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The high ON/OFF ratio of organic single crystal field-effect transistors (FETs) are obtained
based on  dinaphtho[3,4-d:3',4’-d']benzo[1,2-b:4,5-b"]dithiophene  (Ph5T2)  ultrathin
microplates. The ON/OFF ratio is over 10% with a small sweep range of gate voltage (<45 V) in
air at room temperature when the dielectric is modified with octadecyltrichlorosilane (OTS).
The high ON/OFF ratio is related to the decreased off-state current by molecular design and
the increased on-state current by dielectric modification. The ON/OFF ratio up to1.3x107 can
also be realized on a flexible transparent substrate. The ultrathin Ph5T2 single crystal provides
the stable performance even though the flexible device experiences a bending/recovering test
for 200 times. The high ON/OFF ratio combined with the high mobility up to 0.51 cm*V~'s™" as

well as the good flexibility of the ultrathin organic single crystals shows their promising
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potential in electronic applications.

Introduction

Field-effect mobility and ON/OFF ratio are the two most important
parameters to evaluate the performance of organic field-effect
transistors (FETs).! The former indicates the ability of carrier
migration and determines the switch velocity of devices and circuits.
The latter indicates the capacity of resisting disturbance of devices
and circuits.” Currently, most studies have focused on the
optimization of the mobility.® The improvement of the ON/OFF ratio
is generally neglected. However, in some practical applications, for
example, in memory and logic circuits, a high ON/OFF ratio is even
more important than a high mobility.* Currently, it is a challenge to
obtain the high ON/OFF ratio in organic single crystal devices. The
highly ordered structure and the absence of grain boundary defects in
organic single crystals are favorable for high mobility, while
dramatically improve the off-state current and hence lower the
ON/OFF ratio (supporting information).’

Most organic single crystal FETs show the ON/OFF ratio in the
order of 10°-10° (a detailed performance list for the reported organic
single crystal FETs is shown in Table S1 of supporting information).
Only a few organic single crystal FETs with the ON/OFF ratio over
10% have been reported.® For example, Zhenan Bao’s group has
reported that the ON/OFF ratio of tetracene single crystal FETs was
10°-10® with a sweep range of gate voltage from -100 to 10 V.
They have also fabricated a lamination-type dinaphtho[2,3-b:2",3"-
flthieno[3,2-b]-thiophene (DNTT) single crystal FET, with the
ON/OFF ratio of 10* , by using Cytop-treated SiO, as gate dielectric
and top-contact gold/tetrathiafulvalene-tetracyanoquinodimethane as
electrodes.®® C. Daniel Frisbie’s group has obtained tetracene single
crystal FETs with ON/OFF ratios in excess of 10° when the test
temperature was lowered down to 42 K.®® Oana D. Jurchescu’s
group has reported that 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (diF-TESADT) single crystal FETs exhibited the
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ONJ/OFF ratios of 10® in N, with a small sweep range of gate voltage
(~60 V).* It is desirable that the organic single crystal FETs possess
both the high mobility and the high ON/OFF ratio with a small
sweep voltage as well as good air stability for practical applications.
Until now, however, only few reports have addressed the methods to
improve the ON/OFF ratio of organic single crystals.

We notice that the reported new materials with the high ON/OFF
ratios,®*® such as DNTT and diF-TESADT, possess the similar
molecular structures which contain the thiophene rings and introduce
less electron donating subunits.” Therefore, the low highest occupied
molecular orbital (HOMO) energy level could be formed, which can
lower the off-state current and probably facilitates the improvement
of the ON/OFF ratio.” Herein, we designed a thienoacene-based
molecule with a low HOMO energy level (-5.85 ¢V)}?
dinaphtho[3,4-d:3',4'-d"Tbenzo[1,2-b:4,5-b"]dithiophene (Ph5T2) (the
molecular structure is shown in the inset of Figure 1), and fabricated
its single crystal FETs. Its thin film transistors have show the good
stability in air and the high field-effect performance.® In our
experiments, its ultrathin single crystal FETs show the high mobility
up to 0.51 em®V™'s! on octadecyltrichlorosilane (OTS)-modified
Si/Si0, substrate. More importantly, the ON/OFF ratio measured in
air at room temperature is over 10% with a small sweep range of gate
voltage (<45 V). The ON/OFF ratio is extremely high for organic
single crystal FETs, and two orders higher than that of the most
reported organic single crystals FETs (Table S1, supporting
information). The comparable mobility and ON/OFF ratio of Ph5T2
single crystals to the commonly used hydrogenated amporphous
silicon (a-Si:H) show the potential of the Ph5T2 single crystals in
broad applications, for example, in active matrix liquid crystal
displays (AMLCD).’
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Results and Discussion

