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Organic field-effect transistors (OFETs) are one of the promising candidates for next generation

electronics due to their solution processability and good performance superior to amorphous Si devices.

Patterning the organic layer is necessary in practical applications to prevent cross talk between different

devices. Here, we reported a novel solution processed, high-resolution patterning method named as

stencil mask defined doctor blade printing to fabricate regularly patterned organic single crystal arrays.

The size of one pattern is around 30 mm, which is smaller than the droplet diameter of conventional

inkjet printing. The OFETs based on organic single crystal patterns exhibit extremely low off-state

current and high on/off current ratio close to 1010 as well as good device uniformity. The low off-state

current demonstrates the potential of the OFET array for low-power or high-performance optical

sensing applications. In addition, the short channel OFET array exhibits good frequency response

operating at 20 kHz. This work provides an effective patterning strategy to realize solution processed

large-area, high-resolution organic single crystal arrays.

1. Introduction

Organic field-effect transistors (OFETs) are the basic building
blocks to construct organic integrated circuits.1–3 They
are promising candidates for next-generation electronic
applications4,5 because of their mechanical flexibility,6 high-
performance comparable to oxide semiconductors,7 and
solution processability.8 The solubility of organic semiconductors
(OSCs), including small molecular weight materials and
conjugated polymers, enable cost-effective manufacturing of
OSCs by various printing methods to realize high-throughput
and continuous fabrication.9,10 To optimize device performance,
organic single crystal semiconductors are preferred because of
their grain boundary free nature to miniaturize the defect
density,11 ensuring excellent and uniform electronic char-
acteristics.12,13 Moreover, to reach a higher level of integration,
OFETs are always in an array form with high spatial resolution.14

These applications require the precise patterning of OSC thin
films.15,16 Well-patterned OSCs can avoid unwanted leakage current,

lower the off-state current and reduce crosstalk between neigh-
boring devices.17,18 Single crystal OSC arrays would be ideal for
high-performance organic integrated circuits with excellent
uniformity and reproducibility.19–22 However, challenges
remain to fabricate organic single crystal arrays with high-
resolution by printing methods.23–25

Unlike inorganic semiconductors, conventional photolitho-
graphy processes may not be applicable for OSCs, because the
organic semiconductor would be damaged by processing
chemicals or high temperature.17,26 Inkjet printing is a
promising technology to fabricate large-scale organic electronic
device arrays due to its drop-on-demand characteristic and
moderate resolution.27–29 Organic patterns are formed by jet-
ting the droplets, so the minimum resolution of one pattern is
equal to the diameter of the droplet, typically ranging from
30 to 100 mm.10,30 Further reducing the droplet size may require
complex technologies such as electrohydrodynamic jet (E-jet)
printing.31 Moreover, the uncontrolled nucleation of organic
materials during solidification of droplets results in polycrystal-
line or amorphous organic thin films.9,32,33 Other than printing,
several approaches have been applied to pattern organic
semiconductors.34,35 Wang and co-workers employed
photolithography-patterned Au electrodes to alter the surface
properties of the substrate, and thus to selectively grow TES-ADT
single crystals in an array form.36 Self-assembled monolayers
and pre-patterned stamps were also employed to direct the
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nucleation of molecules and subsequent growth of organic
crystals. Park et al. prepared highly aligned and patterned
transistor arrays with a high density by a differential surface
energy and solution shearing method.37 Hasegawa and
co-workers obtained a large single crystal array of organic
semiconductor C8-BTBT by combining inkjet printing with the
solvent–antisolvent crystallization approach.38 However, unlike
the low-cost printing process, these methods still require direct
photolithography to define the wetting/dewetting region for
patterning the organic solution.17,34,35 In addition, multiple
grain boundaries are presented in organic thin films, which
may increase the device-to-device variation.39–41

