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Large-size single crystalline nanosheets of 9,10-bis(phenylethynyl)-
anthrancene were prepared by a facile solution process and fully
characterized. Prototype photodetector was then fabricated on
basis of a single nanosheet and exhibited superior performance
with the largest photoresponse ratio up to ca. 10°. Moreover, the
nanosheets show obvious light emission anisotropy.

Organic multifunctional semiconductors have attracted a surge of
interest because of their versatile properties in the active layers of
nanodevices. Generally, multifunctional performance can be realized
in single-component systems,'” co-crystals,** and blend materials.>
Noted that effective cocrystallization is often difficult to be achieved
due to unpredictable change induced by the introduction of foreign
components. Not just any two types of materials can recognize each
other and form cocrystals.” Moreover, structural development is also
complicated because phase separation and constituent crystallization
could occur simultaneously in blend materials.® In comparison with
cocrystals and blend materials, single-component systems are of
particular interest due to their facile fabrication process and well-
defined crystal structures. However, to the best our knowledge, only
limited studies have been reported for single-component-based
multifunctional properties.

Single crystalline, two-dimensional (2D) nanoscale structures with
a large aspect ratio (the lateral extension compared to the thickness)
are among the most appealing classes of organic multifunctional
semiconductors.”” Highly organized large-size 2D nanostructures
combine the feature of both thin films with the large lateral
dimension and single crystals with the high-level molecule ordering,
allowing the fabrication of competent devices with ease.'® The 2D
organic crystal system is an ideal system to study the optical and
electronic properties.'”"> However, compared to the extensive
studies of 1D nanostructures, the investigations of large-size 2D
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Fig. 1 (a) SEM, (b) AFM, and (c) TEM images of BPEA nanosheets.
The inset of (a) is the chemical structure of BPEA molecule. The
inset of (c) is an SEAD pattern recorded within a single nanosheet.
(d) XRD pattern of nanosheets and simulated pattern from the
single crystal data.
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nanostructures are exceptionally rare. This is possibly because of the
obligation of weak intermolecular interactions. It remains a great
challenge to prepare large-size 2D crystals since they are susceptible
to disturbance by external factors.''2

Herein, large-size nanosheets of 9,10-bis(phenylethynyl)anthran-
cene (BPEA, Fig. 1) with smooth surface were fabricated by a facile
solution process. BPEA molecule, a typical n-conjugated system, has
intrinsic planarity structure, which can facilitate molecular packing
to obtain high-quality crystals. Importantly, BPEA is attractive
candidate not only for its high charge transportability as organic
semiconductor but also for unique fluorescent property and high
emission efficiency.'*!” The nanosheets were directly used for the
fabrication of prototype photodetectors. The devices exhibited high
performance and were highly reproducible under the white light
illumination. The largest photoresponse ratio (i.e. Ijign/Isa) Was up
to 10°. Moreover, the high-level molecular organization endues the
BPEA nanosheets with light emission anisotropy.
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In a typical synthesis, BPEA powder was dissolved into
dichloromethane at a concentration of 1.2 mg ml”'. The solution was
injected into isobutyl alcohol. The volume ratio of dichloromethane
and isobutyl alcohol was 1:5. The mixed solution was shaken for 10
s and stored at room temperature for ~1 h. The final products were
collected and washed with isobutyl alcohol several times. Then, a
drop (~10 pl) of solution with dispersed BPEA nanosheets was
deposited onto Si substrate. The solvent was allowed to evaporate
completely in air and the resultant product was further annealed at
120 °C for 30 min.

Fig. la shows a representative scanning electron microscopy
(SEM) image of the as-obtained sample. The image demonstrates the
formation of nanosheet with smooth surface. The average width of
nanosheets is 120 pm and the length is up to 500 pm. As shown in
Fig. 1b, BPEA nanosheet thickness was measured using atomic force
microscopy (AFM), and determined to be approximately 660 nm. In
addition, the selected area electron diffraction (SEAD) pattern (the
inset in Fig.1c) was consistent throughout the whole nanocrystal,
corresponding to the single-crystalline nature of the nanosheet. The
structure of BPEA nanosheet is investigated by the X-ray diffraction
(XRD). Fig. 1d shows the XRD pattern of nanosheets and simulated
pattern from the single crystal data'’. The diffraction peaks in the
XRD pattern of BPEA nanosheets can be indexed well as a
monoclinic lattice. The lattice constants are a = 22.866, b = 5.3567, ¢
=16.930, B = 99.72°. The appearance of intense peaks indicate that
the nanosheets formed at a fast anisotropic growth rate along the b-
axis of crystal structure of BPEA (Fig. S17).

