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Two-dimensional molecular crystals (2DMCs) are highly desirable
to probe the intrinsic properties of organic semiconductors and are
promising candidates for constructing high-performance optoelectronic
devices. Liquids such as water are favorable substrates to produce
high-quality 2DMCs because of the elimination of the ubiquitous
coffee ring effect (CRE) of solid substrates. However, crystal growth
on a water surface relies on solvents with high surface tension for
good spreading, which severely limits the choice of solvents and
thus the optimization of crystal growth. Herein, we reported a soft
template-assisted self-assembly (STAS) strategy to grow large-area
high-quality 2DMCs on a water surface irrespective of the surface
tension of the solvents. The as-grown quasi-freestanding 2DMCs on
the water surface could be transferred layer by layer to construct
molecularly thin bilayer p—n heterojunctions. Organic field-effect
transistors (OFETs) based on these p—n heterojunctions exhibited
ambipolar charge transport characteristics with a hole mobility
of up to 1.50 cm™2 V! s and an electron mobility of up to
0.79 cm~2V~! s~* under ambient air. The STAS strategy is applicable
to solvents with both high and low surface tensions and organic
semiconductors of various structures, and opens a new avenue for the
construction of high-performance organic optoelectronic devices.

2D atomic crystals (e.g., graphene, transition metal dichalco-
genides, and black phosphorus) have attracted significant
attention for a variety of advanced optoelectronic applications
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due to their unique electronic and optical properties.' ™ As their
counterparts, 2D molecular crystals (2DMCs) began to emerge
as an increasingly important class of materials in recent
years.” "' 2DMCs are thin layers of periodically arranged
organic molecules held together by weak interactions (e.g,
hydrogen bonds, van der Waals forces).'> 2DMCs possess many
intriguing advantages such as molecular-level thickness,
atomically flat surface, low density of defects, functionality by
design and solution processability, providing superior materials
for both fundamental investigations and high performance
optoelectronic devices.'**¢

Up to now, several solution processing methods such as
drop-coasting,'® bar-coating,'” and solution shearing’® have
been proposed to grow 2DMCs on solid substrates. However,
it is challenging to transfer as-grown 2DMCs to other substrates
for device fabrication or to construct heterojunctions, which
hinders their applications to a great extent. To solve this
problem, several strategies to grow 2DMCs on liquid substrates
(such as water) have been developed."®" Liquid substrates can
eliminate the coffee ring effect (CRE) by depinning the three-phase
contact line, which is favorable for the growth of large-area crystals.
What’s more, 2DMCs grown on liquid substrates can be transferred
to any target substrates (e.g:, Si, SiO,, quartz, and plastics) for
devices or heterojunctions. For example, Xu et al reported a
solution epitaxy method to obtain 2DMCs on a water surface in
which good spreading of the solvent was critical.>* Wang et al
obtained large-area 2DMCs by a space-confined self-assembly
strategy, where the spreading area of the solution was increased
by a phase transfer surfactant.?® It is worth noting that all the above
methods used high surface tension solvents (y > 28.5 mN m™ ',
e.g., chlorobenzene® and xylene®®) to maintain the unity of
the solution on the water surface. The reason was that if a low
surface tension solution (y < 285 mN m ', eg, toluene®
dichloromethane®® and trichloromethane®*) was used, water with
a high surface tension of 72 mN m™" would separate the solution
into many small liquid lenses, failing in producing high-quality
2DMCs. Relying on solvents with high surface tension severely
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limits the choice of solvents and thus the optimization of the
crystal growth for high-quality 2DMCs.

