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Organic semiconductors, which have unique electronic and
optical properties that differ from those of their inorganic
counterparts, have attracted intense attention for potential
applications in optoelectronic devices such as organic light-
emitting diodes (OLEDs),[1, 2] organic field-effect transistors
(OFETs),[3–6] organic solar cells (OSCs),[7–9] and gas sen-
sors.[10, 11] Numerous reports have indicated that organic
semiconductor molecules predominantly aggregate and self-
assemble into one-dimensional (1D) nanowires or nanorods
along the direction of p–p stacking or other directional
intermolecular interactions.[12–16] Owing to excellent perfor-
mance in carrier transport, such one-dimensional nanostruc-
tures may serve as attractive building blocks in future organic
electronic applications.[17–21] However, to fabricate practical
devices on a large scale, a major challenge is to design a
method to deposit and align a large number of such nanowires
in a desired position. In most cases, nanostructures self-
assembled directly from solution tend to be distributed in a
macroscopically random fashion on the substrate. Disordered
alignment of organic semiconductors may significantly
increase the overall cost due to material consumption and
also result in poor performance of electronic devices.[22]

Therefore, a facile deposition and patterning method for
organic semiconductor molecules is highly desirable. To date,
several strategies for alignment of 1D nanowires have been
investigated, including the Langmuir–Blodgett tech-
nique,[23–26] electric or magnetic field assisted alignment,[27–31]

dip coating,[32–34] electrostatic alignment,[35] and so on. How-
ever, these methods usually require an external facility and
are limited in producing large-area ordered patterns.

In recent years, evaporation-induced self-assembly
(EISA) has been reported to prepare well-ordered 2D
patterns.[36–39] The EISA method depends on the simple fact
that a drop of colloidal solution always leaves a ringlike
deposit at the perimeter. During the evaporation process, the
loss of solvent mainly occurs at the contact line, and an
outward capillary flow carries the solvent and dispersed
solute from the interior to the contact line. Therefore, the key
parameter to achieve well-ordered 2D patterns is an efficient
method to control the contact line. Recently, Lin et al.
reported a simple method for controlling droplet evaporation
in a confined geometry, which leaves behind well-organized
gradient concentric ring patterns.[40–42] With a spherical lens on
the substrate, the contact line is well controlled and hence
gradient concentric rings are obtained. However, the as-
prepared patterns are usually amorphous and no specific
nanostructures are formed because of the hard-to-crystallize
materials used in evaporation process, such as polymer and
inorganic quantum dots (QDs). On the other hand, organic
semiconductor molecules can easily self-assemble into 1D
nanostructures by evaporation.[43, 44] We have developed a
facile method to prepare aligned organic nanowires on a solid
substrate or liquid/liquid interface based on the EISA
method.[33, 45] With the aid of solvent evaporation, self-
assembly of molecules and alignment of as-obtained nano-
structures can be combined to produce a large-area ordered
pattern of organic nanowires or films. However, the method
wastes a lot of solvent, and the contact line is not easy to
control. We have now integrated the EISA method with the
concentric ring patterns of Lin et al. , so that simultaneous
self-assembly, alignment, and patterning of organic semi-
conductor nanowires can be achieved in one step. Here we
demonstrate such a facile approach to fabricate large-scale
concentric arrays of nanowires by solvent evaporation in a
confined geometry.

N,N’-Dimethylquinacridone (DMQA) was selected as a
nonvolatile solute in this experiment. It is an industrially
important red organic dye with intense fluorescence, which is
widely used in photovoltaic and other organic electrolumi-
nescent devices.[46–48] It was synthesized according to the
reported procedure[49] and was purified twice by vacuum
sublimation. Concentric ring patterns of DMQA nanowires
were prepared from chloroform solutions of DMQA with
concentrations of 0.2, 0.1, and 0.05 mmolL�1. The confined
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geometry, constructed in accordance with a previous
report,[40] consisted of a glass slide and a spherical lens
made of fused silica with a diameter of about 1 cm. The two
surfaces were brought into contact and a drop of about 150 mL
of DMQA solution was dropped into the gap between slide
and lens. A steady upstream of nitrogen gas was blown nearby
the setup to help remove the solvent. The whole evaporation
process was performed at room temperature inside a fume
cupboard, so that the direction and rate of solvent evapo-
ration could be well controlled (Figure 1 a). After the solution
was dried on the substrate, it left a number of ordered rings of
nanowires which aligned and formed concentric rings on both
surfaces, as shown schematically in Figure 1 b.