Fourier-transform infrared (FTIR) spectra, as shown in Fig. S2af,
was measured to analyze the chemical composition of these
nanosheets and possible structure change after fabrication. It is clear
that the FT-IR spectrum of nanosheets has the same feature as that of
the source powder of BPEA. This indicates that BPEA molecules do
not undergo decomposition or other chemical reactions during the
self-assembling process. Fig. S2bt shows typical UV-vis absorption
spectra of nanosheets deposited on quartz and BPEA monomers in
dichloromethane. The monomers exhibit two resolved absorption
bands. It is noted that the bands of nanosheets are broadened in
comparison with the two resolved bands of the monomers.
Moreover, there is a red-shifting of the PL spectrum with respect to
that of monomers resulting from the highly ordered molecule-
packing in BPEA nanosheets.'’

A prototype device is constructed to explore its photoresponse
characteristics. Fig. 2a shows a schematic illustration of a nanosheet-
based device. Finger electrodes with a length of 200 pum, width of 20
um, and distance of 20 pum are fabricated by photolithography and
electron beam deposition of Au on a Si substrate covered with 300
nm thick SiO,. The nanosheets are fabricated at a volume ratio of
dichloromethane and isobutyl alcohol of 1:5, which are similar to
those shown in Fig. la. A drop (~10 pl) of isobutyl alcohol solution
with dispersed nanosheets is dropped on the surface of Au electrodes
and the solvent is allowed to evaporate in air. To remove the solvent
thoroughly, the device is post-annealed at 120 °C for 30 min. Fig. 2b
shows a typical optical image of an actual device. It can be seen that
the nanosheet has been connected to the Au electrodes. Fig. 2c
shows the typical I-V curves of the device in the dark and under the
nanosheet has been connected to the Au electrodes. Fig. 2c shows
the typical I-V curves of the device in the dark and under continuous
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Fig. 2 (a) Schematic illustration and (b) representative optical image
of the device based on a single BPEA nanosheets. (c) Dark current
and photocurrents at different incident power densities. (d)
Photocurrent versus incident optical densities measured at bias
voltages of -5 V, -15 V and -25 V. (e) Time-dependent on/off
switching of the device based on a single nanosheet. (f) Current
versus time continuously over 600 s in dark and under illumination.
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Fig. 3 (a) Output characterictics of a single BPEA nanosheet under
illumination with 12.05 mW cm™. (b) Transfer characteristics of
BPEA nanosheet in dark and under illumination at Vg = -60V.

white light illumination. The slightly nonlinear curves indicate that
there is a Schottky barrier at the contact between the nanosheet and
Au electrodes. The photocurrent under light illumination is markedly
higher than that obtained in the dark. At an applied bias of -30 V, the
BPEA nanosheet in the dark shows a negligible current of 1.2 pA. At
a low power density of 8.29 mW c¢m, an electrical current of 583.1
PA is obtained. This corresponds to a photocurrent on/off ratio of ca.
485. The Ljgn/Igan ratio is expected to be much larger if higher power
illumination and/or longer electrode pairs are employed for the
photocurrent measurement. At a high power density of 12.05 mW
cm?, the photocurrent on/off ratio reaches 633, which is much
higher than those of nanostructures of other anthracene derivatives.
Such remarkable photoconductivity suggested that effective exciton
dissociation occurred and photo-generated carriers migrated through
nanosheet under a voltage bias.'®*° The sensitivity of photocurrent to
the intensity of the incident light may lie in different photon
densities from the incident light. Fig. 2d shows the relationship

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 4



Page 3 of 4

PhysicatChemistry. Chemical Physics

between photocurrent and incident light power densities. This can be
well fitted to the power law I, ~ P°, where 0 determines the response
of the photocurrent to the light intensity. The fitting demonstrates a
power dependence of ~0.75 at -10 V, 0.59 at -20 V, and 0.69 at -30
V, which is T~ P*7 T ~ P** or I ~ P*%. The non-unity (0.5 <6 < 1)
exponent suggests a complex process of electron-hole generation,
recombination, and trapping within a semiconductor.”’ The above
characteristics indicate an excellent photo-capture in the BPEA
nanosheet. On the basis of the active photosensitivity of the device
based on BPEA nanosheet, the time-dependent photoresponse of the
device is measured by periodically turning the white light on and off.
Fig. 2e shows the typical on/off characteristics with the light turning
on and off. The light power is 12.05 mW cm™ and the applied
voltages are -15 and -25 V. It is clear that the current of the device
shows two distinct states, a “low” current state in the dark and a
“high” current state under light illumination. The “on”- and “off’-
state currents for 8 cycles remain almost the same and the switching
in the two states is very fast and reversible. It is noted that the
stability of the
photodetectors should also be highly valued in view of practical

photocurrent durability and environmental
applications. As shown in Fig. 2f, the current in the dark nearly hold
steady, while the photocurrent at -30 V starts to increase relatively
slowly and finally remains almost steady. These results imply not
only fast photosensitivity but also high stability of the device.