In this work, we demonstrated a method to realize solution
processed organic single crystal arrays with spatial resolution
down to 30 mm, which is smaller than the average droplet size
of conventional inkjet printing. A large-area continuous organic
single crystalline thin film is first fabricated by using solution
shearing, and then covered by a patterned aqueous resist
deposited by stencil mask defined doctor blade printing. The
aqueous resist defines the pattern of organic single crystals and
was finally removed by water rinsing. The patterned single crystal
OSC array effectively reduced the parasitic current of the OFET
device, resulting in an on/off current ratio close to 1010 on a SiO2

dielectric and 108 within 3 V gate bias on an AlOx dielectric,
respectively. The OFET array based on highly oriented OSCs shows
good device uniformity. This method demonstrates the potential
of printed organic transistors for high-performance, high-
resolution organic integrated circuit applications.

2. Results and discussion
Stencil mask defined doctor blade printing

Previously, we demonstrated a new strategy to fabricate organic
single crystal array all by solution methods.42 The solution

shearing of C8-BTBT/PS blend ink provides a centimeter-scale
continuous highly crystalline organic thin film. Because the
solution shearing method provides a strong directional convective
flow in organic ink, by which the fastest crystal growth axis of the
material is easy to align with the coating direction. The insulating
polymer in the blended ink also helps to improve the crystallinity
of the organic thin film. Then the PVA resist is screen printed on
top of the organic layer to form the patterns by performing wet or
dry etching. The resulting organic patterns are highly crystalline
and share very similar crystal orientation and quality because they
originated from the same crystalline thin film. The patterning
resolution of the organic layer is determined by the screen mask
used for screen printing. In particular, the open mesh aperture of
the emulsion coated on the screen mesh defines the printing
resolution of screen printing, which is formed by a lithography
method.43 The minimum size of opening of the emulsion should
be larger than the square root of two times the wire diameter of
the screen mesh, as shown in Fig. 1a, otherwise the screen mesh
would completely block the open mesh aperture of the emulsion.
Therefore, the screen-printing resolution is limited by the wire
diameter of the screen mesh. A routinely achievable resolution of
screen printed PVA resists ranges from 80 to 100 mm.

To overcome the limitations of the screen mesh, we apply a
new printing method by replacing the screen mask with a
meshless stencil mask made by a molybdenum thin film,
named as stencil mask defined doctor blade printing to
enhance the printing resolution. The deposition of the PVA
resist is realized by pressing the PVA solution through a
patterned molybdenum stencil with a doctor blade as shown
in Fig. 1b. Homemade printing equipment is built to maintain
a small distance between the stencil mask and substrate. A
doctor blade is moved across the mask to progressively fill the
open mesh apertures with PVA resist, and the elastic deformation
of the stencil mask produces a reverse stroke to cause the mask to

Fig. 1 (a) The schematic drawing of the screen mesh and emulsion of the screen mask. (b) The schematic drawing of the stencil mask defined doctor
blade printing process, where the PVA resist is filled and patterned by the stencil mask. (c) Cross-sectional illustration of the stencil during printing.
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touch the substrate momentarily along the line of contact, as
depicted in Fig. 1c. The meshless nature of the molybdenum
stencil enables high-resolution printing of the resist. In this work,
the molybdenum stencil is pre-patterned by acid corrosion with a
resolution of 30 mm.

To fabricate a high-resolution organic crystalline array, a
large-area highly crystalline C8-BTBT/PS blend thin film is
prepared by solution shearing at first (Fig. S1, ESI†). The
surface of the C8-BTBT single crystal is hydrophobic with a
water contact angle of 102.81, as shown in Fig. 2a. Although PVA
can act as a surfactant in aqueous solution to improve surface
wetting, especially at higher concentrations,42 the contact angle
of the PVA droplet on the C8-BTBT crystal remains close to 901
(Fig. 2a). In this work, we intentionally use the surface tension
of PVA droplets to form a round shaped resist pattern. As a
result, the printed 36 wt% PVA aqueous resist has a round
shape by using a circular opening stencil mask with a diameter
of 30 mm. The overall 1 cm2 printed area and its zoomed-in
picture are shown in Fig. 2b and c, respectively. As depicted in
Fig. 2b, over 1764 patterns are evenly distributed on 1 cm2

