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rganic field-effect transistors (OFETSs)

have attracted much attention for

their practical applications to a
variety of organic electronics.' ~® Rapid pro-
gress in OFETs simultaneously requires both
the preparation of high-quality organic
semiconductor thin films with a high mo-
bility and the patterning of these organic
active layers over a large area with a high
spatial resolution of submicrometer level.’
The patterning of active organic semicon-
ductors in OFETs is a prerequisite to de-
crease parasitic leakage or crosstalk between
neighboring devices. Conventional pattern-
ing techniques for inorganic semiconduc-
tors, such as lithography, can hardly be used
for the patterning of organic semiconduc-
tors because organic materials tend to be
easily damaged by radiation, energetic par-
ticles, and solvents.'

Typically, semiconducting oligomers ex-
hibit better OFET performance than poly-
mers."" Semiconducting oligomer patterns
can be prepared by vacuum deposition
using a shadow mask, but this method
has a limited spatial resolution.' Therefore,
several alternative patterning methods have
been developed including inkjet printing,'
vapor jet,'* soft lithography,' direct elec-
tron-beam writing,'® selective crystallization
technique,” and lift-off process.'®'? However,
these techniques mostly require two different
processes for the fabrication of patterned
oligomer semiconductors: (1) formation of
crystalline oligomer semiconductors and
(2) patterning of the organic semiconductors.
The patterning process can be followed by
the crystallization process, or vice versa. These
two processes are generally completely se-
parated, and hence a careful sample treat-
ment to prevent oxidation or contamination
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ABSTRACT For the realization of high-performance patterned organic field-effect transistors

(OFETs), we present a novel approach to fabricate patterned crystalline rubrene thin films by

combining an abrupt heating technique and a lift-off process. Crystallization of rubrene thin films

and the patterning of the films are accomplished almost simultaneously and in situ by this approach.

Consequently, patterned rubrene crystalline films are remarkably rapidly produced within 2 min.

High-quality crystalline rubrene patterns with a submicrometer spatial resolution were readily

prepared by this approach. OFETs made of submicrometer rubrene crystal wires exhibited mobilities

of as high as 4.5 cm> V~' s~ at ambient conditions, which is the highest value reported so far of

OFETs based on one-dimensional micro/nano-organic semiconductors.
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between the two processes and long times
are necessary for the fabrication of patterned
active organic semiconducting layers. More-
over, patterned OFETs fabricated using these
methods show relatively low carrier mobi-
lities and a low-resolution pattern.

Among organic semiconductors, rubrene
shows the highest carrier mobility in the
form of single-crystal transistors.”® How-
ever, OFETs with rubrene thin films did not
exhibit superior carrier mobilities because
of the difficulty in achieving high-quality
crystalline rubrene thin layers.>' =% In our
previous study, we reported that continu-
ous, highly ordered, and uniaxially oriented
crystalline rubrene thin films comprising
large single-crystalline grains could be suc-
cessfully prepared by an abrupt heating
technique.®® In this study, we report a
straightforward strategy to fabricate pat-
terned crystalline rubrene thin films for
high-performance patterned OFETs. The
formation of high-quality crystalline ru-
brene thin films and the patterning of the
crystalline rubrene films are accomplished
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Figure 1. Schematic illustration of the fabrication of the pat-
terned crystalline rubrene thin films using a PDMS lift-off process.

(d)

Figure 2. POM images of the (a) crystalline rubrene thin films
fabricated by an abrupt heating process at 170 °C for 1 min
and (b) array of crystalline rubrene microwires with equal line
width and space of 2 um. The inset of (b) is the SEM image that
shows the edge of a microwire, which indicates that edge
roughness of rubrene microwires is about 25 nm. (c) Optical
image showing interference fringes of the rubrene microwire
array on an area of 1.5 cm x 1.5 cm. (d) Three-dimensional
AFM image of the crystalline rubrene patterns.