Single crystals of Ph5T2 were grown by a physical vapor transport
technique. The different-size crystals were grown on Si substrates by
controlling the substrate location. Figure 1 shows the optical images,
X-ray diffraction (XRD) result and selected area electron diffraction
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Figure 1. (a;-b,) Optical images of thick (a;-a;) and thin (b;-b,) PhST2
microplates. (c) XRD data of Ph5T2 microplates. The insets are the
molecular structure of Ph5T2 and the SAED pattern of a typical microplate.

(SAED) pattern of the sample. The scanning electron microscopy
(SEM) and atomic force microscope (AFM) images are shown in
Figure 2. A large number of the dense thick microplates (Figure la;
and la,) were obtained when the substrate was put at the front end of
the deposition zone. Some sparse thin microplates (Figure 1b; and
1b,) were obtained at the back end of the deposition zone. The
optical, SEM and AFM images (Figure la;-b,, Figure 2) show a
great number of microplates well adhere on the substrate surface.
These microplates show the regular rhombic shapes and the uniform
colors, suggesting that these microplates may be crystals. The XRD
result of the microplates is shown in Figure lc. Three strong and
sharp diffraction peaks at 20 = 5.06°, 10.12° and 20.32° are observed,
corresponding to the primary, second-, and fourth-order diffraction
in the [001] direction (i.e., ¢ axis), respectively.® This multiple-angle
relationship with the preferred orientation shows that the growth
direction perpendicular to the substrate of these Ph5T2 microplates
is [001]." It is in good agreement with the optical and SEM results.
These PhST2 crystals exhibit layer-to-layer packing on the substrate.
The d-spacing of 1.745 nm, which is calculated from the primary
peak, is very close to the length of the Ph5T2 molecule (1.805 nm).*
This suggests that PhST2 molecules are nearly perpendicular to the
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Figure 2. (aj-a;) Typical SEM and AFM images of thick Ph5T2
microplates. Figure a; shows the sectional view of a thick microplate.
(bi-bs) Typical SEM and AFM images of thin Ph5T2 microplates.
Figure b; shows the microplate is thin so that it bends and stands on the
substrate. (c) The lateral dimension distribution of the thick and thin
microplates obtained from optical images. The curves are the Gaussian
fitting results.

20

substrate.'® The SAED pattern of the Ph5T2 microplate is shown in
the inset of Figure lc. A set of regular and clear diffraction spots
confirm the nature of single crystals of these microplates. The length
of crystal axis of Ph5T2 single crystals may be a*=0.43 nm and
b*=0.30 nm, respectively. Two types of microplates with different
colors were mainly observed on the Si substrate under the optical
microscope. It is noticed that the color of the single crystals depends
on their thickness which can be confirmed by combining the optical
images and AFM results (Figure 1 and 2). The thick Ph5T2 single
crystals are light gray (Figure 1a, and 1a,), and the thin Ph5T2 single
crystals present the color of earthy yellow (Figure 1b; and 1b,). The
AFM results show that the thickness of the light gray microplates
ranges from 0.5-1.5 pm (Figure 2a,), and the earthy yellow
microplates have the thickness in 14-60 nm (Figure 2b,). The
molecular length of Ph5T2 is 1.805 nm, which suggests that the
earthy yellow microplates consist of only a few to tens of molecule
layers. According to the color difference of the microplates under the
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optical images, the lateral size distribution of the thick (light gray)
and the thin (earthy yellow) single crystals is shown in the
histograms of Figure 2c. The statistical data of the lateral size
distribution agrees well with the Gaussian fit presented by the purple
and orange curves, respectively. The lateral sizes of all the thick
microplates (light gray) are less than 5 pm, while the thin
microplates (earthy yellow) have the larger lateral size ranging from
several micrometers to tens of micrometers.
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Figure 3. (a;-a;) Optical images of the ultrathin Ph5T2 single crystal
microplates with the thicknesses of 14, 28 and 56 nm, respectively. (b)