Herein, a soft template-assisted self-assembly (STAS)
strategy was developed to grow large-area high-quality 2DMCs
on a water surface irrespective of the surface tension of the
solvents. A surfactant, perfluorooctanesulfonic acid potassium
(CgF17KO3S), was added into the water phase and it formed a
molecular layer on the water surface, which worked as a soft
template to support the organic solutions. As a result, solvents
with both low and high surface tensions could spread continuously
over a large area on the water surface without splitting, which was
favorable for the production of ultrathin and large-area 2DMCs. In
addition, the STAS strategy was proven to be applicable to a variety
of organic semiconductors, including p-type semiconductors
(e.g:, 2,6-bis(4-hexylphenyl)anthracene (C6-DPA), 6,13-bis(triisopro-
pylsilylethynyl)pentacene (TIPS-PEN), and 2,7-dioctyl[1]benzothieno
[3,2-b][1]benzothiophene (C8-BTBT)) and a n-type semiconductor
(a furan-thiophene quinoidal compound (TFT-CN)). What’s more,
the as-grown quasi-freestanding 2DMCs on the water surface could
be transferred easily layer by layer to form bilayer p-n hetero-
junctions. Ambipolar organic field-effect transistors (aOFETs)
based on the 2DMC p-n heterojunctions showed high hole
mobility up to 1.50 cm™> V' s and high electron mobility up
to 0.79 cm > V' 57! under ambient air.

Toluene was selected as a solvent with low surface tension
(y=28.5 mN m ") and C6-DPA, a well-known high-performance
soluble organic semiconductor, was chosen as an archetype
material to demonstrate the STAS strategy. Fig. 1a-d showed
the spreading of a toluene solution of C6-DPA on the water
surface (see Fig. S1 and S2, ESIi for details), from which two
conclusions can be drawn. (1) The total wetting area decreased
as the concentration of the surfactant increased from 0 to
0.02 mg mL " (Fig. 1a-d). The reason was that the surface
tension of water was reduced (Fig. S3, ESI}), and thus the value

(a) Pure water 0.02 mg mL
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Fig. 1 The spreading of a toluene solution of C6-DPA on water without
the surfactant and with different concentrations of the surfactant.
The concentrations of the surfactant were (a) 0, (b) 0.001 mg mL™?,
(c) 0.005 mg mL™tand (d) 0.02 mg mL™%. (e—h) Corresponding OM images
of the C6-DPA 2DMCs grown on the water substrate. (i) Schematic
diagram of the principle of the STAS strategy.
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of spreading coefficient was reduced, resulting in a reduced
tendency of wetting and thus a reduced wetting area.’*?
(2) The extent of splitting of the wetting layer decreased as
the concentration of the surfactant increased (Fig. 1a-d).
Although the total wetting area was the largest on the pure
water surface, the solution film was very thin and easily split into
many small pieces possibly perturbed by the solvent vapor from
evaporation (Fig. 1a). Many small and thick crystals formed on
the pure water surface after solvent evaporation (Fig. 1e). As the
concentration of the surfactant increased from 0 to 0.005 mg mL ™",
although splitting still occurred, the tendency was largely reduced
and discontinuous thin crystals formed on the water surface after
solvent evaporation (Fig. 1b, ¢, f and g). When the concentration
of the surfactant reached 0.02 mg mL ", splitting was totally
suppressed and a continuous thin wetting layer of solution was
obtained on the water surface (Fig. 1d). When the solvent dried,
large-area 2DMCs were obtained (Fig. 1h).

Judging from the above observations, the mechanism was
deduced to be a soft template-assisted self-assembly (Fig. 1i).
The amphiphilic surfactant molecules spontaneously concen-
trated at the air/water interface, forming a soft molecular layer
with their hydrophilic groups facing water and hydrophobic
groups facing air.”®>” Such a soft molecular layer reduced the
tendency of wetting by the reduction of the surface tension of
water and thus the spreading coefficient. As a result, it helped
to prevent the excessive spreading of a solution with low surface
tension of the solvent, which was not conductive to the growth
of large-area 2DMCs. Moreover, the soft molecular layers of the
surfactant helped the continuous spreading of the thin solution
layer on the water surface by acting as a supporting layer.
A continuous and thin layer of the solution was critical for
the growth of large-area 2DMCs.?° With the help of the dual
role of the soft molecular layer of surfactants, the STAS strategy
worked well with other low surface tension solvents such as
trichloromethane and dichloromethane (Fig. S4, ESIf). Mean-
while, taking advantage of the ability of continuous spreading
of the solvents, the STAS strategy was applicable to high surface
tension solvents (e.g., chlorobenzene and xylene, Fig. S5, ESL).
In addition, both p- and n-type organic semiconductors can be
prepared (Fig. S6-S9, ESIf). By using the STAS strategy, solvents
with both low and high surface tensions could spread continuously
over a large area on the water surface without splitting to produce
ultrathin and large-area 2DMCs.