C8-BTBT crystalline thin film. The enlarged Fig. 2c suggests that
the average diameter of PVA resist patterns is around 30–40 mm.
The statistics of the diameter of the patterns shown in Fig. 2b
and c are obtained by applying image processing and plotted in
Fig. S2 (ESI†). In Fig. 2b, nearly 85% of the PVA patterns have a
diameter ranging from 25 to 35 mm, while the patterns close to
the edge slightly deviate from the average size. This is probably
due to the higher tension at the edge of the stencil mask during
printing and could be improved by increasing the stencil size.
The detailed 3D geometry information of the printed PVA resist
patterns is measured by Leica DCM8 optical surface measurement
equipment and shown in Fig. 2d. The thickness of the resist is

around 2 mm with sharp edges, demonstrating the potential for
further reducing the pattern size. All the results in Fig. 2b–d
indicate high patterning density, high-resolution and good
printing quality of stencil mask defined doctor blade printing.

High-resolution OSC single crystal array

The completion of the OSC single crystal array is fabricated by
plasma etching for 40 s followed by water rinsing. To investi-
gate the crystallinity of the as-fabricated C8-BTBT single crystal
array, we performed various characterization techniques
including polarized optical microscopy (POM), atomic force
microscopy (AFM), selected area electron diffraction (SAED),
and X-ray diffraction (XRD). The POM images of the OSC array
in Fig. 3a and b show that every element in the array has a
uniform shape and diameter around 30 mm. When rotating the
sample by 451, all the elements in the array show simultaneous
color changing, indicating that they all have the same crystal
orientation as well as very similar film thickness and crystal
quality. This characteristic is essential for minimizing device-
to-device variation of OFETs. Fig. 3c and d show the enlarged
POM images of the single crystal array. Within each pattern,
there is no grain boundary presented, the color difference in the
POM images is due to the thickness variation of the organic
crystal. The typical dendritic growth surface morphology is
observed for the C8-BTBT material.44 Notice that the 30 mm
diameter of the patterns is smaller than one droplet size of
conventional inkjet printed OSCs. Moreover, compared to inkjet
printing, our method produces a highly aligned, grain boundary
free organic crystal array and better patterning uniformity.

The atomic force microscopy (AFM) picture in Fig. 4a shows
that the smallest diameter of the pattern is smaller than 25 mm.
The average root-mean-square roughness of the pattern is

Fig. 2 (a) The contact angle of water and the PVA resist solution on the C8-BTBT crystalline thin film. The contact angle of water and PVA is 102.81
(above) and 90.51 (below), respectively. (b) An optical image of the printed PVA array on C8-BTBT with an area of 1 cm2. (c) The zoomed-in image of the
printed PVA array on C8-BTBT. (d) 3D geometry information of printed PVA resist patterns.
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0.68 nm, suggesting that the C8-BTBT has a smooth surface
close to the atomic level. As shown in Fig. 4b, the thickness of
one C8-BTBT single crystal pattern is 18.6 nm. For a 20 mg mL�1

of 1 : 1 C8-BTBT/PS blending ratio, the thickness of C8-BTBT is
around 8.8 nm, corresponding to three molecular layers.45

The thin thickness and good surface quality are beneficial for
reducing the organic bulk resistance at the source/drain contact,
resulting in improved charge injection in OFETs. For SAED
measurement, as shown in Fig. 4c, the sharp diffraction spots
in the SAED pattern indicate a highly crystallized structure of the
organic thin film. Lattice constants calculated from the SAED
pattern (a = 5.8 Å, b = 7.8 Å, g = 90.7) agree well with reported
C8-BTBT bulk crystal data.

