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Patterning organic semiconducting materials over large areas with
submicrometer spatial resolution is important for fabrication of
integrated organic electronic devices. Thin films of polymeric
materials are usually prepared from solution and patterned by
printing techniques1-3 or techniques involving stamps or molds.4

Small-molecule semiconducting materials possess good thermal and
chemical stabilities5 and typically exhibit better performance than
polymers. However, small-molecule organic semiconductors are
often insoluble in many solvents so that vacuum-deposition methods
are commonly used to fabricate thin films of these materials.
Conventional methods for micropatterning small-molecule films rely
on rigid shadow mask technology. Unfortunately, this method is
limited in resolution due largely to the existence of an air gap
between the mask and the surface of the film. Several alternative
patterning methods have also been developed: modified shadow
mask technology using elastomeric membranes as masks6 and
modified photolithography using double-layer photoresist.7 These
methods have been successfully used for organic electronic device
fabrication.

Here we demonstrate a method for simple and direct micropat-
terning of small-molecule microcrystalline films using an epoxy
stamp. In this method a patterned, and partially cured, epoxy stamp
is pressed onto the surface of a flat microcrystalline film that had
been previously evaporated onto a substrate. The pressure and heat
are carefully controlled to ensure intimate contact and adhesion
between the epoxy stamp and the film. When the patterned epoxy
stamp is lifted, the unwanted portions of the microcrystalline film
are extracted, and a patterned film remains on the substrate. Since
selective lift off of the microcrystalline film is achieved by pressing
the patterned epoxy stamp on the microcrystalline film at elevated
temperatures, we call this method “hot lift off”.

Further details of the materials and processes are now described.
Thin films (∼tens of nm thick) of small-molecule materials, such
as copper phthalocyanine (CuPc), metal-free phthalocyanine (H2-
Pc),N,N′-di(naphthalen-1-yl)-N,N′-diphenylbenzidine (NPB), and
tris(8-quinolinolato)aluminum (AlQ3), were prepared on different
substrates, including Si, ITO, using thermal evaporation procedures.
A high-resolution patterned epoxy stamp was made with an elastic
mold using the microtransfer molding (µTM) procedure8,9 by curing
the casting epoxy and its curing agent (4:1) (w/w) at room
temperature for 24 h.

The procedure for the hot lift off process is outlined in Figure
1a. First, the prepatterned epoxy stamp is pressed onto the
microcrystalline film with a pressure of approximately 10 kg cm-2

for ∼30 s. The pressure is then reduced to 2 kg cm-2 and the sample
heated to a temperature between 80∼120°C for approximately 20
min, resulting in further curing of the epoxy and the associated
enhenced adhesion between the stamp and the film. After subse-
quent cooling to room temperature and removal of the load,

separation of the stamp from the film results in removal of unwanted
regions of the film (in contact with the stamp), leaving a patterned
substrate.

Three different structures obtained using the “hot lift off” method
are presented in Figure 1, b-d. The striped pattern, Figure 1b, was
created in a 70-nm-thick CuPc film (an active layer for organic
field effect transistor (OFET)) on a Si substrate. The width of each
dark stripe is∼20 µm, and the spacing between stripes is 10µm.
Figure 1c shows the pattern of the organic single heterostructure
consisting of a 30-nm-thick hole transport layer NPB and a 40-
nm-thick electron transport and light-emitting layer of AlQ3 on ITO
glass substrate. This structure would be used for organic light-
emitting diode (LED) fabrication. The pattern shown in Figure 1d
was created in a H2Pc film on Si using a two-step hot lift off
procedure. The first step is performed using the procedure outlined
above, and in the second, the epoxy stamp was rotated by∼90°
and the procedure repeated. The squares in the resulting pattern
are each of area∼7 µm by 7 µm.