Fig. 2a and e showed the typical optical microscopy (OM)
images of C6-DPA and TFT-CN 2DMCs, respectively. The surfaces
of both 2DMCs were smooth without any obvious cracks. Polarized
optical microscopy (POM) images of C6-DPA and TFT-CN 2DMCs
were shown in Fig. S8 and S9 (ESLf), the colour of the films
changed uniformly when the samples were rotated by 45°
confirming the single-crystalline nature of both 2DMCs. The
thicknesses of C6-DPA and TFT-CN 2DMCs were measured by
atomic force microscopy (AFM, Fig. 2b and f), and were 8.4 nm
and 2.5 nm, respectively, corresponding to three and two molecular
layers. The root mean square roughnesses of C6-DPA and TFT-CN
2DMCs were 0.13 nm and 0.24 nm, respectively, indicating their
atomically flat surfaces (Fig. 2b and f). The X-ray diffraction (XRD)
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Fig. 2 (a) OM image, (b) AFM image, (c) SAED pattern and (d) HRAFM image of a C6-DPA 2DMC. (e) OM image, (f) AFM image, (g) SAED pattern and

(h) HRAFM image of a TFT-CN 2DMC.

patterns of C6-DPA and TFT-CN 2DMCs were depicted in Fig. S10
and S11 (ESI%), respectively. Sharp diffraction peaks at 20 = 2.7°,
5.5° and 13.7° were observed in the XRD pattern of C6-DPA
(Fig. S10, ESIi). The first peak at 20 = 2.7° corresponded to a
d-spacing of 3.2 nm."” The sharp diffraction peak of TFT-CN at
26 = 5.6° corresponded to a d-spacing of 16.0 A, which could be
indexed as the (001) plane based on the single crystal data of
TFT-CN (Fig. S11, ESI%).*® The selected area electron diffraction
(SAED) patterns of C6-DPA and TFT-CN 2DMCs exhibited clear and

ordered diffraction spots (Fig. 2c and g). The lattice vectors of
C6-DPA and TFT-CN were measured by high-resolution atomic
force microscopy (HRAFM) to further assess the crystallinity of the
two 2DMCs. Fig. 2d and h show the molecular packing of C6-DPA
and TFT-CN 2DMCs, respectively. Lattice constants of a = 6.40 A,
b=8.16 A, and 0 = 86.7° for C6-DPA and a = 10.52 A, b = 11.69 A,
and 0 = 63.0° for TFT-CN were obtained, which indicated the ordered
molecular packing of the two 2DMCs.">*® All the above results
demonstrated the single-crystalline nature of the two 2DMCs.
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Fig. 3 Schematics of OFETs based on (a) C6-DPA 2DMCs and (d) TFT-CN 2DMCs. (b) Transfer characteristics and (c) output characteristics of OFETs
based on pristine C6-DPA 2DMCs. (e) Transfer characteristics and (f) output characteristics of OFETs based on pristine TFT-CN 2DMCs.
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Encouraged by the high-quality of the single-crystalline
2DMCs, OFETs with top-contact bottom-gate configurations
were constructed to investigate their electrical characteristics.
Au (80 nm) was used as the source and drain electrodes by a
stamping method,” and octadecyltrichlorosilane (OTS)-
modified SiO,/Si was used as the gate dielectric layer. Fig. 3a
and d showed schematics of OFETs based on C6-DPA and
TFT-CN 2DMCs, respectively. The charge transport properties
of both C6-DPA and TFT-CN 2DMCs were examined under
ambient air at room temperature. All devices exhibited typical
transfer (Fig. 3b and e) and output curves (Fig. 3c and f),
respectively. A hole mobility of 1.39 cm®> V" s™* for C6-DPA
and an electron mobility of 0.60 cm”> V™' s™" for TFT-CN were
obtained, demonstrating the high performance of the as-grown
2DMCS.12’20'28

