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Control over the growth or assembly of organic semiconduc-
tors (OSCs) is of great significance for organic electronics.[1–3]

Monolayer precision growth of continuous, uniform, micro-
structured OSC films in nanometer thickness range (� 15 nm)
may provide elaborate systems for some fundamental
research and device applications such as sensors.[4] However,
until now, it is quite challenging to grow OSC films that
simultaneously satisfy the above-mentioned four features
(nanometer thickness, monolayer precision, thickness uni-
formity over large area, and microstructuring with at least 1D
continuity) because of the great compromise of these features.

Currently, nanometer films of pristine OSCs have been
obtained by Langmuir–Blodgett (LB) and Langmuir–Sch�fer
(LS) vacuum deposition, drop casting, and spin coating.[4,5]

However, these methods generally produce discontinuous
ultrathin patches or continuous terrace islands with grain
boundaries, which means imperfect lateral continuity and
thickness uniformity. Furthermore, the thickness control
precision of these methods is normally an average value
which is not real a monolayer precision.

Here we demonstrate the monolayer precision growth of
uniform monolayer to hexalayer (about 1.6–12 nm) dendritic
OSC microstripes (a kind of microstructured film) over large
areas using a dip-coating process. The pulling speed has
a great impact on the molecular layer number and the
thickness uniformity. At low-speed regime, the layer number
decreases with increased pulling speed, and the microstripes
with different layer number are mixed together, which is
coincident with our previous work.[6] When the pulling speed
is higher than the transition value, the layer number is
generally proportional to the pulling speed. Remarkably, in
this regime, uniform monolayer to hexalayer microstripes can
be obtained with perfect monolayer precision over a large
area. Although monolayer precision may be achieved by
other methods such as LB technique, which is however
generally restricted to amphiphilic molecules and thus may
compromise the electrical property.

Figure 1b–g shows the 50 � 50 mm2 AFM images and
section profiles of monolayer to hexalayer microstripes of
DTBDT-C6 (Figure 1a) obtained at high pulling speed (> 50 mms�1), which clearly denote the uniformity of the

microstripes. The height of a monolayer (d1) is about 1.65-
1.75 nm. The corresponding value of multilayers (dn) fits well
the equation dn = N � d1, where N is the molecular layer
number. XRD measurements (Figure S1) on multilayer (N�
2) microstripes indicate the DTBDT-C6 molecules adopt
edge-on orientation on the substrates (Figure 1a, right part).

During AFM measurements, the AFM tip was moved
along the microstripes or to the different locations of the
samples to check the uniformity over a large area. In some
samples, the uniform monolayer and bilayer microstripes are
over centimeter size. The uniform coverage for a trilayer is in
the millimeter range, while the domain with pure tetralayer,
pentalayer or hexalayer is well-separated and the size of each
domain is about hundreds of micrometer. Apart from large-
area uniformity, the large-area scanning electron microscopy
(SEM; Figure S2) and AFM characterizations also reveal the
main trunks of the dendrite are continuous and well aligned
over hundreds of micrometers, which means a good continuity
along one direction. The 1D continuity, uniformity, and

Figure 1. a) Molecular structure of DTBDT-C6 and packing structure in
the microstripes. AFM image (50 � 50 mm2) and section profile of
b) monolayer microstripes at U = 200 mm s�1, c) bilayer microstripes at
U = 1000 mms�1, d) trilayer microstripes at U = 2000 mms�1, e) tetra-
layer microstripes at U = 3000 mms�1, f) pentalayer microstripes at
U = 10000 mms�1, and g) hexalayer microstripes at U = 10000 mm s�1.
The solution concentration for all the experiments is 2 mgmL�1. The
unit for the x and y axes in the section profile is micrometer and
nanometer, respectively.
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alignment over large areas facilitate the fabrication of planar
electronic devices.