almost simultaneously and in situ by combining the
abrupt heating technique and a lift-off process. The
patterned rubrene crystalline films are remarkably
rapidly produced: the total process time for both the
crystallization and the patterning is less than 2 min.
Through this in situ method, micrometer and submic-
rometer scale crystalline rubrene wire arrays and sub-
micrometer OFET devices were demonstrated. To the
best of our knowledge, this is the first report to pattern
crystalline rubrene thin films with a submicrometer
spatial resolution. Moreover, the OFETs made of the
rubrene submicrometer wires exhibited the saturation
mobilities of as high as 4.5 cm? V™' s~ at ambient
conditions, which is the highest value reported so far of
OFETs based on one-dimensional (1D) micro/nano-
organic semiconductors.>>2¢

RESULTS AND DISCUSSION

The schematic representation for the fabrication
process of the patterned crystalline rubrene films is
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TABLE 1. Contact Angle (deg) and Surface Energy (mJ
m~2) of SiO,, PDMS, and Crystalline Rubrene Film?

contact angle

water  ethylene glycol 3¢ 12 Vs

Si0, 47 31 765 4646 54M
PDMS 92 70 1858 401 2259
crystalline rubrene film 90 59 3242 148 3390

“The ysd and P are the dispersion and polar components of the surface energy,
respectively, and y; is the surface energy (y, = y;d + 5.

shown in Figure 1. An amorphous rubrene film is
prepared on a SiO, dielectric layer by thermal evapora-
tion (Figure 1a). The amorphous rubrene film is directly
transformed into a crystalline rubrene thin film by an
abrupt heating process,* which was carried out by
placing an as-deposited rubrene film on a preheated
hot plate in a dark room at 170 °C for 1 min (Figure 1b).
The polarized optical microscopy (POM) image of the
produced crystalline rubrene thin film reveals that a
continuous crystalline film consisting of large-sized
(average size = ~80 um) and well-faceted domains
was created over the whole dielectric surfaces (Figure
2a). Two-dimensional grazing-incidence X-ray diffrac-
tion (2D GIXD) pattern reveals that the film consists of
highly ordered rubrene crystals and that the ¢ axes of
the crystals are aligned perpendicular to the substrate
surface, while ab planes of the crystals are perfectly
oriented parallel to the substrate surface (Figure S1 in
the Supporting Information).?’ In addition, no color
variation was observed within a single domain under
POM investigation, suggesting that a domain is com-
posed of a single-crystalline grain.?®

During the abrupt heating process for the crystal-
lization, a prepatterned PDMS stamp is pressed onto
the rubrene film with a low pressure of ~130 g cm 2
for 10—30 s while keeping the temperature at 170 °C
(Figure 1c). Thereafter, the sample is taken out of the
hot plate, and the stamp is separated from the film.
When the stamp is detached, rubrene materials con-
tacting with the stamp are removed from the sub-
strate, while noncontacted rubrene materials remain
on the substrate. As a consequence, a patterned
crystalline rubrene film is fabricated (Figure 1d). This
lift-off process is generally attributed to the difference
in the work of adhesion between two interfaces.'® The
work of adhesion at the interfaces of rubrene/SiO,
(Wiubrenessio,) and the rubrene/PDMS stamp (W,yprener
ppms) Was evaluated by contact angle measurements
using water and ethylene glycol at room temper-
ature.”? The corresponding contact angle and the
surface energy of each surface derived from the
measurements are given in Table 1, and the estimated
work of adhesion is Wiyprene/sio, = 30.49 mJ m~2 and
Wiubreneroms = 51.57 mJ m~2 The value of Wiyprene/poms
is larger than W, prenessio,, and thus, if a rubrene
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Figure 3. (a) TEM images of the crystalline rubrene micro-
wire fabricated on SiO,-coated TEM grid and (b) corre-
sponding SAED patterns. The SAED pattern was recorded
along the [001] zone axis of the orthorhombic rubrene.

film on SiO, is pressed with a PDMS stamp, the
rubrene materials contacting the stamp are trans-
ferred to the stamp. However, we observed that clear
rubrene patterns were fabricated only at a tempera-
ture higher than 160 °C (Figure S2), and that crystal-
line rubrene materials were not lifted off at all at room
temperature even though a PDMS stamp was pressed
with a much higher pressure than needed at the
optimum temperature of ~170 °C. On the basis of
previous literature, we can conclude that elevated
temperature is essential for obtaining intimate con-
tactand enhanced adhesion between the stamp and
the rubrene film, facilitating the transfer of the ru-
brene film from the substrate to the stamp.'®3%3'
Therefore, the lift-off patterning process can be car-
ried out almost simultaneously during the crystal-
lization process of rubrene thin films at 170 °C,
allowing the in situ patterning of crystalline rubrene
thin films.