The crystalline properties and crystal packing are further
studied by examining X-ray diffraction (XRD) of the C8-BTBT
single crystal array as shown in Fig. 4d. The out-of-plane XRD
profile presents a smooth baseline and sharp diffraction
peaks indicating the highly ordered and crystalline quality of
C8-BTBT. The corresponding secondary diffraction peaks were
also observed, manifesting the layer-by-layer growth of organic
semiconductor molecules on the substrate. Moreover, these
diffraction peaks correspond well to the crystal structure of
C8-BTBT reported previously,46 which indicates that the
ab-plane is parallel to the substrate. We performed in-plane
XRD for organic crystalline thin films before patterning. The
results depicted in Fig. 4e and f show one strong Bragg
diffraction peak (020) when the incident X-ray beam is parallel
to the shearing direction (f = 01), while the (020) peak decays
quickly, and strong (110) and (120) peaks were observed when
the sample rotates around the f axis by 901, indicating that all
the patterns in the array are highly crystalline in the in-plane
direction and the a-axis of all the C8-BTBT patterns are roughly
parallel to the shearing direction.47 The presence of the (120)

peak in Fig. 4d suggests that there are a small portion of
molecules in the array oriented in a different direction.48

Electrical characteristics of the single crystal OFET array

To characterize the electrical properties of the patterned OSC
arrays, bottom-gate and top-contact organic field-effect transistors
(OFETs) were fabricated on a SiO2/Si substrate finished by
thermally evaporated Ag (40 nm) used as source/drain electrodes
combined with a 5 nm F4-TCNQ injection layer. As shown by the
optical image depicted in Fig. 5a, the fine copper grid was used
as a shadow mask, and the channel width and length of the
OFET are 20 and 5 mm, respectively. Fig. 5b shows a representative
transfer I–V characteristic of a patterned C8-BTBT OFET. The unit-
area capacitance (Ci) of the dielectric, which consists of phase
separation formed PS and SiO2 is measured to be 10.6 nF cm�2

(Fig. S3, ESI†). In Fig. 5b, the transistor exhibits a standard p-type
FET I–V characteristic behavior with a high on/off current ratio
close to 1010, which can be attributed to the patterning induced
low off-state current. Patterning the OSC eliminates most of the
unwanted fringe current from the lateral path, leading to extre-
mely low off-state current. The carrier mobility estimated from the
slope of the transfer I–V curve is 2.34 cm2 V�1 s�1, which is lower
than the reported value of the same OSC on a SiO2 dielectric.42

The reason for the decreased mobility is probably due to the short
channel length of the OFET so that the contact resistance
becomes more significant compared to the channel resistance.
Therefore, the drain–source voltage (VDS) applied on the
channel has been reduced because of the voltage drop on contact
resistance, and thus the apparent mobility of the device is
decreased. The nonlinearity of the output I–V at a small VDS

region proves the existence of contact resistance (Fig. 5c). Because
all of the patterns are inherited from the same organic crystalline
thin film, the device array exhibits uniform electrical characteristics.
As depicted in Fig. 5d and in Fig. S4 (ESI†), the standard deviation of
mobility and threshold voltage (Vth) is 0.59 cm2 V�1 s�1 and 1.48 V,
respectively.

Low voltage single crystal OFET array

To demonstrate the low-power applications of the high-
resolution patterning method, we fabricated a low-voltage
OFET array on an anodized AlOx dielectric layer. The represen-
tative transfer I–V curve for a patterned C8-BTBT single crystal
OFET is shown in Fig. 6a. The saturation mobility and the
threshold voltage of the device is 1.53 cm2 V�1 s�1 and �0.74 V,
respectively. The Ci of PS/AlOx is measured to be 174 nF cm�2

shown in Fig. S5 (ESI†). Except from a battery range operating
voltage benefited from high-k dielectric, the on/off current ratio
of the OFET is as large as 108 within �3 V gate bias. The
patterned OSC layer effectively reduces the fringe current as
well as possible gate leakage current, resulting in a relatively
low off-state current in the range of several tens of fA.
Therefore, the on/off current ratio of the low-voltage OFET
reaches over 108. To confirm this result, we measured eight
devices and the averaged on/off ratio is larger than 108 (Fig. S6,
ESI†). We summarize the device parameters of recently
reported low voltage OFETs as listed in Table 1. It is clear that