The high performance of two pristine 2DMCs laid the
foundation to construct bilayer p-n heterojunctions for high-
performance aOFETs. Two pristine 2DMCs were grown on
the water surface by the STAS strategy. Thereafter, C6-DPA
and TFT-CN 2DMCs were sequentially stacked layer by layer
to form bilayer p-n heterojunctions.?** Taking advantage of
the layer-by-layer transfer method, bilayer heterojunctions
composed of other 2DMCs could also be prepared (Fig. S12
and S13, ESIi). OM and POM images of p-n heterojunctions
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based on C6-DPA and TFT-CN 2DMCs clearly showed the
boundaries between the two pristine 2DMCs and the bilayer
p-n heterojunctions (Fig. 4a-c). Under POM, the colour of the
p—n heterojunctions changed uniformly when the samples were
rotated by 45° (Fig. 4b and c), indicating the single-crystalline
nature of the p-n heterojunctions. XRD patterns of the p-n
heterojunctions exhibited sharp diffraction peaks of the char-
acteristic peaks of both C6-DPA and TFT-CN, confirming the
successful preparation of p-n heterojunctions and their high
crystallinity (Fig. S14, ESIi). The electrical properties of the
bilayer p-n heterojunctions were investigated by constructing
aOFETs with a top-contact bottom-gate configuration (the same
as their OFETs based on pristine 2DMCs). All measurements
were performed under ambient air at room temperature. Fig. 4d
and g depicted the typical transfer characteristics of the
aOFETs. V-Shape curves were seen in the transfer curves, which
represented electron and hole transport, showing typical
ambipolar transport characteristics. According to the double-
channel model of aOFETs,** holes and electrons were trans-
ported in different layers (Fig. S15, ESIf). In the electron
accumulation mode (Vps > 0, Fig. S15a in ESI}), gate voltages
(Vgs) with a value greater than Vi, . (threshold voltage for
electron accumulation, ~ 4 V, Fig. 4d) induced electrons
in the TFT-CN layer. Electrons were then transported in the
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Fig. 4 (a) OM and (b and c) POM images of the p—n heterojunctions. (d) Transfer characteristics, (e) output characteristics, and (f) the mobility
distribution at Vps = 80 V. (g) Transfer characteristics, (h) output characteristics, and (i) the mobility distribution at Vps = —80 V.
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TFT-CN layer driven by Vps. Similarly, in the hole accumulation
mode (Vps < 0, Fig. S15b in ESI}), a negative Vgs with a value
smaller than V5, (threshold voltage for hole accumulation,
~ —10V, Fig. 4g), induced holes, which were then transported in
the C6-DPA layer driven by Vpg. In n-channel operation mode,
when low Vgs and high Vg were applied, the output curves of
aOFETs exhibited a significant increase in drain current (Ips)
because of the transport of both electrons and holes (Fig. 4e).
When a high Vs was applied, typical saturation characteristics
of n-type devices were observed. Similar results were observed
in the p-channel operation mode (Fig. 4h).>**® Moreover, in the
output curves of both p- and n-channels, the linear relationship
between Ing and Viyg at low Vg indicated small contact resistances
between the electrodes and the semiconductors.*>*” Because of the
high quality of the bilayer p-n heterojunctions composed of 2DMCs,
the performance of the aOFETs was one of the highest values based
on bilayer p-n heterojunctions (Table S1, ESI}).>***7"** The
maximum mobility was up to 1.50 em® V' s™' for holes and
0.79 ecm® V' 5" for electrons. Fig. 4f and i showed histograms of
the hole and electron mobilities based on bilayer p-n heterojunc-
tions composed of 2DMCs among 15 devices. The average mobility
reached up to 1.16 cm® V" s~ for holes and 0.59 cm > V' s~ for
electrons. These results demonstrated that high-quality 2DMCs
provided superior materials to construct high-performance aOFETs.
The high performance of aOFETs based on the bilayer p-n
heterojunctions was ascribed to three main reasons. (i) The
molecular thicknesses of pristine C6-DPA and TFT-CN 2DMCs
effectively reduced the contact resistances and achieved high
injection efficiency. (ii) The highly ordered single-crystalline nature
of the pristine 2DMCs was beneficial to charge transport in
aOFETs. (iii) The atomically flat surfaces of the pristine 2DMCs
provide smooth interfaces of the bilayer p-n heterojunctions,
which facilitate charge transport in double-channel aOFETs.

