations of the DPC method. (a) An organic semiconductor droplet pinned by a silicon wafer. As the solvent evaporates
slowly, the crystals of the organic semiconductors nucleate near the contact line of the droplet. Subsequently, the nuclei grow along the receding
direction (toward the center) of the droplet. (b) A magnified view of a white-marked area in (a), highlighting the contact line where a high
nucleation density (right side) leads to unidirectional crystallization along the receding direction of the droplet, while a low nucleation density (left
side) results in nondirectional crystallization. (c) DPC can be scaled up by using multiple pinners with larger sizes. Elongation of the pinner leads to

unidirectional parallel alignment of the crystals.

solution dried out in ~2 h. Ribbon-shaped crystals were from mixed
solvents of m-xylene and carbon tetrachloride (CCl,, Sigma-Aldrich)
(VCC14:Vm—xylene =4:3; [C4) = 0.4 mg mL™"), and the solution dried out
in ~1 h. The volume ratio (4:3) was chosen as more m-xylene favored
the growth of needle crystals and more carbon tetrachloride favored
disk-shaped crystals. The crystals grown at varied volume ratio will be
published later. For crystallization in a 100 mm wafer scale, 1.5 mL of
solutions was dropped on a BCB-covered silicon wafer with pinners
(04 cm wide) placed at 1 cm intervals. The morphology and
crystalline structures were characterized by optical microscopy (OM,
Leica, DM4000m), atomic force microscopy (AFM, Digital Instru-
ments MMAFM-2), and transmission electron microscopy (TEM, FEI
Tecnai F20, 200 keV for the needles; FEI Titan 80-300, 80 keV for the
ribbons; 80 keV was necessary for the ribbons to minimize the beam
damage). FETs were constructed in a bottom-gated configuration by
depositing top-contact source and drain electrodes (80 nm Au), with
channel length of 50 ym and width of 1 mm. Current—voltage
characteristics of the devices were measured in a N, glovebox using a
Keithley 4200-SCS semiconductor parameter analyzer. The measured
capacitance of the BCB-covered SiO,/Si substrates was 10 nF/cm?,
and this value was used for mobility calculation. For statistics, data of
crystal heights and electron mobility are presented as mean + SD.

Bl RESULTS

Many approaches have been used to align organic semi-
conductors.>® Among them, zone casting,37 dip coating,38 and
solution sheared deposition®” showed promising results for
preparing aligned crystals with large grains over large areas
directed by (concentration and/or temperature) gradients at
the receding meniscus. Adopting a similar principle of
alignment, we designed a simple droplet-pinned crystallization
(DPC) method (Figure la) with several advantages over the
previous methods. The operating principle of this approach is
as follows: During drying of a droplet of a semiconductor
solution on a substrate, crystals nucleate near the contact line
and grow along the receding direction (toward the center) of

the droplet. Using this method, well-aligned C4, needle and
ribbon crystals were prepared (Figure 2a,d). We have also
successfully applied this method to other organic semi-
conductor materials, such as 6,13-bis(triisopropyl-silylethynyl)
pentacene (TIPS-pentacene)** (Figure S1, Supporting In-
formation).

Two important requirements need to be satisfied to induce
alignment. First, a high nuclei density (ie, high solution
concentration) is required to introduce a mass depletion
between the nuclei. Only the nuclei with a preferential growth
direction along the droplet receding direction (i.e, mass
transport direction) can continuously evolve into larger crystals
(Figure 1b and Figure S2, Supporting Information). However,
at low nucleation density, crystals grow in random directions.
Second, a steady contact line receding is needed. A drying
droplet on a substrate typically will slide to a corner or edge,
usually due to a slight tilt of the substrate. This sliding disrupts
the steady receding of the droplet, resulting in uncontrolled
alignment (Figure S3, Supporting Information). In order to
avoid sliding, we placed a small piece of Si wafer (which we
termed a pinner) at the center of the droplet, leading to a
steady receding contact line (Figure 1a). We notice that Takeya
group also used a piece of solid to sustain a inclined solution
film and achieved oriented organic crystals.*'

During the DPC process, the shape, size, and location of the
droplet are determined by those of the pinner, which gives the
DPC method several remarkable advantages. First, DPC is
easily scalable. The pinners can be patterned over a large area
with a controlled density. We scaled the processed area up to a
100 mm wafer area (Figures l1c and 3). Around 50% of the
wafer surface was covered by aligned crystals. This area fraction
will further increase if we decrease the size of the pinners. We
envision that an even larger processed area should be
achievable. Second, DPC can be used to define the location
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Figure 2. Morphologies and crystalline structures of well-aligned Cq,
needle (a—c) and ribbon (d—f) crystals prepared by the DPC method.
(a,d) OM images of well-aligned C4, needle and ribbon crystals. (b)
AFM image of a needle crystal showing faceted shape; (inset) 3-D
view of image (b). Height of 20 needle crystals was measured, giving
an average of 175 + 80 nm (SD). (c) High-resolution TEM image of a
needle crystal, showing a regular 2-D lattice of Cyym-xylene single
crystals; (inset) fast Fourier transform (FFT) of (c). (e) AFM image
of a ribbon crystal. White lines highlight the faceted edges. Height of
10 ribbon crystals was measured, giving an average of 57 + 7 nm (SD).
(f) TEM image of a ribbon; (inset) SAED pattern containing a single
set of spots, indicating the single crystallinity of the ribbon. SAED at
different locations of the ribbon showed identical patterns.