Figure 2a displays the dependence of molecular layer
number (N) on the pulling speed (U) with a solution
concentration of 2 mgmL�1. When 10 mms�1�U� 40 mms�1

(red-symbol regime), N decreases with increasing U, and
microstripes with different N are mixed together (Figure S3).
At U = 50 and 60 mms�1, well-separated and uniform mono-
layer and bilayer microstripes over large area are formed. For
70 mms�1�U� 500 mms�1, only monolayer microstripes are
obtained nearly over the whole substrates, as shown in
Figure S2a and Figure S4. However, the morphology and
coverage of monolayer microstripes in this speed regime vary
with U (Figure S2a and Figure S4). Once U is higher than
600 mms�1, N is nearly proportional to U. Remarkably, at
50 mms�1�U� 3000 mm s�1 (blue-symbol regime, Figure 2a),
the microstripes with different N are generally well separated
from each other, while at 4000 mms�1�U� 10000 mms�1

(green-symbol regime, Figure 2a), well-separated micro-
stripes as well as mixed microstripes are formed. From
Figure 1 and Figures S2–S4, it can be found that the morphol-
ogy shows dependence on the pulling speed. Theoretical
modeling of the formation of such fractal structure is ongoing.

Figure 2a reveals the different N–U relationships (inverse,
constant, proportional). The thickness dependence on the
pulling speed in the dip-coating process is a common knowl-
edge for film preparation, and two growth regimes (inverse
and proportional thickness–pulling speed relationships) were
reported for the dip-coating processes of phospholipids, sol-
gel systems, and polymers.[7] However, there are two unique

progresses of our work compared with the previous
ones:[7–9] 1) precise thickness control at molecular
level and 2) vertical thickness in the nanometer
regime with lateral microstructuring and 1D con-
tinuity. A film with those two distinguished charac-
teristics is quite challenging to achieve because of
the great compromise between them. In the previous
reports the thickness of the coated film is generally
over tens of nanometers, and the thickness control
precision is an average value (tens of nanometers or
more) and far from molecular level. “Real mono-
layer precision” achieved in this work represents
a significant progress compared to “average thick-
ness” reported previously.

Figure 2b shows the growth mechanism in the
dip-coating process. When the substrate is immersed
into the solution, a meniscus climbs up the substrate.
Pulling the substrate out of the solution at low speed
U1, a pinned meniscus area rises with the substrates
and becomes stretched gradually because of the
viscous drag.[7, 8] With the rapid evaporation of the
solvent near the contact line and continuous supply
of solute molecules toward the contact line by
convection flow and capillary force, the amount of
solute molecules increases and finally nucleation
center form at the contact line. The supplied solute
aggregates onto the nucleation center and continues
to grow into stripes by self-assembly during contin-
uous solvent evaporation and substrate movement.

The nonuniform convection flow in the meniscus area brings
about the nonuniform concentration distribution of solute
molecules, which may result in mixed microstripes with
different N. In this speed regime, higher speed (U2) leads to
a thinner meniscus and a higher three-phase contact line
above the solution surface, and thus less solute molecules
accumulate at the contact line.[7, 8] This can explain the inverse
N–U relationship. Therefore the growth at low U regime (red-
symbol regime in Figure 3a) is controlled by the meniscus.

When the pulling speed is higher than the transition value
(� 50 mms�1 in our case), a uniform liquid thin film is dragged
out of the meniscus and entrained onto the substrate (U3 and

Figure 2. a) The relationship between the molecular layer number and pulling
speed for 2 mgmL�1 solution. Red symbols indicate that microstripes with
different layer numbers are mixed. Blue symbols indicate that microstripes with
different layer numbers are well-separated. Green symbol indicate that there are
well-separated as well as mixed microstripes. The size of the symbols denotes
approximately the distribution of microstripes with each layer. b) The growth
mechanism, showing the status and evolution of the three-phase contact area at
different pulling speeds of the dip-coating process. U1 and U2 are within the
meniscus-controlled regime, corresponding to the red-symbol regime in (a). U3
and U4 are within the entrainment-controlled regime, corresponding to the blue-
and green-symbol regime in (a), respectively.

