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A R T I C L E I N F O

Keywords:
Organic thin film transistor
2D molecular crystals
Organic semiconductor
Dip coating

A B S T R A C T

Growth of monolayer 2D organic crystal has been an interesting topic in recent years owing to their promising
properties. However, it is still a tough challenge to obtain the 2D organic crystal with precise thickness control
and uniform morphology. Herein, we reported the fabrication of 2D crystals of alkane molecules C44H90 with
only monolayer thickness and tunable size through the simple dip-coating process. Benefitted from the low
solubility of the C44H90 and the isotropic Van der Waals interaction, quadrilateral-shape monolayer 2D crystals
with size from several micrometers to nearly hundreds of micrometers can be achieved in the dip-coating
process. Utilized the X-ray diffraction and high resolution atomic force microscopy, we obtained the clear
packing mode of these monolayer crystals. In addition, these smooth 2D crystals show promising application in
the thin film transistors by acting as a molecular template layer. It leads to an increment of about one magnitude
on the charge mobility owing to the decreasing of both morphology defects and interface traps.

1. Introduction

Growth of high quality organic micro- or nanocrystals has been a
hot topic over long time due to their wide applications in e.g. molecular
electronics, non-linear optics, pigments and dyes, pharmaceutical drug
delivery [1–9]. Specifically, along with the fast development of in-
organic two-dimensional (2D) materials [10–12], the low dimensional
organic crystals in 2D or one-dimensional (1D) turn to be highly in-
teresting, especially owing to their promising unique properties in op-
toelectronics. A number of strategies has been developed for the pre-
paration of ordered 2D or 1D molecular crystals [4–9]. Typical
techniques include solution shearing, dip-coating, drop-casting, slot-die
coating and template assisting methods [13–33]. Using those ap-
proaches, highly ordered crystals specifically the 1D stripe-like crystals
were achieved. Li et al. reported the fast fabrication of micro-stripes
crystals of dithieno [2,3-d; 2′,3′-d′]benzo-[1,2-b; 4,5-b′]dithiophene
(DTBDT) derivative utilized the dip-coating technique and demon-
strated their promising applications as high sensitive gas sensors
[25,34]. Bao et al. produced highly aligned organic crystals by the so-
lution shearing technique and obtained high mobility transistors [13].

Compare to the 1D crystals, growing 2D molecular crystals with
controllable morphology and precise thickness is relatively a tough

challenge [3,9,35,36]. Jiang et al. reported the fabrication of milli-
meter-sized monolayer 2D crystals, which possess mobility up to 1
cm2V−1s−1 through drop-coating method [36]. Utilizing the floating-
coffee-ring driven assembly method, Wang et al. realized the large-scale
2D organic crystal with precise thickness control [9]. Here we report a
simple method for fast growing 2D molecular crystals with a precise
monolayer thickness. By the simple dip-coating method, we can achieve
a series of monolayer molecular crystals with tailoring size from several
micrometers to hundreds of micrometers. In addition, these crystals
with the ultrathin and smooth features displayed promising applica-
tions in the organic electronic device through acting as template layers.

2. Experimental section

2.1. Materials and film fabrication

Tetratetracontane (C44H90) (> 97.0%) in our experimental was
purchased from TCI and used without further purification. It was dis-
solved in n-heptane (anhydrous,> 99.0%, purchased from Alfa Aesar)
to form solution with concentration of 0.97mmol/L. The silicon wafer
with 300 nm SiO2 layer (Ci = 10 nF cm−2) as substrate was immersed
into the solution and then was pulled out at different speed ranging
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from 30 to 5000 μm/s during the process of dip-coating. Then penta-
cene was deposited on the surface of tetratetracontane thin film
through vacuum deposition. The substrate temperature was 40 °C and
the deposition rate was 0.1–0.5 nm/min. The experiments were per-
formed at laboratory condition of which the temperature and humidity
were 18.0–29.0 °C and 28.0–68.0%, respectively.

