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In the communication, a direct coupling of patterned
growth of rubrene crystalline thin film with OFET
fabrication is presented. The film was grown between pre-
patterned Au electrodes covered with an organic
monolayer, which directly allowed the fabrication of OFET
devices with a sub-micrometer channel length. More
importantly, closed packed and porous film structures can
be controlled by adjusting the space of the electrodes,
resulting in a two order difference in carrier mobility. The
technique is completely compatible with lithography
methods thus may find potential applications in addressable
and crosstalk suppressing OFET arrays.

Introduction

Organic field-effect transistors (OFETs) have attracted
increasing attention owing to their promising applications in
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low-cost and flexible electronics.'”* However, one of the main
issues for the further success of OFETs is the achievement of
higher operating frequency, which is a key parameter for the
radio frequency (RF) devices and circuits.* Generally speaking,
the operating frequency is determined by both carrier mobility
of the organic films and channel length of the devices.” A
number of works have been dedicated to improve the carrier
mobility via either synthesis of molecules with strong inter-
molecule coupling and/or growth of high quality crystalline
films.*” In comparison, less attention is paid to decrease the
channel length of the devices owing to absence of suitable
patterning techniques.®'> As organic materials are chemically
and mechanically fragile, which tend to be easily damaged at
high temperature, in solvents and under energetic particles,
conventional mature patterning techniques for inorganic
materials based on photolithography and etching can thus not
be simply applied to organic materials.'>!® Therefore, coupling
of material growth with device fabrication, with uniform
crystalline film over large area and precise position control with
high resolution, still remains a big challenge.

Among small molecular organic semiconductors, rubrene
(CyoHpg: 5, 6, 11, [12-tetraphenylnaphthacene, chemical
structure shown in Figure 1a) has received great interests
owing to its high carrier mobility.'®'? Initial works on rubrene
single bulk crystal demonstrated a hole mobility up to 15-20
cm?/Ves."® However, challenge in growing of high quality
rubrene crystalline thin films sets an obstacle in their electronic
applications.'®* Many efforts have been given for producing
crystalline rubrene thin film over dielectric layers toward large
area electronics, including “hot-wall” deposition, in-situ
vacuum annealing, solution-processing technique and abrupt
heating technique.”'> Although the techniques have been
successfully applied to the fabrication of OFETs, they suffer
from either rigorous experiment environments and/or lower
charge mobility of 0.01-0.1 cm?/Ves. 2%
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Recently, strategy of template induced crystallization was
proposed to produce high quality rubrene crystalline
films.?*?” In 2010, Xu’s group reported a new strategy of
using flat thin layers of 6,13-pentacenequinone (PQ) as a
template to induce the crystallization of rubrene in vacuum-
deposited thin amorphous films.*® More recently, we
demonstrated the converting of amorphous rubrene micro-
islands to high quality porous crystalline thin films on a
monolayer of phospholipid, DPPC (1, 2-dipalmitoyl-sn-
glycero-3-phosphocholine, Figure 1b), covered SiO,.*
However, in our previous work we could not link the film
growth and device fabrication directly together, especially
the fabrication for integrated and addressable circuits. In this
study, we extend our previous work and demonstrate the
direct fabrication of rubrene crystalline thin film on DPPC
covered SiO, surfaces between Au patterns, yielding a sub-
micrometer channel length bottom-contact OFETs with a
hole mobility up to 0.16 cm?/V+s. More interestingly, the
morphology of the thin films can be controlled simply by
adjusting with the pre-defined Au electrodes’ gaps, resulting
in a two order of magnitude difference in hole mobility. The
proof of principle for the fabrication of addressable OFET
arrays is provided as well. The process is completely
compatible with lithography methods, particularly cost
effective nanoimprint lithography, and can be used to
fabricate large area and addressable OFET arrays with
suppressed cross-talk between adjacent devices.

Results and discussion
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Figure 1. Chemical structure of (a) rubrene, and (b) DPPC.
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The schematic representation for the fabrication process of the
patterned crystalline rubrene film is depicted in Figure 2(a-f).
Firstly, Au patterns on SiO, surface were created by Electron
Beam Lithography (EBL) technique, shown in Figure 2a. Then
the templates were either covered by a DPPC monolayer
transferred via LB method (Figure 2d) or used directly as
reference samples. Both types of samples were loaded into a
vacuum chamber to deposit rubrene molecules at room
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Figure 2. (a-f) A schematic illustration of topographical
evolution of rubrene deposited onto SiO, surface pre-patterned
with Au-structures without (a-c) and with DPPC monolayer
coverage (d-f). (g, h) AFM phase images of rubrene on Au-
template surface without (g) and with DPPC monolayer (h)
annealed at 80 °C for 8 hours in a high vacuum (~10®* mbar).