of the aligned crystals, which is important toward making
complex circuits. Since the locations of the droplets are dictated
by our pinners, we could therefore achieve crystallization of
desired patterns (Figures lc and 3). Based on our DPC
method, we have been able to position both p- and n-channel
organic semiconductors on a common substrate to fabricate
complementary circuits.

After obtaining the crystals, we proceed to characterize the
morphologies and crystalline structures of the crystals. Cqg
needle crystals were grown from a solution of m-xylene on
BCB-covered SiO,/Si substrates (Figure 2a). Previously,
crystals grown from the same solvent on SiO,/Si substrates
exhibited a similar needle shape, albeit without alignment.*>*
Here, by using DPC, we obtained well-aligned crystals with
lengths up to 200 pm (Figure 2a). Instead of a bare SiO,/Si
substrate, we used thermally cross-linked BCB to eliminate the
electron traps arising from the surface hydroxyl group on
Si0,.!”** AFM shows a faceted shape and very smooth
surfaces (rms roughness ~1 nm) from the needles (Figure 2b),

indicative of crystalline structures. This was further confirmed
by TEM. TEM shows a regular two-dimensional (2-D) lattice
image viewed down the [110] zone axis of Cg, single crystals
(Figure 2c). The crystalline structure is consistent with the
previously reported hexagonal structure of Cyym-xylene crystals
grown from the same solvent.** The presence of the m-xylene
solvent molecules inside the crystals is also evidenced from the
Raman peak shifts (Figure S4, Supporting Information).

Besides the needle-shaped crystals, well-aligned ribbon
crystals were also prepared from a mixture of solvents (m-
xylene and CCl,). The flat 2-D ribbon-shaped crystals promise
a higher current output from the resulting FET's as they have a
larger contact area (with the electrodes and the dielectric of the
devices), compared to the needle crystals discussed earlier. We
used mixed solvents to optimize the shape and coverage of the
crystals.”® With a volume ratio of 4:3 (CCl,:m-xylene), long
ribbons of several hundred micrometers in length were
obtained with thickness of 57 = 7 nm (Figure 2d,e and Figure
3). AFM images show faceted edges (Figure 2e, white lines)
and smooth surfaces with a rms roughness (~0.15 nm) much
smaller than the diameter of C, molecules (~0.7 nm).* These
faceted morphologies imply single crystallinity that is further
confirmed by selected area electron diffraction (SAED)
showing a single set of spots (Figure 2f). SAED patterns
from multiple areas of the same ribbon are identical, supporting
the single-crystalline nature.

The alignment facilitates FET fabrication as electrodes can be
easily deposited perpendicular to the aligned crystals. FETs
were constructed based on the well-aligned needles and ribbons
in a bottom-gated configuration, by depositing Au top-contact
source and drain electrodes, with channel length (L) of 50 ym
and width (W) of 1 mm (Figure 4a, b inset, and d). For each
type of crystals, 60 devices from 4 substrates were tested under
N, atmosphere, and the saturation regime electron mobility was
calculated. The typical transfer characteristics of the devices are
shown in Figure 4b,e, exhibiting excellent gate modulation.
Since the crystals do not fully cover the channels, the active
channel width was measured from the contacting area of the
crystals that cross the source and drain electrodes (Figure 4a,d).
The mobility was gate bias dependent (Figure S6a,d,
Supporting Information), and we extracted the mobility by
linear fitting of (Ipg)"/* vs Vg curves in a range of about 10 Vs.
For the needles, an average electron mobility () of 5.2 + 2.1
cm?VIs! (Figure 4c), on-to-off current ratios (I,,/I z) > 105,
and threshold voltages (V1) between 15 to 43 V were achieved.
For the ribbons, average  of 3.0 + 0.87 cm*V~'s™" (Figure 4f),
I,./Lg > 10% and Vi between 36 to 85 V were obtained. The
variations of the y and Vi values are associated with the slightly
different orientation of the crystals with respect to the
electrodes and can be minimized by reducing channel geometry
(W and L). We also assessed the bias stress effects of the
devices. Transfer characteristics were recorded before and after
the devices were biased in the “on” state for one hour. The
extracted y and Vi values before and after bias stress show a
small variation below 10%.