2.2. Thin film characterization

Optical topography of thin film was obtained on a Leica optical
microscopy. Morphology, thickness, and width were measured with
atomic force microscopy (AFM) using a Bruker Dimensional Icon in

tapping mode.

2.3. Device fabrication and characterization

Gold source and drain electrodes (40 nm) were deposited through a
shadow mask on top of the pentacene film by using thermal evaporator
in Glove box (MIKROUNA Company) to form the bottom gate top
contact OFETs. The electrical properties were measured in air with a
Keithley 4200SCS semiconductor parameter analyser integrated with a
probe station of Model 8060 from Micromanipulator Co., Inc.

Fig. 1. a) the schematic diagram of dip-coating, b-g) optical microscopy image of C44H90 crystal prepared at different pulling speed, h) plots of the average crystal
size vs withdrawal speed.
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3. Results and discussions

3.1. Morphology and structure of C44H90 crystals

Fig. 1a illustrates the schematic demonstration of the dip-coating
process. The silicon wafer was dipped into the C44H90/n-heptane so-
lution and then pulled out at different speeds. Fig. 1b–g presents the
optical microscopy images of the samples with pulling speeds from
5000 to 30 μm/s. In contrast to the continuous stripe or fiber-like
morphology of many organic semiconductors films, the C44H90 formed
into many scattered lamellar crystals with uniform thickness and dia-
mond quadrilateral shape in all the speed range except the case of
30 μm/s. The crystal size exhibits an obvious speed dependent manner.
Fig. 1h plots the size vs pulling speed, which indicates a nearly linear
relationship when the speed is over 50 μm/s. Pulling at 5000 μm/s
results in the formation of dozens of crystals with average size ap-
proximately 50 *50 μm2 on the substrates (Fig. 1b). At the speed of
3000 μm/s, the size reduces to about 30*30 μm2, while it is approxi-
mately 5*5 μm2 at the speed of 50 μm/s. When the speed further re-
duces to 30 μm/s, in contrast, the obtained crystals increases strongly in
size and thickness, suggesting the occurrence of a different growth
behavior. In addition to the morphology differences, the distribution of
the crystals also changed from a relatively uniform state at higher
speeds (> 50 μm/s) to an obviously non-uniform at 30 μm/s according
to the large scale images depicted in Fig. S1. Therefore, according to the
morphology evolution, the crystallization process at 30 μm/s transits to
a similar process of crystal growth in the solution environment. In ad-
dition, we can also observe some small quadrangular crystals or den-
dritic crystals randomly located among the large size 2D crystals when
speed over 800 μm/s.

We further characterized the crystal morphology by the AFM, as
shown in Fig. 2. From 5000 μm/s to 50 μm/s, the height of the ultrathin
crystals is approximately 4.4 ± 0.3 nm (Fig. S2), which is relative
smaller than the fully extended chain length of C44H90 (5.5 nm). This
gives the evidence that the molecule adopts a slight tilted orientation.
More importantly, it indicates that all the 2D crystals are only one
monolayer thick. In other words, by this simple dip-coating approach,
we can easily obtain the 2D monolayer crystals with tunable size and
uniform distribution by adjusting the withdrawal speed. The large 3D

crystals formed at 30 μm/s gave a thickness up to hundreds of nm, and
presented several terraced steps, in accordance with the optical mi-
croscopy images.