Conclusions

In summary, we developed a STAS strategy to prepare large-area
high-quality 2DMCs on water surfaces irrespective of the surface
tension of the solvents. In this method, a surfactant was used as a
soft template to help the spreading of the solution at the air/water
interface, which was favorable for the production of large-area
2DMCs. The STAS strategy was applicable to several organic
semiconductors. High-performance aOFETs were constructed based
on bilayer p—n heterojunctions composed of quasi-freestanding
2DMCs. High hole mobility of up to 1.50 cm >V " s~ * and electron
mobility of up to 0.79 em™> V' s~' under ambient air were
obtained, respectively. The STAS strategy gets rid of the limitation
of the solvents, and opens a new avenue for the construction of high-
performance organic optoelectronic devices.

Experimental
Materials

C6-DPA and TFT-CN were purchased from Luminescence Tech-
nology Corp. TIPS-PEN was purchased from TCI. CgF,;KO3S

This journal is © The Royal Society of Chemistry 2022
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was purchased from Shanghai Adamas. Both compounds were
used without purification.

Characterizations

OM and POM images were captured using a Nikon ECLIPSE
Ci-POL polarized optical microscope. SAED measurements
were taken with a Tecnai G*> F20 S-TWIN transmission electron
microscope at 200 kV accelerating voltage. Two types of AFM
were performed in this work. For regular AFM, the thicknesses
of 2DMCs were characterized by tapping mode AFM using a
Bruker Dimension Icon system. For HRAFM, the molecular
arrangements of 2DMCs were measured by contact mode using
an Asylum Cypher S (Oxford Instrument) system. Fluorescence
microscopy images were performed using a Leica DM2700M
optical microscope with a plug-in fluorescence unit. XRD was
performed on a Rigaku Smartlab diffractometer with mono-
chromatic Cu Ko (1 = 1.541 A) radiation.

Substrate treatment

Highly doped n-Si wafers (with a 300 nm thick SiO, layer)
were cleaned by sonication sequentially in deionized water,
acetone, and 2-propanol for 10 min each, followed by cleaning
with oxygen plasma at 80 W for about 10 min. The cleaned
wafers were immediately modified with OTS by a vapor
phase method. The OTS-modified substrates were cleaned
by sonification in chloroform, n-hexane and isopropanol,
successively.

Device construction and characterizations

In this experiment, 2DMCs were transferred to OTS-modified
SiO, (300 nm)/Si substrates. Au (80 nm) stripes were stamped on
the 2DMCs surfaces as drain and source electrodes, respectively.
Transistor characteristics were recorded using a 4200-SCS system
connected to a probe station under room temperature in air. The
mobility of the OFETSs was calculated according to the formula:
Ins = (W/2L) uC; (Vas — Vin)’, where W is the channel width, L is
the channel length, p is the field-effect mobility, C; is the specific
capacitance (C; = 10 nF cm™?), Vgg is the gate voltage, Ipg is the
drain current, and V, is the threshold voltage.
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