Thickness dependence of the mobility of the Ph5T2 single crystal FETs.

The error bars indicate the standard error of the mean, obtained from
statistical data for three kinds of single crystals with different colors.
The insets are the schematic image of the device and the optical images
of the devices with different crystal colors.

The SEM image in Figure 2b; shows a thin crystal microplate
standing on the substrate. The bent morphology suggests the good
flexibility of the thin microplates. It combines the large lateral size
make these thin crystal microplates possibly manipulated with the
mechanical probe to realize the device fabrication. The smooth
surface of the ultrathin crystals, as shown in AFM image of Figure
2b,, ensures the intimate contact between the crystal and the
dielectric, which is one key to determine the performance of
FETs.'"%* These thin Ph5T2 single crystals not only demonstrate
their potential in flexible electronics,'? but also meet the increasing
demand for the miniaturization of organic electronics. Currently,
most transistor devices apply the top-contact configuration.
Compared with the bottom-contact, the top-contact configuration
facilities enhancing the efficiency of carrier injection between
semiconductor and electrodes for the higher mobility and at the same
time remaining the high ON/OFF ratio."* It has been shown that the
top-contact devices yield the mobilities that are typically higher by a
factor of two compared with the bottom-contact devices.”> However,
for the top-contact devices, the source-drain current /gy need cross
the thickness of organic semiconductor for two times, which
increases the parasitic resistance and limits the carrier injection and
transport.'* Therefore, these thin microplates may be favorable for
the device fabrication with top-contact configuration.

Here, the thin Ph5T2 single crystals were transferred onto
polymethyl methacrylate (PMMA) dielectric layer with the
mechanical probe. The optical images in Figure 3a;-a; show that the
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color of the single crystals depends on their thickness. The single
crystal is light pink when its thickness is ~14 nm, shifting to dark
pink at ~28 nm, and finally blue at ~56 nm. Previous reports have
also addressed the dependence of the material thickness on color.
For example, K. S. Novoselov etc. have made a “color reference” to
estimate the thickness of the graphene.'® This provides us a facile
way to estimate and select the single crystals with different
thicknesses under the observation of the optical microscope for
device fabrication. It is found that the Ph5T2 single crystal thinner
than 60 nm are difficult to distinguish on SiO, substrate but can
casily be seen on the PMMA surface possibly due to the added
optical path that shifts the interference colors.'> Therefore, PMMA is
selected to study the relation of the color, thickness, and mobility of
the PhST2 single crystal. Figure 3b shows the dependence of the
mobility on the thickness of the PhST2 single crystal FETs on the
Si/PMMA substrate. The PhST2 single crystal FETs with bottom-
gate top-contact configurations were fabricated by the “gold film
stamping” method.'® The insets of Figure 3b are the schematic image
of the device and the optical images of the devices with different
crystal colors. The carrier mobility increases from 6.4x107 to 0.13
em®V's™" with the decrease of the crystal thickness from 56 to 14 nm
(Figure 3b), indicating the enhanced carrier injection for the thinner
crystal. This confirms that the thinner single crystal is favorable for
the improvement of the field-effect performance.
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Figure 4. (a) Schematic image of the ultrathin PhST2 single crystal FET on
OTS-modified Si/SiO, substrate. (b) SEM image of the FET device. The
crystal is so thin that the contrast between the substrate and the crystal is low.
(c, d) Typical transfer and output characteristics of the device measured at
Vsp=-5 V in air at room temperature.