The excellent photoresponse characteristics may be attributed to
the synergy effect of high charge transport and the surface
morphology. X-ray crystallographic analysis showed the packing of
BPEA crystals had a typical herringbone structure in the bc-plane.
However, different from anthracene, the BPEA molecules have a
strong co-facial n-n stacking owing to the side substitutions. There
also exists aromatic C-H:-'m interaction between neighbouring
molecules. Such a dense packing structure could significantly
facilitate charge transport. On the other hand, surface morphology
and lattice defects of the crystals heavily affect the performance of
organic semiconductors devices because the conductive channels
existing in several molecular layers on the surface and the defects
may serve as carrier traps. Accordingly, the formed large size single-
crystalline BPEA nanosheets have the flat surface and smallest
possible number of defects, which is apt to achieve the high
performance.

In comparison to photodiodes, organic phototransistors exhibited
higher sensitivity and lower noise, besides optoelectronic integration
of light detection and signal amplification in a single device. Fig. 3
shows the photoresponse behaviour of a phototransistor based on a
single BPEA nanosheet in dark and under white light illumination. It
was seen that the device showed typical p-type transporting
behaviour and there was a large increase in current of Isp under light
illumination. Moreover, the current increased with the light intensity.
This indicated that the output of the transistor could be controlled by
both the incident light and the voltage. This result was similar to the
diode characteristics. Note that the magnification of the current
under illumination was more significant. The maximum I,/I ¢ ratio
of the phototransistor was over 10° at Vg = -8 V and Vpg = -40V
with light power density of 12.05 mW cm™ (Fig. S4+). The present
performance is comparable or superior to other organic photo
detectors based on polydopamine or perylene bisimide derivatives
nanostructures.**>* Additionally, the photoresponsivity (R) based on

This journal is © The Royal Society of Chemistry 20xx

the BPEA nanosheet was calculated as reported in the literature.?’
The R could reach 86.8 mW A™' under illumination with light power
density of 1.57 mW cm™ at Vg = -80 V and Vpg = -60V. The high
on/off ratio, together with the reversible and stable photoswitch
characteristics, makes the BPEA nanosheets promising in highly
sensitive photodetectors and photoswitches.

Considering the parallel conformation between the packed
molecules, the anisotropy in the cross-section plane is expected to be
small compared to the anisotropy along the n-n stacking.” Fig. 4
represents a typical rotating microscopy imaging of a nanosheet
under crossed polarization, where the central image was taken in the
bright field. When the nanostructure was nearly parallel to the
direction of the polarizer, the birefringence of the nanosheet became
minimal. Only when the nanosheet was aligned 45° to the
transmission axis of either polarizers was the anisotropy
birefringence maximized. These results imply that the optical axis is
indeed along the direction of n-m stacking. In order to obtain further
insight into the light emission anisotropy within the nanosheets,

polarized photoluminescence emission is investigated.
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Fig. 4 A single nanosheet under cross-polarized microscope:
successive rotation of the sample showed alternate appearance of
maximum birefringence as the nanostructure was aligned 45° to
either of the polarizers.

Fig. 5a and 5b show schematic illustration of polarized fluorescence
emission measurements. The nanosheets were exited with a focused
laser (405 nm) down to the diffraction at different excitation
polarization angle. Normally, polarized emission is a direct
consequence of the highly ordered alignment of organic molecules
due to the intrinsic anisotropy of their electronic structure. BPEA has
a demonstrated tendency to form anisotropic structure through n-n
stacking during the self-assembly process. As expected, the emission
intensity showed very strong dependence on the polarization and
distribution function for the linear polarization in the crystal, which
could be well fitted using a cosine squared function (Fig. 5¢). It is
clearly seen that the emission intensity detected with the parallel
polarizer was much higher than that detected with the perpendicular
polarizer. Such an observation implies the emission transition dipole
moment is approximately along molecular stacking direction, as
depicted in Fig. 5d. The above polarized light emission proves the

J. Name., 2013, 00, 1-3 | 3
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promising potential application of BPEA nanosheets in polarization-
dependent nanophotonic devices.
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Fig. 5 (a) Schematic illustration of polarized fluorescence emission
measurements under different angles of excitation polarization. (b)
Relationship between the long axis of BPEA nanosheet and the
excitation polarization. (c) Relationship between the PL intensity
and the polarization angle. (d) Relationship between molecular
stacking and the long axis direction in BPEA nanosheet.

In summary, large-size BPEA single-crystalline nanosheets with
smooth surfaces were prepared via a facile solution process. The
prototype photodetectors based on an individual nanosheet exhibited
high photoresponse performance with the largest photoresponse ratio
up to ca.10>. Moreover, the rotating microscopy imaging and
polarized PL spectra of BPEA nanosheets typical
characteristics of light emission anisotropy. All these studies should
boost development of multifunctional properties of one material for
potential applications in many fields in molecular electronic and
photonics.
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