Figure 3. Plots of Texpe,stripe, Ttheo,liquid, and Ttheo,film versus the pulling
speed. Texpe,stripe is the experimental thickness (average value) of micro-
stripes. Ttheo,liquid is the theoretical thickness of entrained liquid film
(Ttheo,liquid). Ttheo,film is the theoretical thickness of solute film after
solvent evaporation.
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U4 in Figure 2b, and Figure S5).[7, 9] The entrained liquid film
(referred to as entrainment, see Figure S5) moves with the
substrate. The entrainment is quite uniform, and therefore
provides an excellent platform for the growth of uniform
microstripes over a large area. Generally, the thickness (h) of
entrainment on the substrates can be approximately predicted
by Landau–Levich equation [Eq. (1)],[9a]

h ¼ 0:944ðmUÞ2=3=s1=6ð1gÞ1=2 ð1Þ

where 1, m, and s are the density, viscosity, and surface tension
of the solution, respectively, and g is the gravity acceleration.

Based on the Landau–Levich equation, the theoretical
thickness of an entrained liquid film (Ttheo,liquid) can be
approximately calculated. In this calculation, the
1 (866.90 kg m�3), m (5.5 � 10�4 N s m�1), and s (2.852 �
10�2 N m�1) of the solvent (toluene) are used for the OSC
solution. Then, the theoretical thickness of the solute film
(Ttheo,film) after solvent evaporation can be further calculated
approximately by Ttheo,film = (Ttheo,liquid � C)/1film, where C is
solution concentration (2 mgmL�1), and 1film is the density of
solute film which is calculated to be about 1.3 gcm�3 from the
crystal structure. Ttheo,liquid, Ttheo,film, and Texpe,stripe (averaged
experimental thickness of microstripes) versus U are drawn as
red, black, and blue lines in Figure 3, respectively. At U�
200 mms�1, there is a good agreement between Texpe,stripe and
Ttheo,film, and the power of the blue plot in this speed range is
derived to be about 0.62 which is near to the theoretical value
(0.667). While at 50–100 mms�1 (monolayer regime), Texpe,stripe

is higher than the theoretical value (Ttheo,film), and shows an
inverse relationship with pulling speed. At low U (50–
100 mms�1), the length of entrainment (Figure 2b, U3) is
short, and not far away from the meniscus. Therefore, the
convective flow in the meniscus and capillary force may
transport some solute molecules into the entrainment, and
cause the deviation from the theoretical value. At higher U (�
200 mms�1), the entrainment is high enough above the
solution, so the capillary force could not carry many solutes
to the top of entrainment before its drying. Accordingly, the
growth in this regime is mainly controlled by entrainment,
and follows the Landau–Levich equation.

To understand more details about this growth behavior,
we further investigate the influence of some factors including
solvent evaporation rate, solution concentration, solvent
selection on the growth behavior (for details, see in the
Supporting Information sections 7–9). Generally, it is found
that 1) a low evaporation rate results in thicker microstripes,
and is necessary for the assembly of solute molecules into
uniform microstripes at high pulling speed (Figure S6).
2) Low solution concentrations result in less solute in the
entrainment, and therefore provide more time to assembly
into uniform thin microstripes, whereas a high concentration
is necessary for thick microstripes with the trade-off of
thickness uniformity (Figures S7,S8). 3) A proper selection of
solvent is necessary for the growth of microstripes (Fig-
ure S9).

In addition, the generality of such growth behavior for
OSCs is tested. Two other molecules, 2,7-dihexyl-s-inda-
ceno[1,2-b:5,6-b’]dithiophene-4,9-dione (DIDTD-C6) and

N,N’-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8)
are selected. DIDTD-C6 shows a growth behavior similar to
that of DTBDT-C6 (Figures S10,S11), which demonstrates
the generality of such growth behavior for some soluble
OSCs. However, PTCDI-C8 yields only discontinuous dots
under similar growth conditions, which means this growth
behavior cannot be generalized for any soluble OSCs. The
molecular structure of organic semiconductor affects the
nucleation rate and self-assembly ability and therefore
significantly influences the growth behavior. Until now, it is
difficult to deduce what kind of molecular structure is suitable
for such growth behavior.