-30

By optimization of the dielectric layers (PMMA, SiO, and OTS-
modified SiO,), Ph5T2 ultrathin (< 20 nm) single crystal FETs with
the best performance was obtained on the OTS-modified Si/SiO,
substrate. Figures 4a and 4b show the schematic and SEM images of
the Ph5T2 single crystal FET on the OTS-modified Si/SiO,
substrate. Figures 4c and 4d are the typical transfer and output
characteristics of the ultrathin Ph5T2 single crystal FET. The Ph5T2
single crystal microplate consists of only a few to tens of molecule
layers. All the fabricated transistors show the clear p-type
characteristics with well-defined, linear and saturation regimes. The
linear current-voltage characteristics at low source-drain bias
(Figure. 4d) is consistent with a relatively low Schottky barrier to
hole injection and thus low contact resistance,”® which possibly
related to which possibly related to the ultrathin dimension of the
crystal and the “gold film stamping” electrode fabrication technique
(supporting information). The threshold voltage is ~-15 V. The field-
effect mobility is as high as 0.51 cm*V™'s". The device exhibits the
ON/OFF current ratio of 10° with a small sweep range of gate
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voltage from -35 to 10 V in air at room temperature. The ON/OFF
ratio is extremely high for organic single crystals, and two orders of
magnitude higher than that of the most reported organic single
crystals (Table S1, supporting information). The small sweep range
of gate voltage is favorable for reducing power dissipation and
improving the ability of portability and security. Therefore, our
Ph5T2 single crystal FETs with the high ON/OFF ratio under a small
sweep voltage are promising for practical applications.

It has been addressed that it is difficult to obtain such a high
ON/OFF ratio in single crystal devices and nanoscale devices.>'
The previously reported single crystal organic FETs with high
ON/OFF ratio was generally obtained with a high sweep range of
gate voltage, at an extremely low test temperature, or in a N,
ambience (Table S1, supporting information). Even though only few
reports have studied the factors that affect the ON/OFF ratio,
increasing the sweep range of gate voltage is a general way to
improve the ON/OFF ratio by increasing the on-state current.' In
our Ph5T2 single crystal FETs, we believe that the high ON/OFF
ratio could be ascribed to: i) the particular molecular structure,
where the thiophene rings introduce less electron donating
subunits.”" In this case, the low HOMO energy level could be
formed. The relatively low HOMO energy level can greatly reduce
the carrier concentration at zero gate voltage.” In enhancement-mode
FETs, the off current is determined by the carrier concentration
present in device at zero gate voltage and the carrier mobility.” In
our experiments, the threshold voltages of all the Ph5T2 single
crystal devices are negative, indicating that the Ph5T2 single crystal
FETs are enhancement-mode devices. Therefore, in our devices, the
decreased carrier concentration at zero gate voltage by low HOMO
energy level results in the low off-state current and hence the high
ONJ/OFF ratio.” In general, the HOMO levels of the p-type organic
semiconductors are in the range of 4.9-5.5¢V.2° The HOMO level of
PhST2 is calculated to be -5.85 eV which is lower than that of most
p-type organic semiconductors. Our experimental results show that
the off-state current of the Ph5T2 devices is ~10™'* A. This value is
lower than that of most p-type organic semiconductors, and is in
good agreement with the theoretical predication based on HOMO
level.” In addition, our experimental results show that all the Ph5T2
single crystal FETs with different dielectrics, for example, SiO,,
OTS-modified SiO, and PMMA, can obtain the ON/OFF ratio over
10. Tt confirms that the molecular structure can affect the ON/OFF
ratio dramatically. In addition, another factor that affects the off-
state current is the semiconductor thickness (Table S2 and Figure S2,
supporting information). However, in our experiment, the off-state
current of all the devices with the different crystal thickness is at the
order of 10, Therefore, the effect of the crystal thickness on the
ON/OFF ratio is negligible. ii) Dielectric surface modification. In
our experiments, the ON/OFF ratio of those devices with the OTS
modification (10%) is one order of magnitude higher than that of the
devices without OTS modification (107, Figure S1). The transfer
characteristics show that the off-state current of the Ph5T2 devices
with and without OTS modification is almost equivalent (~10™* A,
Figure 4c and S1), while the on-state current of the device with OTS
modification is about one order of magnitude higher than those
without OTS modification. The OTS modification probably
contributes to decrease the scattering states that disturb the carrier
transport, i.e. decreases the carrier traps in the channel and hence
improves the carrier transport and the ON/OFF ratio.*' In our
experiment, 10™'* A is the control limit of our equipment. Therefore,
it cxan be predicted that the real ON/OFF ratio is possibly higher than
10°.