Figure 2 shows optical micrographs and SEM images of
the as-prepared concentric rings prepared at a concentration
of 0.10 mmol L�1. Concentric rings of remarkable regularity
formed over a large scale of several hundred micrometers.

Each ring consists of a number of DMQA nanowires. Neither
the distance between adjacent rings nor the density of every
nanowire ring is entirely constant, and both of decrease
steadily with increasing proximity to the center of the central
contact. The average length of as-prepared DMQA nano-
wires is about 30–40 mm, and their diameter is about 200–
300 nm. The gradient concentric ring patterns described here
are highly reproducible.

Figure 3 shows that the spacing and the density (defined
as the number of nanowires per unit length along the

circumferential direction) of the nanowire array both increase
with increasing proximity to the central lens/slide contact.
Here X is the distance from the center of the lens/slide contact
(see Figure 1b) and R is the radius of the outermost ring. The
SEM images at three typical positions for the solution with
C = 0.10 mmolL�1 are shown in Figure S1 (Supporting Infor-
mation). As the solution front moves inward due to evapo-
rative loss of chloroform, both the distance between adjacent
arrays of DMQA nanowires LC-C and the density of the
nanowires D decrease progressively from LC-C = 48 mm and
D = 940 mm�1 at X = 5500 mm to LC-C = 35 mm and D =

760 mm�1 at X = 4463 mm and to LC-C = 28 mm and D =

610 mm�1 at X = 3120 mm (Figure 3). Thus, the rings of
DMQA nanowires show gradation in spacing and density.
The density and spacing of concentric DMQA rings in the
outermost region can also be easily tuned by simply varying
the volume of DMQA solution loaded into the lens/slide
contact. For example, concentric rings with mean intervals of
50 and 32 mm could be prepared by adding 150 and 100 mL of
DMQA solution into the gap between these two objects,
respectively.

The concentration of DMQA in chloroform could have
potential effects on the formation of ordered concentric rings
of organic nanowires. Figure 4 shows two DMQA nanowire
patterns (one in Figure 4a, b and the other in Figure 4c) at the
same outermost region (X3) of the substrate which were
obtained at different concentrations. Concentric rings of
DMQA nanowires could be made at solution concentrations
higher than 0.05 mmol L�1. For dilute solutions, a film with
ordered organic nanowires was formed, and these nanowires
were continuous and oriented parallel to the solution flow.
For concentric ring patterns, the spacing and density of the
arrays of nanowires could be tuned by changing the initial
solution concentration. For example, the intervals could be
varied from 150 to 70 mm and the density from (1000� 100) to
(700� 100) mm�1 by simply varying the initial solution
concentration from 0.20 to 0.10 mmol L�1 (Figure 4a and b).
Under the experimental conditions, the saturation concen-
tration of DMQA in chloroform was about (0.23�
0.02) mmol L�1. In most instances, a subsaturation concen-
tration was use to give ordered concentric ring patterns of
organic nanowires. For DMQA, an optimal concentration
around 0.10–0.20 mmol L�1 was found. To study the effect of
concentration on formation of ring patterns, photolumines-
cence (PL) properties of DMQA solutions with different
concentrations were investigated. As the concentration of

Figure 1. a) Illustration of sphere-on-flat evaporation setup and b) rep-
resentation of as-prepared concentric rings of organic nanowires.

Figure 2. a,b) Optical micrographs and c,d) SEM images of the con-
centric rings of DMQA nanowires formed during solvent evaporation.