Fig. 3 (a and b) The polarized optical microscopy (POM) images of the
patterned C8-BTBT single crystal array on the SiO2 surface. (c and d) The
zoomed-in POM images of the patterned C8-BTBT single crystal array on
the SiO2 surface.
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nearly two orders of magnitude enhancement of the on/off
current ratio have been achieved, which is attributed to the
patterned OSCs. The extremely low off-state current also largely
reduces the static power consumption of OFETs, proving its
suitability for low-power applications. Furthermore, the off-
state current is directly related to the noise equivalent power
of a phototransistor device, and reducing the off-state current
could significantly enhance the specific detectivity and
dynamic range of the phototransistor, demonstrating the
potential of this device for high-performance optical sensing
applications.

Dynamic response characteristics of OFETs

The OFETs based on high-resolution OSC patterns benefit high
frequency operation. Here, a simple circuit is applied to evaluate
the frequency response of the OFET as shown in Fig. 6b.
Although high carrier mobility is required for high-speed device
applications, the device dimension also plays a critical role
in improving the operation frequency,13 because the cut-off
frequency of an OFET is determined predominantly by the total
resistance and parasitic capacitance of a transistor as shown in
eqn (1).

fT ¼
meffVD

2pL Lþ LCð Þ (1)

where meff is the effective mobility, VD is the drain–source voltage,
L and LC are channel length and the total overlap length between
the gate and the source/drain electrodes, respectively. In the
current device, the channel length is 5 mm and L + LC is equal to

the diameter of the pattern, which is 30 mm. To characterize the
dynamic response of the OFET, we serially connect a resistor to
the OFET as a constant load inverter and applied an AC input
voltage to the gate. As shown in Fig. 6c, the output voltage that
was applied on the resistor periodically changes at 8 V 500 Hz
square wave Vin signal. The output voltage of the OFET at
different frequencies is plotted in Fig. S7 (ESI†). A distinguishable
output oscillation signal is observed at frequency up to 20 kHz.

The characteristic rise time trise refers to the time for the
output signal to rise from ‘0’ to ‘1’ while the fall time tfall refers
to the time for the output signal to fall from ‘1’ to ‘0’. In
particular, trise is the time to rise from 10% value of ‘0’ to 90%
value of the ‘1’ state. And tfall is the time to fall from 90% value
of ‘1’ to 10% value of the ‘0’ state. By fitting the simple
exponential functions to the measured output voltage data,
the trise and tfall are determined to be 303 ms and 618 ms,
respectively. The trise and tfall can also be calculated based on
time constant tp and tn, following the formula trise = 2.2tp and
tfall = 2.2tn, in which tp and tn are the time constants of the
exponential function obtained from data fitting. The maximum
signal frequency of the system is defined by fmax = 1/(trise + tfall),
which is estimated to be 1.08 kHz in this work. Besides, the
propagation delay tp of the system, which reflects how fast the
device output reacts to input change, can be calculated by tp =
0.5(tprise + tpfall), where the rise propagation delay tprise and fall
propagation delay tpfall are the time for the output signal to
increase or fall by 50%, respectively. Ideally, if the input voltage
is step changed, it would satisfy the relationship of tprise =
ln(2)tp and tpfall = ln(2)tn. The total propagation delay is

Fig. 4 (a) Atomic force microscopy (AFM) image of a single C8-BTBT pattern. (b) Detailed AFM image of one pattern; the white line indicates the cross-
section profile of the pattern, and the thickness of the pattern is around 18.6 nm. (c) Selected area electron diffraction (SAED) patterns of a C8-BTBT single
crystal. (d) Out-of-plane X-ray diffraction (XRD) profile of the C8-BTBT single crystal array. (e and f) In-plane XRD profile of the C8-BTBT crystalline thin
film where the shearing direction is parallel and perpendicular to the incident X-ray beam, respectively.
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measured by tp = 0.35(tn + tp), which is 166.99 ms in this work.
The above-mentioned characteristic time of the device is
summarized in Table 2, where the value obtained from theore-
tical calculation is marked with a star. Benefited from the high-

resolution OSC pattern and short channel length, the OFET can
operate above kHz range, while further optimization is neces-
sary by reducing the contact resistance for short channel
devices.