In addition, the mobility of our devices with the OTS
modification (0.51 c¢cm?V's") is higher than that of the device

4| J. Name., 2012, 00, 1-3

without OTS modification (0.15 cm®V's™!, Figure S1), which is in
good agreement with the previous reports. For example, Pernstich et
al have reported that the pentacene FETs with OTS treatment
exhibited the higher mobility and the smaller subthreshold swing
than those FETs without OTS treatment.'° Recently, C. Effertz et al.
have applied OTS monolayer with the different functional end-
groups to demonstrate the effect of the adhesion energy of the
dielectric on the field-effect mobility, and have given a quantitative
evaluation of the correlation between adhesion energy and
mobility.”? In our experiments, the high mobility is believed to
originate from the ultrathin dimension, the molecular structure of
Ph5T2,2 the nature of the single crystal’ and the dielectric
modification.! The high ON/OFF ratio combined with the high
mobility shows the potential of Ph5T2 crystals as an alternative to
the commonly used hydrogenated amporphous silicon (a-Si:H) in
electronic applications, for example, in AMLCD, where the mobility
greategr than 0.5 cm®*V™'s" and the ON/OFF ratio greater than 10° are
used.
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Figure 5. Flexible Ph5T2 ultrathin single crystal FETs. (a) Diagram of
the basic design for transistor on plastic PET substrate with PMMA as
dielectric. (b) Digital photo of flexible ultrathin single crystal transistors.
(¢, d) Output and transfer characteristics of a typical flexible device
measured at Vsp = -5 V in air at room temperature. (¢) The transfer
curve of a flexible device before and after repeatedly bending. (f) The
mobility and ON/OFF ratio variation before and after repeatedly
bending at Vsp =-25 V.

Flexibility is an important characteristic and advantage for
organic FETs.'? Therefore, the flexible FETs was fabricated based
on the ultrathin Ph5T2 single crystal. The schematic image of the
flexible device is shown in Figure 5a. The flexible polyethylene
terephthalate (PET) and PMMA is used as the supporting layer and
the dielectric layer, respectively. Figure 5b is the digital photo of the
Ph5T2 devices on the bending PET substrate. Figures 5c and 5d are
the transfer and output curves of a typical device on the flexible PET
substrate. The device has the high performance with the mobility as
high as 0.435 cm®V™'s™" and the high ON/OFF ratio up to 1.3x10’.
The electrical characteristics of the flexible devices were multi-
measured after the device was repeatedly bent to a radius of 2.5 mm

This journal is © The Royal Society of Chemistry 2012
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and then was recovered. The bending/recovering test was carried out
for 200 times. Figure Se shows the transfer curves of a typical
flexible device before bending and after multiple bending cycles,
from which the mobility and the ON/OFF ratio are extrapolated and
their values before and after repeated bending are shown in Figure
5f. The mobility and ON/OFF ratio respectively are 0.197+0.016
em®V's" and (2.15+0.613) x10”. No significant loss in performance
is observed after the process was repeatedly run for 200 cycles. This
demonstrates that the ultrathin single crystal FET can endure
strenuous bending, and therefore is a promising candidate for
flexible electronics.