We now describe the mechanism by which the “hot lift off”
method works. During the first step, the applied pressure (∼10 kg
cm-2) is sufficiently large to locally fracture the microcrystalline
films along the pattern edges. This process is similar to other

Figure 1. (a) Schematic illustration of the hot lift off process and optical
micrographs of the microstructures of several organic semiconductor
microcrystalline (b) CuPc/Si, (c) Alq3/NPB/ITO, (d) H2Pc/Si. (e, f) cross
sectional analysis of AFM image showing the morphology perpendicular
to the edge of CuPc microcrystalline film pattern.
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patterning techniques, such as cold welding,10 microcutting,11 and
lift up.12 It is important to note that the morphology of each
thermally evaporated films is characterized by a large number of
grain boundaries with a distribution of dimensions, ranging from
nanometers to micrometers. The intergranular spacing and distribu-
tion of microcrystallines depend on the deposition temperature and
on the deposition rate.13 That the film fractures along the edges of
the pattern is not unexpected because this film is brittle and the
cohesive energy between the molecules is relatively weak. During
the second stage, heating while applying a lower pressure, an
intimate junction is formed between epoxy stamp and the micro-
crystalline film. Under these conditions the epoxy cures further,
ensuring adhesion between the stamp and the film. The lift off
process works because the adhesion between the epoxy and the
microcrystalline film is stronger than the adhesion between the film
and the substrate. We, in fact, estimated the work of adhesion
between materiali and materialj (WAi,j), to illustrate this point.14

The work of adhesion between Alq3 and ITO isWA,Alq3,ITO ) 41.0
mJ m-2 < WA,Alq3,epoxy ) 64.5 mJ m-2, WA,Si,H2Pc ) 43.1 mJ m-2

< WA,epoxy,H2Pc ) 65.4 mJ m-2, WA,Si,CuPc ) 44.7 mJ m-2 <
WA,epoxy,CuPc) 65.7 mJ m-2 (see Supporting Information). Clearly,
selective lift off of regions of the film is to be expected. The
sharpness of the features is limited by the size of grains (Figure
S1) and by the pattern definition of the stamp. An atomic force
microscope (AFM) scan across the CuPc microcrystalline thin film
shows that the patterns obtained by the proposed technique have
very smooth and vertical sidewalls and corners of nearly 90° (Figure
1e,f) with step-edge abruptness<200 nm.

Both stages are essential to create patterns in the film. If only
the first, high pressure, stage is performed (not heating), adhesion
is poor, and the pattern cannot be created. On the other hand, if
only the second step is performed, the resolution of the pattern is
unacceptable, with unwanted residual material remaining on the
substrate, as illustrated in Figure S2. Only with both steps could
appropriate regions of the microcrystalline film be selectively
removed, with no residue remaining on the substrate (Figure S3).

To demonstrate the potential utility of the “hot lift off” procedure
OFETs were fabricated and tested. A heavily n-doped Si substrate
was selected as the gate electrode and the substrate; the Ta2O5 layer
served as the gate insulator. A 70-nm-thick CuPc semiconducting
film grown at temperature of 150°C was patterned by the “hot lift
off” procedure, forming a 500-µm wide line on the Ta2O5 layer.

Subsequently, 30-nm-thick gold source and drain electrodes were
deposited using a shadow mask defining a 50-µm channel length
and a 1200-µm channel width. Plots a and b of Figure 2 show
electronic characteristics for the device, which exhibits operation
expected for a p-channel transistor. At a drain-source voltage of
-40 V, this device has a carrier mobility of∼0.02 cm2 V-1 s-1, a
threshold voltage (VT) of -5 V, and the on/off ratio is 104-105.
These characteristics are comparable to the results obtained for CuPc
OFET with simple test structure.13

In summary, in this paper we introduced a simple method, “hot
lift off” procedure for creating micropatterns in organic semicon-
ductor microcrystalline films used to fabricate organic OFETs. The
method is a selective lift off process using “tailored” adhesion and
pressure as the patterning-driven-force. Although we demonstrated
the fabrication of organic, small-molecular microcrystalline patterns,
we believe this technique is applicable to other microcrystalline
materials, such as inorganic, organic-inorganic hybrid microcrys-
talline materials. The method is fast (printing process≈ 20 min),
can pattern large areas in one time, and can be carried out in open
air. Our results indicate that “hot lift off” is an attractive alternative
approach for conventional organic semiconductor microcrystalline
patterning technique and offers great promise for organic integrated
devices.
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Figure 2. (a) Plots ofID versusVD at variousVG. (b) Plots ofID versusVG

(right axis) andID
1/2 versusVG (left axis) from a CuPc transistor that

fabricated by hot lift off.
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