temperature. After deposition, the samples were taken out from
vacuum chamber for Atomic Force Microscope (AFM)
measurements. The samples showed similar
morphologies on both templated surfaces, with dome-like
islands randomly distributed as illustrated in Figure 2b and 2e,
which are consistent with the amorphous nature of these
films.’® After AFM inspection, the samples were loaded into

as-grown

the vacuum chamber for annealing. No obvious morphology
changes were observed for samples of Au patterned SiO,
surfaces (Figure 2e). However with DPPC monolayer
coverage, the rubrene film exhibited a significant morphology
transition from dome-like islands to orientated film between Au
patterns (Figure 2f). Figure 2g depicts an AFM image of
rubrene amorphous structures on Au patterned SiO, surface
after annealing. In comparison with the morphology that before
annealing (see supporting information S2), the amorphous
rubrene islands become more non-uniform and higher, because
rubrene molecules can dismantle from smaller islands and
diffuse into big ones during the annealing process. In contrast,
the morphology on DPPC monolayer covered Au pre-template
underwent a transition from dome shaped islands to well close
packed, orientated rubrene crystalline thin film (Figure 2h).
Certain alignment can be observed in Figure 2h. We believe
the orientation is relative to the step edges of the pre-patterns,
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which is similar to the alignment of crystal on the atomic
step.’®® We also did experiments at different annealing time.
Between 0 - 6 h, amorphous rubrene remain dome-shaped
islands on the surface. The crystallization takes place in the last
two hours. The mechanism of the crystallization and solutions
to shorten annealing time are still under investigation.

40

0 nm

Figure 3. AFM images of rubrene on DPPC monolayer
covered SiO, surface, pre-templated with 0.25 pm Au line with
different spacing (a) 3 um and (topography image) (b) 0.3 um
(phase image). The samples were annealed at 80 °C for 8 hours
in a high vacuum (~10"® mbar).

It is notable that this method can be extended to different
template structures. Figure 3 shows AFM images of rubrene on
SiO, surface, which are patterned Au lines with 0.25 pm in
width. The Au lines, shown in Figure 3a and 3b, are spaced in
0.3 um and 3 pm respectively. The surfaces were covered with
the DPPC monolayer, and the samples were annealed at 80 °C
for 8 hours after deposition of rubrene molecules, as described
previously. As illustrated in Figure 3a, for Au lines spaced in 3
um, close packed rubrene crystalline film is observed in the
region near Au lines. However, the film becomes porous with
irregular holes in middle region between Au lines, similar to
rubrene on DPPC covered SiO, substrates as we observed in an
earlier work [29]. The porous structure originates during the

This journal is © The Royal Society of Chemistry 2012
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annealing process as described previously.?’ The close packed
rubrene film in the region near Au lines is about 0.2 um in
width, which might be caused by the migration of molecules
from Au surface to the edges areas which provide preferential
sites for nucleation.’’”? The diffusion limited crystallization
enables us to grow close packed rubrene directly between Au
stripes by reducing the channel length. Figure 3b depicts an
AFM image of the close packed rubrene film between the Au
lines with a space in 0.3 um.
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Figure 4. Electrical characteristics for rubrene OFETs on
liquid-condensed (LC) DPPC/Au template SiO,
substrates with Au-line spaced in (a, b) 3 um and (c, d)
0.3 um. (a, ¢) Drain current (Ip) and square root of the
drain current versus gate voltage (V) curves scanned in
the forward (black line) and reverse (red line) direction
at a drain-source voltage of -40 V. (b, d) Drain current
versus drain voltage characteristics for various gate
voltages (Vp) corresponding to the
characteristics of (a, c) respectively.

transfer

We further measured the field effect electrical properties of
the both porous and close packed rubrene crystalline films as
shown in Figure 3a and 3b. The devices were prepared on
highly doped Si with 300 nm thermal oxide by taking the Si as
the gate electrode, the Au pattern as the source and drain
electrodes. Figure 4a discloses the transfer characteristic of
OFET with porous structure, yielding a hole mobility in the
saturation region of 0.002 cm?/Ves. In contrast, shown in
Figure 4c, in the transfer characteristics of OFETs with the
close packed structure, the source-drain current is almost two

order larger than that with porous structure giving the hole
mobility of 0.16 cm?Vss and the on-off ratio of 10°. The
relatively poor mobility in 3 um channel length OFETs can be
attributed to the porous structure which is consisted of
crystalline grains connected to each other. In this case, the
porous structure contains many grain boundaries that serve as
energy barrier for electron transfer. In contrast, with in 0.3 pm
channel length the OFETs confirm the high quality of the
rubrene films. Here we have taken the bottom contact into
consideration: the mobility measurement by bottom contact
OFETs are normally one order lower than that by top
contact.? Furthermore, we expect a high operating frequency
fc of the devices according to fc o= wL? (where p is carrier