Figure 3. a) D and b) Lc-c as a function of X/R (see text for definitions
of symbols).
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DMQA increased from 0.01 to 0.2 mmolL�1, the emission of
DMQA in chloroform underwent a redshift from 539 to
553 nm (Figure S2, Supporting Information). The peak shift
could be due to the strong p–p interaction between molecular
aggregates. When the concentration was increased to
0.3 mmolL�1 or higher, DMQA nanowires formed in solu-
tion. The as-obtained nanosuspension exhibited similar PL
spectra but with weaker emission than the saturated solution.

The assembly of DMQA nanowires on the substrate to
form well-ordered concentric ring patterns may depend on
many factors such as evaporation rate, initial solution
concentration, nucleation, rate of crystal growth, and
solute–substrate interactions. However, periodic temporal–
spatial variations of DMQA concentration in the meniscus
area should play an important role in pattern formation. The
change in concentration leads to periodic precipitation and
deposition on the substrate. On the other hand, crystal
formation causes two different movement modes, namely,
stick–slip motion and fingering instability,[50–53] which both
contribute to the ordered micrometer-scale patterns.

The motion of the contact line is governed by the balance
between pinning and depinning forces. The pinning force
mainly reflects the friction or stiction force preventing
shrinkage of the droplet, which is a linear function of the
total length of the contact line and the amount of crystal
formation.[54] The depinning force is the capillary force caused
by surface tension of the solvent, which tends to make the
contact line recede. Both of these forces are strongly
influenced by DMQA concentration in solution. During the
evaporation process, an outward solution flow diffuses from
the bulk to replenish the highest evaporation losses at the
perimeter, which also takes DMQA molecules from the bulk
solution. Therefore, DMQA concentration in the meniscus
becomes increasingly higher. When it reaches a certain

threshold value of Cp, DMQA molecules begin to form
nanocrystals and deposit on the substrate. This roughens the
surface, the pinning force surpasses its counterforce, and a
stick line begins to form. During this process, DMQA solution
in the meniscus is continuously fed from the bulk solution,
while DMQA nanocrystals deposit at the contact line, and
competition between the two events makes the concentration
in the meniscus first increase and then decrease slowly.
Therefore, more and more DMQA nanocrystals deposit on
the substrate. However, the contact line does not remain
pinned for the entire duration. As the solution wets the
deposit, the interface slowly changes its convex curvature to
concave near the deposit, and hence a dimpled fluid interface
occurs near the nanocrystals. Then the depinning force
increases quickly and exceeds the pinning force again. As a
result, the contact line begins to move, and thus a new ring
develops. The solution hence recovers the initial DMQA
concentration C0 (note that the initial concentration C0

gradually decreases with time, and thus regular patterns can
hardly be obtained in the central area). The process repeats
over and over until it reaches the central contact area
(Figure 5).

As the sticking event occurs, migration of DMQA
molecules into the thin meniscus area occurs, which may be
driven by a fingering convection flow.[41, 52] The convection is
caused by both temperature and concentration gradients
originating from evaporation of the solvent. In our experi-
ments, the difference in temperature between the edge of the
solution in the confined geometry and the bulk solution is as
high as 2.7 8C. Due to the fingering instability of the dimpled
thin film, DMQA molecules quickly agglomerate and self-
assemble into 1D organic nanowires in the meniscus area due
to strong intermolecular p–p interaction. On the other hand,
the alignment of self-assembled DMQA nanowires is always
perpendicular to the contact line owing to the convection
flow. At a high concentration, more DMQA nanocrystals are
deposited at the contact line; therefore, deposition not only

Figure 4. SEM images at position X3 of the DMQA nanowire arrays
obtained at concentrations of a) 0.2, b) 0.1, and c) 0.05 mm. The black
arrow indicates the direction of solution flow (c).