Fig. 5 (a) The schematic drawing of a patterned C8-BTBT OFET on a SiO2/Si substrate; the orange lines represent a 5 nm thick F4-TCNQ charge
injection layer between the top electrodes and organic semiconductor, and the channel width and length of the OFET are 20 mm and 5 mm, respectively.
(b) The transfer I–V curve and (c) the output I–V curve of a patterned C8-BTBT OFET on a SiO2/Si substrate. (d) The saturation mobility histogram of 64
randomly selected devices; the average value is 1.91 cm2 V�1 s�1 and the standard deviation is 0.59 cm2 V�1 s�1.

Fig. 6 (a) A representative transfer I–V curve of a patterned C8-BTBT OFET on an AlOx/Al substrate. (b) Circuit diagram of a resistor load inverter based
on a patterned C8-BTBT OFET. (c) Dynamic characteristics of the inverter in response to an AC input voltage signal with a frequency of 500 Hz, a duty
cycle of 50%, and an amplitude of 8 V. Characteristic rise and fall time constants of the switching delays (trise, tfall) were determined by fitting simple
exponential functions to the measured output waveform.
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3. Conclusions

In summary, we have demonstrated a novel stencil mask
defined doctor blade printing method to realize high-
resolution OSC single crystal arrays. The application of a stencil
mask provides a pattern resolution smaller than one droplet of
inkjet printing. All the elements in the array have the same
crystal orientation as well as very similar film thickness and
crystal quality. The patterned OSC eliminates most of the
unwanted fringe current from the lateral path as well as the
possible contribution from gate leakage current in OFETs,
leading to extremely low off-state current and high on/off
current ratio close to 1010 on the SiO2 dielectric and 108 within
3 V gate bias on the AlOx dielectric, respectively. The low off-
state current demonstrates the potential of the device array for
low-power or high-performance optical sensing applications.
Moreover, the short channel OFET array exhibits good fre-
quency response operating at 20 kHz. Our results provide an
effective patterning strategy to realize solution processed large-
area, high-resolution organic single crystal arrays.

4. Experimental
Materials

Chlorobenzene (anhydrous, 99.8%), PS (analytical standard,
average molecular weight: E2 000 000), and C8-BTBT (Z99%)

were bought from Sigma-Aldrich. PVA-203 (molecular weight:
E31 000) was purchased from Aladdin. The heavily n-doped Si
wafer with thermally grown 300 nm SiO2 was bought from
China Electronics Technology Group Corporation. The glass
slide was purchased from Biologix Group. All materials were
used directly without further purification. The molybdenum
stencil was custom made from Beijing Xinxing Bairui
Limited, China.

Stencil mask defined doctor blade printing

An aqueous solution of PVA (36 wt%) was utilized for printing.
The 20 mm thick molybdenum stencil mask with a 30 mm
diameter circular array opening is placed 1 mm above the
substrate. A plastic blade is used to perform printing.