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



Journal of Materials Chemistry C

COMMUNICATION

mobility and L is the channel length of the devices),”* which
will be conducted in later experiments. We observe much larger
hysteresis and SNR (Signal to Noise Ratio) in the OFETs with
the porous rubrene structure shown in Figure 4a and 4b,
compared with the OFETs with the close packed rubrene
structure shown in Figure 4c and 4d. The relatively inferior
field-effect behavior in 3 pm channel length could originate
from hole-trapping density possibly induced by much more
grain boundaries in porous structures.*

I N
kY Lri ] I Net'v e .

Figure 5. The optical image of large area, addressable OFET
array. Insert: a schematic illustration of device configuration and

surface morphology viewed by AFM phase image.

Lastly we present the versatility of the technique for
fabricating large area OFET arrays for integration, as shown in
Figure 5. Each pixel of the array represents an OFET with
channel length of 0.3 pm, width of 0.25 um and total length of
2.5 um, as schematically depicted in the insert of Figure 5. The
pixel is repeated along row and column directions in 3 pm. The
pixel can be independently addressed via applying voltage on
gate and source electrodes. One key challenge for OFET circuit
is the crosstalk issue, as the device dimensions going down to
sub-micrometer. The crosstalk is defined as mis-turn on the
adjacent devices during the operating. Patterning active layer of
FETs has been proved as an efficient way to minimize the
crosstalk effect.’® In our case, different structures of rubrene
thin films, with alternating close packed crystals in channels
and porous grain between pixels shown in insert of AFM image
(phase image) in Figure S, are demonstrated. The structures
lead to 0.16 cm?/Ves in the channels and 0.002 cm?/Vss
between the pixels, as demonstrated in Figure 4. The two
orders difference in mobility can be utilized to design organic
RF devices and circuits for high performance.

Conclusions

In summary, we present a simple but effective method to
couple the growth of crystalline rubrene films and OFETs
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fabrication. The method is achieved by annealing of amorphous
rubrene films on DPPC monolayer covered SiO, surfaces with
pre-patterned Au electrodes. More importantly, closed packed
and porous film structures can be controlled by adjusting the
space between the electrodes, resulting in a two-order
difference in carrier mobility in the films. The principle setup
of addressable OFET array with channel length down to 0.3 pm
is demonstrated. In addition, the technique we demonstrated
here is completely compatible with lithography methods for
scaling up.

Experimental

All the patterns were generated by e-beam lithography
(EBL) (an Elphy 100 system attached to a LEO 1530 VP
Gemini electron microscope) on heavily doped Si (100)
with a 300 nm thermal oxide. A PMMA layer was first
spin-coated on SiO,/Si substrate with a thickness of 100
nm. After EBL, the substrates were developed and loaded
into a vacuum chamber to coat 4 nm Cr adhesion layer and
30 nm Au layer by thermal evaporation. After a sequential
ultrasonic lift-off process (submerging into acetone for 60
minutes) and cleaning in chloroform, acetone, ethanol, and
de-ionized water, the pre-patterned substrates were O,-
plasma treated at 1 mbar and 300 watts for 2 minutes. Then
a DPPC (purchased from Aldrich, 99%) monolayer was
transferred using Langmuir-Blodgett (LB) technique at a
high surface pressure of 40 mN/m with a low transfer
velocity of 5 mm/min onto the pre-patterned SiO,
substrates. The concentration of DPPC in chloroform was
Img/ml. The subphase-thermostat was kept at 26.8 °C. The
room temperature was kept at 22 °C and humidity was
constant at about 40%. LC DPPC/pre-patterned SiO, substrates
were introduced into a high vacuum (~10"® mbar) and degassed.
Rubrene (purchased from Fluka Analytical, 95.0% (UV))
molecules were sublimed from a quartz crucible and deposited
on the substrate at a deposition rate of 1 nm/min. Subsequently
the samples were in-situ thermally annealed at 80 °C for 8 h.
Then as-grown samples were analysed ex by AFM (Digital
Instrument nanoprobe atomic force microscope 3000 in tapping
mode) and Optical microscope (Olympus optical microscope
equipped with CDD under bright field mode). The electrical
characteristics of the OFETs were measured using a Keithley
4200
conditions in a dark environment.

semiconductor parameter analyser under ambient
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