The ultrathin microstripes with monolayer precision
provide a feasible and elaborate system for investigating
charge transport properties of OSC films with a thickness
comparable to a real conductive channel in organic field-
effect transistors (OFETs). Therefore, top-contacted transis-
tors were fabricated (Figure 4a). The field-effect mobility at
different layer numbers is displayed in Figure 4b, indicating

that the mobility shows a slight increase when the layer
number is above two, and almost saturates at four–six
molecular layers. This finding is consistent with the basic
operation principle of OFETs in which a real conductive
channel is localized at the interface between semiconductor
and insulator, and the first few molecular layers determine the
electrical properties of the OFETs. In fact the charge
transport property of ultrathin OSC films has been already
reported.[4a,b, 5a] However, in these reports the layer number is
generally nominal or an average value because of nonuniform
monolayer to multilayer films. Based on those systems, the
effect of grain boundaries or partial multilayer coverage could
not be eliminated. The continuity and uniformity of micro-
stripes grown in this work can avoid such problems, and
provide the possibility to reveal the intrinsic charge-trans-
porting characteristics of OSCs. In addition, we have success-
fully fabricated high-performance gas ammonia OFET-based
sensors with ultrathin microstripes, which benefit from
efficient interaction between the conductive channel and
analyte.[10] These results further prove the significance of
uniform ultrathin microstripes for organic electronics.

In summary we demonstrate the monolayer precision
growth of dendritic OSCs microstripes in nanometer thick-
ness range via a dip-coating process. The pulling speed exerts
pronounced influence on the layer number as well as the

Figure 4. a) OFETs based on microstripes. b) Field-effect mobility of
ultrathin microstripes with different layer numbers. The mobility range
is obtained from 6–10 devices for each layer number. The inset shows
a SEM image of the OFETs on microstripes.
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thickness uniformity. The inverse (in the low-speed regime)
and proportional (in the high-speed regime) N–U relationship
is controlled by the meniscus and entrainment, respectively.
Remarkably, in the high-speed regime a uniform monolayer
to hexalayer microstripes with perfect monolayer precision
can be obtained over a large area. This study provides
a concept for the growth of organic semiconductor films with
four distinguished features including nanometer thickness,
monolayer thickness control precision, thickness uniformity
(from monolayer to hexalayer) over large area, and micro-
structuring with 1D continuity. Such a precise growth
represents a great progress for the assembly/growth of
OSCs and is significant for both fundamental research and
practical applications in organic and molecular electronics.

Experimental Section
Growth and characterization of ultrathin microstripes: 2,7-Dihexyl-
dithieno[2,3-d ;2’,3’-d’]benzo[1,2-b ;4,5-b’]dithiophene (DTBDT-C6)
was synthesized according to literature[11] and dissolved in toluene
(Aldrich 99 %, anhydrous). The silicon wafer with a 300 nm oxide
layer (Si-Mat GmbH) was vertically immersed at 500 mms�1 into
a solution and then pulled out of the solution at a speed ranging from
10 to 10 000 mms�1. Dip-coating experiments were carried out at
ambient temperature and pressure.

Device fabrication and characterization: The heavily doped
silicon wafer and 300 nm thermally oxided SiO2 layer was use as
gate and insulator, respectively. Gold electrodes were deposited using
a mask with a channel length of 20 mm. The channel width is
calculated by the accumulation of each microstripe in the channel
area. Field-effect characteristics measurements were performed on
Keithley 4200 in air at room temperature. The field-effect parameters
were obtained from the standard equation in the saturation region.
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