We note that patterned crystalline rubrene films are
very rapidly fabricated through our approach pre-
sented here: the total process time for the crystal-
lization and the patterning is only 2 min. Additionally,
the produced rubrene patterns consist of very high-
quality rubrene crystals, and crystalline rubrene pat-
terns with a high spatial resolution can be readily
prepared by controlling the pattern size of a PDMS
stamp. Figure 2b—d shows the representative results
of the patterned crystalline rubrene films fabricated
by the approach. An array of microwires with the
uniform width of 2 um, thickness of 20 nm, and
spacing of 2 um was formed over an area of 1.5 cm x
1.5 cm. The POM and atomic force microscope (AFM)
images (Figure 2b,d) show that exquisite patterns
without any residual material remaining on the SiO,
dielectrics were achieved. The crystalline nature of
the produced rubrene microwires was character-
ized with a transmission electron microscope (TEM).
The length of the microwires (approximately a few
millimeters) is much larger than the average domain
size (~80 um), and thus, a single microwire is formed
over many crystal domains. However, the microwire
in a domain is a single crystal because a domain is
composed of a single-crystalline grain. The single
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Figure 4. (a) POM images of the crystalline submicrometer
rubrene wire channel. (b) Magnified three-dimensional AFM
image of the corresponding active channel in (a). (c) Drain

current (Ip) and square root of the drain current versus gate
voltage (V) at a drain—source voltage of —15 V. (d) Drain

current versus drain voltage characteristics for various gate
voltages (Vp).

crystallinity of a microwire in a domain was verified
by selected area electron diffraction (SAED) patterns.
The SAED pattern in Figure 3b clearly displays a set
of sharp and regular spots, and the pattern was in-
dexed to an orthorhombic rubrene single-crystalline
phase.®*

To demonstrate the effectiveness of our strategy,
OFET devices were fabricated with the patterned
crystalline rubrene films. For the devices, isolated
crystalline rubrene wires with a width of 650 nm
and a thickness of 20 nm were produced using the
same technique for the microwires fabrication (Figure
4a,b). Gold source and drain electrodes were prepared
on these rubrene submicrometer wires via vacuum
deposition. The channel length of the submicrometer
OFET is 32 um. As shown in Figure 2a,b, the average
size of a domain in the crystalline rubrene film is ~80 um,
which is sufficiently larger than the channel length of
the device. Hence, OFETs based on single-crystalline
rubrene submicrometer wires could be fabricated if both
the source and drain electrodes were prepared in the
same domain (Figure S4a). The POM image (Figure 4a) of
the rubrene submicrometer wire channel in the OFET
displays no color variation along the wire axis, confirming
the single-crystalline nature of the rubrene wire. As can
be expected, OFETs made of the single-crystalline ru-
brene submicrometer wires exhibited very high perfor-
mance. The representative transfer and output chara-
cteristics of the fabricated FETs are shown in Figure 4c,d.
The hole mobility, extracted from the saturation regime
at a drain—source voltage (Vp) of —15V, was as high as
45 cm? V" s ! at ambient conditions. This value is the
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highest mobility ever reported for OFETs made of 1D,
such as wires and ribbons, organic micro/nanostruc-
tures. The threshold voltages deduced by the linear
extrapolation of the saturation region in the square
root of the drain current versus gate voltage were as
small as 0.22 V. The on/off current ratio was about 10*.
From the random test of seven devices, the OFETs
based on the rubrene submicrometer wires had
charge mobilities ranging from 1.6 to 4.5 cm? V™'
s~ . This variation of the mobility is mainly attributed
to the anisotropic charge transport behavior of a
rubrene single crystal:?° the crystallographic a and b
axes are randomly oriented in the rubrene submic-
rometer wires, and hence the mobility along the
submicrometer wire axis has a variation (see details
in Supporting Information, Figures S3 and S4). In
addition, an OFET can be occasionally produced with
a submicrometer wire formed over two neighboring
domains (Figure S4biii), and then a grain boundary
exists inside the wire channel. Nevertheless, it should
be noted that the OFET devices made of the sub-
micrometer rubrene wires show a state-of-the-art
performance of OFETs based on 1D organic semicon-