Conclusions

In summary, the ultrathin Ph5T2 single crystal microplates with
thickness of a few to tens of molecule layers and length from 5 to 20
um have been fabricated by the physical vapor transport technique.
The transistors can be fabricated on the rigid substrate and the
flexible transparent PET substrate. The carrier mobility increases
with the decrease of the crystal thickness, indicating the advantage
of the ultrathin crystal in the improved field-effect performance. Its
ultrathin single crystal devices on the OTS-modified Si/SiO,
substrate show the high mobility up to 0.51 ecm®V™'s™, and the high
ON/OFF ratio of over 10° with a small sweep range of gate voltage
from -35 to 10 V in air at room temperature. The high ON/OFF ratio
is related to the decreased off-state current by molecular design and
the improved on-state current by OTS dielectric modification. Based
on such ultrathin single crystals, the flexible Ph5T2 devices were
fabricated and no significant loss in performance is observed after
the device undergoes the repeated bending/recovering cycles for 200
times.

Experimental

Preparation of PhST2 single crystal and Instruments

Ph5T2 was synthesized as described previously.® Its single crystal
microplates were fabricated by a physical vapor transport process in
a horizontal tube furnace. At first the Ph5T2 powders were purified
by sublimation in a high vacuum system. A quartz boat with the
purified Ph5T2 powder was placed at the high-temperature zone and
vaporized at 240 °C for 10 min. By controlling the temperature of
source material and substrate location, different-size Ph5T2
microplates were grown on the Si, Si/SiO, and OTS-modified**
Si/Si0, substrates. The high-purity nitrogen (99.999%) was used as
the carrier gas, and the system was evacuated by a mechanical pump
with chamber pressure at 25 Pa during the whole growth process.
The optical images were obtained by Olympus microscope (BX51).
The morphology of the microplates and the FETs were obtained
using field-emission scanning electron microscopy (SEM; Micro FEI
Philips XL-30 ESEM FEG). X-ray diffraction (XRD) measurements
were carried out using a D/max 2500 XRD spectrometer (Rigaku)
with Cu Ka line of 0.1541 nm. Selected-area electron diffraction
(SAED) was carried out using a JEOL JEM-1011 transmission
electron microscope (TEM) operated at an acceleration voltage of
100 kV. Atomic force microscopy (AFM) measurements were
carried out on a SPA400HV instrument with a SPI 3800 controller
(Seiko Instruments).

Device Fabrication and Measurement

FETs with bottom-gate top-contact configurations based on the
microplates of Ph5T2 were fabricated by the “gold film stamping”
method.'® The high tenacity and good tractility of the Au made it
feasible to stamp the thin Au layers onto the single crystal

This journal is © The Royal Society of Chemistry 2012
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microplates as the source/drain electrodes.'’ Flexible Ph5T2 single
crystal FETs were fabricated with PET as supporting layer and
PMMA as dielectric. Au (50 nm) was evaporated on the 100 pm-
thick PET sheets as gate electrode. PMMA was dissolved in anisole
and deposited by spin coating on the Au film as the dielectric layer.
The solvent of PMMA is anisole. PMMA was spin coated at 4000
rpm for approximately 40 s followed by thermal annealing at 100°C
for 5 min. The thickness of PMMA insulation layer was ~300 nm.
Dielectric capacitance is generally ~10 nFem™. Current-voltage (I-
V) characteristics of FETs were recorded with a Keithley 4200 SCS
and a Cascade M150 probe station in a clean and shielded box at
room temperature in air.
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Based on Ph5T2 and the OTS modification of the dielectric, the ultrathin single crystal microplate
transistors with the high ON/OFF ratio up to 10® can be obtained.

ON/OFF=10" },0¢

Spum

e
30 45 o0
Vg (V)
v%@'oo 10" [
LN 000 10° Q
0.4 m@—b 10°* %

-0.8 10"

0 100 200
Bending times

e o
$

B (cm?/Vs)