M DISCUSSION

The electron mobility of the C4, needle and ribbon single
crystals is among the highest values for organic materials. The
highest electron mobility we achieved is 11 cm*V's™! from the
needles (Figure SS, Supporting Information), which is ~2-fold
higher than the maximum reported electron mobility (6
em?V s from FETs based on vapor-deposited thin films)
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Figure 3. OM images of horizontally aligned ribbon crystals grown on a 100 mm silicon wafer. An image of the wafer is shown in the middle. The
stripe pattern, highlighted in purple, is where we placed the silicon pinners to direct the crystal alignment. Across the wafer, crystals are aligned

roughly perpendicular to the long axis of the pinners.

for Cyy-based FETs.!” To the best of our knowledge, this is the
highest field-effect electron mobility for organic semiconduc-
tors demonstrating, for the first time, electron mobility above
10 cm®V's™". We attribute the high mobility to the single-
crystallinity as well as the good electrical contacts at both the
crystal—dielectric and the crystal—electrode interfaces. Even
though Cg, single crystals have been previously grown from
solutions and vapors,'”**** the single-crystal FETs are
difficult to fabricate, and only in one case®® were the FETs
reported with a relatively low electron mobility of 0.03
em?V's™". Our DPC method facilitates device fabrication for
two reasons: First, DPC allows in situ growth of single crystals
on the device substrates to form an intimate interface with the
dielectric. Second, our crystals grown by DPC are thin and long
enough so that we were able to use a top-contact-electrode
structure to guarantee an excellent electrical contact between
the crystals and electrodes. Despite high mobility in inert
atmosphere, the mobility of these devices decreased in air,
which has also been reported for Cg, thin films.*” For example,
the mobility of one of the ribbon-based FET decreased about
85% after 1 day exposure in air. The ambient instability of Cq,
is due to its low electron affinity and can be improved by
doping or incorporation of interfacial electric dipoles.*>*’
Compared to the Cg, needles, the Cg, ribbons show a slightly
lower mobility and higher threshold voltage. The difference of
the device performance is mainly due to the different chemical
and crystalline structures of the needles and ribbons. Although
they are both single crystalline in nature, the crystals
incorporate solvent molecules (m-xylene and/or CCl,) during
their formation,*** resulting in two different structures. Raman
spectrum indicates the incorporation of m-xylene inside the

needle crystals (Figure S4, Supporting Information) and energy
dispersive X-ray analysis (EDX) shows the presence of the CCl,
molecules inside the ribbon crystals (Figure S8, Supporting
Information). Further study of X-ray diffraction on large
crystals is required to resolve the molecular packing in the
crystals. The solvent incorporation might introduce charge
traps to induce the relatively high threshold voltages, hysteresis
of transfer characteristics (Figure S6b,e, Supporting Informa-
tion), and reduced mobility in the linear region (about 15—30%
of the saturation mobility). Despite the lower mobility, the
ribbon-based devices have crystals covering the channel more
densely and exhibit higher current output on the order of 0.1
mA (Figure 4d,e), which is significant for practical circuit
applications where a large fan-out is typically present in
multistage logic circuits.

M CONCLUSION

In summary, we have demonstrated a highly efficient, yet
simple, approach to rapidly prepare well-aligned Cg, needle-
and ribbon-shaped single crystals. This approach also offers
scalability as we can easily process over large-area substrates,
such as a 100 mm wafer. The long, aligned single crystals
connect the source and drain electrodes of FETs to allow
electron transport inside a single-crystalline domain with
unprecedented electron mobility as high as 11 cm*V's™\.
This single-crystal deposition method could be potentially
extended to other crystalline organic semiconductors to prepare
thin layers of single crystals in situ on the substrates for devices.
Our method will facilitate fabrication of various devices with
organic semiconductor single crystals, such as circuits and solar
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Figure 4. FET characteristics of Cq needle (a-c) and ribbon (d-f)
crystals. (a, d) OM images showing crystals between source (S) and
drain (D) electrodes. The active charge transport channel dimensions
(W and L) were corrected by the equations: W = Z(w+w,)/2; L = 1
L was measured from the real channel length and W was measured
from the contacting area of the crystals that cross the S and D
electrodes. For the device with the highest mobility, the channel width
measurement from OM images was reconfirmed by using SEM images
with a higher spatial resolution (Figure SS, Supporting Information).
(b, e) Typical transfer characteristics. Inset: a schematic representation
of the FET configuration, where S is the source, D the drain and G the
gate. Device characteristics (4, L,,/I,; and Vr) are also shown. The y is
calculated using the corrected W and L. For the device shown in (b),
W/L = 8.7 yum/40 um (12 needles); for (e), W/L = 817 um/47 ym.
Typical hysteresis and output characteristics are shown in Figure S6,
Supporting Information. (c, f) Histogram of the electron mobility
calculated using corrected W and L from 60 devices. The electron
mobility calculated using uncorrected W and L is shown in Figure S7,
Supporting Information.

cells,®* for fundamental understanding as well as high
performance.
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Complete ref S, images of crystals, FET characteristics, Raman
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