Device fabrication

Top contact bottom gate OFETs were fabricated on the SiO2/Si
and glass substrate, respectively. The substrates were cleaned
by sonicating in deionized water, acetone and isopropanol for
5 mins separately, and then dried by nitrogen flow. For OFETs
on a high-k AlOx dielectric, 100 nm Al was thermally evaporated
at 40 Å s�1, the sample was then put into sodium citrate/citrate
acid solution for anodization. The details of anodization can
be found in our previous studies.61 The C8-BTBT and PS in a
1 : 1 blend ratio were dissolved into chlorobenzene with a
concentration of 20 mg mL�1. The blended solution was coated
on the different substrates by homemade solution-shearing
equipment for single crystal growth. The shearing speed was
about 0.3 mm s�1, and the substrate is heated to 40 1C. After
the printing of the PVA array, the sample was dry etched by
oxygen plasma for 40 s, at the power of 20 W. Then the PVA was
rinsed by water dipping. The sample was then annealed at 60 1C
for 30 mins to remove residual solvent. Finally, 40 nm Ag top
electrodes and a 5 nm F4-TCNQ injection layer underneath were
deposited by thermal evaporation. A fine 1000 square-hole
copper mesh (Xinxing Bairui Limited) for placing the transmission
electron microscope (TEM) samples was used as the shadow mask
during thermal evaporation. The rib width of the copper mesh is
5 mm. The channel width and length of the OFET is 20 mm and
5 mm, respectively.

Table 1 The device parameters of recently reported low voltage OFETs

Semiconductor
material Crystallinity

OFET
structure

Saturation
VG (V)

On/off
ratio

SS
(mV dec�1)

Mobility
(cm2 V�1 s�1)

Channel
length (mm) W/L Ref.

C8-DNBDT-NW Single-crystal BGTC �1.5 106 98 6.60 100 1 49
diF-TES-ADT Crystalline BGBC �10 4104 — 0.20 50 10 50
DPPT-TT Amorphous TGBC �10 4106 439 0.11 65 15 51
TIPS-pentacene Amorphous BGBT �3 104 130 0.25 100 200 52
TIPS-pentacene Crystalline BGTC �5 105 550 7.00 150 8 53
C9-DNBDT-NW Single crystal BGTC �4 41010 — 8.60 5 200 54
PIDT-BT Amorphous TGBC �3 105 — 4.65 150 150 55
TIPS-pentacene Amorphous BGBC �4 103 500 0.20 200 100 56
DPP-DTT Amorphous BGTC �10 105 590 0.30 50 20 57
C10-DNTT Amorphous BGBC �3 105 110 1.8 30 3 58
C8-BTBT Amorphous BGTC �5 4106 87.4 3.39 200 5 59
TIPS-pentacene Crystalline BGTC �5 105 460 0.43 150 10 60
C8-BTBT Single-crystal BGTC �3 108 107 1.53 5 4 This work

Table 2 Transient parameters of dynamic response of the resistor load
inverter

Rise time and fall time Theoretical value
Maximum signal
frequency

tp: 138.1 ms trise: 303 ms t�rise: 303.82 ms fmax: 1.08 kHz
tn: 339 ms tfall: 618 ms t�fall: 745.8 ms

Propagation delay Theoretical value

tpfall: 240 ms t�pfall: 234.98 ms
tprise: 100 ms t�prise: 95.72 ms
tp: 170 ms t�p: 166.99 ms

t�rise ¼ 2:2tp, t�fall ¼ 2:2tn, t�prise ¼ lnð2Þtp, t�pfall ¼ lnð2Þtn, t�p ¼ 0:35 tp þ tn
� �

.
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Characterization

OM and POM images were captured by a Nikon Eclipse Ci-POL
polarized microscope. 3D morphology pictures were captured
by a Leica DCM8 optical surface measurement system. AFM
images were obtained with Intelligent-mode using a Bruker
Dimension Icon in air. In-plane and out-of-plane XRD data were
obtained by a Rigaku SmartLab X-ray diffractometer with the
highest power of 9 kW. The transfer and output I–V curves of
the OFETs were measured by a Keithley 4200 SCS semiconductor
parameter analyzer equipped with a remote preamplifier.
The field-effect mobility of the OFET at the saturation region
was measured by IDS = mCiW(VG � Vth)2/2L. For frequency
response measurement, RIGOL DG822 is used to generate the
input voltage. The Vin and Vout voltage signals were recorded by a
Tektronix TDS 1002C oscilloscope.
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