EXPERIMENTAL SECTION

The formation process of the crystalline rubrene thin films
using an abrupt heating process was described in detail in
our previous report.** Briefly, amorphous rubrene thin films
were thermally deposited on 100 nm thick SiO, dielectric
surfaces underlying heavily doped n-type silicon substrates
(2 cm x 2 cm), and then the as-deposited rubrene thin films
were abruptly heated by placing the samples onto a hot
plate preheated at 170 °C in a nitrogen-filled glovebox.
PDMS stamps were prepared by casting PDMS resin (Sylgard
184, Dow Corning) and curing agent at a 10:1 weight ratio
against the patterned silicon master mold. After curing at 80 °C
for 1 h, the elastomer stamp was carefully released from
the mold.

The surface energy and interfacial energy associated with
PDMS, SiO,, and crystalline rubrene film were analyzed by
contact angle measurements using water and ethylene glycol
(Phoenix 300, Surface Electro Optics). POM images were cap-
tured using an Olympus BX51 microscope. The topographies
and the thicknesses of the films were examined with an AFM
(XE-70, Park Systems) and a field-emission scanning electron
microscope (SEM) (Hitachi S-4800). The TEM images and SAED
patterns were taken with a Tecnai G2 Spirit BioTWIN TEM (FEI
Company) operating at 120 kV. For TEM observation, patterned
rubrene films were prepared on SiO,-coated TEM grids using
the same abrupt heating method and PDMS stamp. GIXD
measurements were performed using the 4C2 beamline at
the Pohang Accelerator Laboratory (PAL), Pohang, Korea. The
diffraction patterns were recorded using a MarCCD detector.
The grazing-incidence angle of the X-ray beam (A = 1.3807 A)
was varied between 0.14 and 0.25° the sample-to-detector
distance (143.5 mm) was calibrated using a silver behanate
standard sample, and the footprint of the X-ray beam on the
specimen surface was T mm x 5 mm. The diffraction data
were displayed as an intensity map in which g,y is the in-plane
momentum transfer and g, is the out-of-plane momentum
transfer. The OFET characteristics were evaluated using a probe
station (Semiconductor Characterization System 4200 SCS/F and
Summit 11862B, Keithley and Cascade) under ambient conditions.
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ductors, reflecting the excellence of our in situ ap-
proach for the fabrication of patterned high-quality
crystalline rubrene thin films.

CONCLUSIONS

In summary, we have presented a simple but effec-
tive approach to fabricate patterned crystalline ru-
brene active layers for high-performance patterned
OFETs. By combining an abrupt heating process for
the crystallization of rubrene thin films and a lift-off
process for the patterning of the rubrene thin films,
patterned crystalline rubrene thin films can be readily
fabricated in situ. Since the two processes are carried
out almost simultaneously and in situ, patterned crys-
talline rubrene thin films can be remarkably rapidly
fabricated within 2 min. The produced rubrene thin
films have very high crystalline quality, and a pattern
with a submicrometer spatial resolution can be con-
trollably prepared by this route. Moreover, submicrom-
eter OFETs fabricated based on this approach exhibited
excellent performance. Therefore, we believe that our
approach is very promising for the practical applications
to a variety of organic electronic and optical devices.

The carrier motilities were extracted in the saturation regime
using the equation based on parallel-plate model, Ip =
uCwr2L) (Ve — VT)z, where Ip is the drain current, C; is the
capacitance per unit area of the gate dielectric layer (C; =
34.5 nF/cm?), and Vg is the gate bias voltage.
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