Figure 5. a) Illustration of DMQA in CHCl3 solution in a sphere-on-flat
configuration. b) Solution flows in the meniscus area at different
times. c) Trend of concentration with time when stick–slip motion
occurs.
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provides a strong pinning force to balance the depinning force
to produce a stick–slip motion, but also serves as a nucleation
point for DMQA nanowires. At a low concentration such as
0.05 mmol L�1 the amount of deposition is so small that no
efficient pinning force can be realized to balance its counter-
force. Limited deposition can only serve to provide nucleation
points for growth of organic nanowires. On the other hand,
the depinning force only leads to a fingering convection flow.
Hence, a continuous and ordered DMQA nanowire film is
obtained (Figure S3b, Supporting Information).[41]

The facile evaporation approach reported here can also be
applied to prepare well-aligned organic nanowires directly
from a homogenous solution. This greatly reduces material
consumption and the cost for fabricating nanoscale devices.
Besides, well-organized concentric rings of nanowires also can
be formed by the evaporation of several other organic
compounds, such as SQ and PTCDI (Figure S4, Supporting
Information). In these experiments, two important factors
determine formation of nanowires of these compounds in
concentric rings: saturation concentration and strong inter-
molecular interaction. The concentration of the solution is
usually between 0.1 and 0.3 mmol L�1. Too high or too low a
concentration may lead to an irregular deposition pattern on
the substrate. However, organic semiconductor compounds
usually have planar aromatic skeletons, and thus delocalized
electrons would facilitate 1D self-assembly and formation of
organic nanowires. Further investigations will be to generalize
the factors affecting the formation of organic nanowires.

The formation of concentric rings of nanowires is also
affected by the substrate, which must be at least partially
wettable by the evaporated solvent. Therefore, a solvophilic
surface is preferred for the formation of these nanowires. For
example, in our experiments, the contact angles of CH2Cl2 and
CHCl3 on the glass substrate are 11 and 148, respectively. Such
a small angle can help to form a well-defined, pinned contact
line. In addition, well-ordered concentric rings of nanowires
can also be obtained on the surfaces of Si wafer, quartz, and
substrates with prefabricated electrode arrays. The inset of
Figure 6 shows four nanowires of DMQA deposited across
Au electrodes on SiO2 (300 nm thick)/Si substrate. The I–V
characteristic of such a parallel device was measured, and the
slope of the curve was about 3.1 � 10�12 S. Although the

conductivity of DMQA nanowires is not as high as expected,
the simple evaporation method makes it possible to grow
large-area arrays of organic nanowires directly onto prefab-
ricated electrodes and is applicable to a variety of optoelec-
tronic devices.

In conclusion, we have developed a novel approach to
prepare regular concentric rings of ordered and aligned
organic nanowires by simply allowing solvent to evaporate in
a confined geometry. The confined geometry provides a
unique environment for controlling the flow within the
evaporating droplet, which, in turn, regulates the pattern
formation of nanowires. The density, length, and periodicity
of the namowire arrays can be tuned by controlling the
evaporation rate. The present one-step approach can serve as
a general approach for the growth and patterning of organic
nanostructures, and is potentially a low-cost and easily
scalable approach for large-scale fabrication of organic
devices with 2D nanowires. The self-organized patterns of
molecular organic semiconductor over a large area have
potential applications in variety of optoelectronic devices,
such as OFETs and biosensors.

Experimental Section
N,N’-Dimethylquinacridone (DMQA) was synthesized from quina-
cridone and iodomethane.[15] The crude product was purified by
sublimation and then characterized by IR and NMR spectroscopy and
EIMS. 2,4-Bis[4-(N,N-dimethylamino)phenyl] squaraine (SQ) and
perylene tetracarboxylic diimide (PTCDI) were also synthesized in-
house and characterized by IR and NMR spectroscopy and EIMS.
Dichloromethane and chloroform were distilled from CaH2 just prior
to use. All silicon and glass substrates were cleaned several times by
sonication in acetone for one hour and dried in an oven. The cleaned
substrates were then treated with oxygen plasma right before use.

The solvent evaporation process and optical micrographs were
observed with a polarized microscope (Olympus BX51) with attached
digital camera (Olympus C-5060). The morphologies of the nano-
structures were observed with a field-emission scanning electron
microscope (FESEM, Hitachi S-4300), operated at an accelerating
voltage of 5 kV. To minimize sample charging, a thin layer of Au was
deposited onto the samples before SEM examination. FL spectra
were measured on a Hitachi F-4500 spectrophotometer.
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