To understand the formation of these crystals and the speed de-
pendent morphology evolution, we need to look back for the me-
chanism of dip-coating technique. During this lifting-crystallizing pro-
cess, the crystal morphology is critically related to the meniscus formed
between the substrate and the solution. The height (the distance away
from the solution surface) and thickness (thickness of the rising liquid
film on the substrate) of this meniscus varies with the withdrawal
speed. At low withdrawal speed (< 30 μm/s), the meniscus height is
relative small and the crystallization is an evaporation driven process,
which is similar to the crystal growth under equilibrium state. Here,
considering the low solubility of C44H90 and fast evaporation of n-
heptane, the crystal will grow fast not only in the meniscus area but also
in the solution nearby and retain on the substrate after pulling out,
resulting in the large size 3D crystals. At higher speed (> 50 μm/s), the
meniscus will extend and the obtained crystals mainly form at the air-
solution-substrates contact line, leading to the formation of 2D mono-
layer crystals. In this situation, the meniscus shape depends on com-
petition between the liquid capillary force upward and the gravitational
force downward, which is the typical regime II as illustrated in many
previous reports [24,25,31,37].

The morphology of such ordered quadrangular crystals of C44H90

with only monolayer thickness is fascinating and unique as a 2D organic
material. From morphologic view, these C44H90 2D crystals present
some different features from previous dip-coating films. Firstly, all
crystals exhibit a uniform monolayer thickness feature, which is distinct
from many organic semiconductor films which usually present a V-
shape speed-dependent thickness. This monolayer thickness is con-
sistent with the other alkane molecular film e.g. C32H66 reported pre-
viously by Patrick Huber et al. [31]. And such monolayer is mainly
originated from the low concentration at the meniscus area. Here the
low concentration of C44H90 (0.97mmol/L) makes it insufficient to
form multiple layers during the fast dip-coating process. Instead, the
speed-dependent behavior is reflected in the 2D crystal coverage and
size. Secondly, the regular quadrangular shape and discontinuous fea-
ture of the C44H90 is different from the C32H66 which presents dragonfly
crystals in low speed and continuous stripe crystals in high speed. This

Fig. 2. AFM height image of C44H90 crystals prepared at different pulling speed. a) 5000 μm/s, b) 3000 μm/s, c) 1000 μm/s, d) 800 μm/s, e)50 μm/s, f) 30 μm/s.
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should relate to the low solubility of C44H90. On the meniscus, the so-
lution develops into a supersaturated state quickly when the solvent
evaporates, which leads to the appearance of a large number of nuclei.
This nucleation of 2D crystal will deplete the surround solute molecules
and generate a no-solute gap area. Accompanied by the Marangoi ef-
fect, the liquid meniscus will develop into discontinuous droplets along
with the crystal growth and results in the scattered 2D monolayer
crystals on the substrates [31,38,39].

The structure of the obtained 2D crystals was characterized with
grazing incidence X-ray diffraction (GIXRD). Owing to the monolayer
feature of the crystal, the out-of-plane diffraction is not possible to
observe. The in-plane diffraction was recorded by the one-dimensional
GIXRD utilizing the synchrotron radiation X-ray. Fig. 3a presents the
obtained GIXRD pattern of C44H90 crystals. Three major diffraction
features are presented: a major diffraction peak couple with a shoulder
peak observed around the 2θ=15° and two diffraction peaks around
2θ=20°. The calculated lattice spacing is 4.10Å (4.01Å), 3.70Å and
3.60Å respectively. This is quite similar to the orthorhombic crystal
parameters reported previously of which the three diffraction corre-
sponding to the (110), (020) and (021)respectively [40–43]. The se-
lected area electronic diffraction indicates that the crystal only presents
one set of in-plane diffraction, confirming the nearly single-crystal

nature (Fig. 3b). In order to gain deep insight of the packing informa-
tion, we performed high resolution AFM to characterize such mono-
layer crystals. As shown in Fig. 3c and d, the molecules arrange in a
well-ordered manner. The packing mode is similar to the herringbone
fashion and give a unit cell of a= 7.9Å, b= 3.9Å. Such lattice para-
meter is similar to but has a certain distortion from the bulk crystals. It
is reasonable owing to the flexible nature of alkane chain and the fast
crystal formation process.

3.2. Morphology and transistor of pentacene/C44H90

It is a natural step to consider the application of such large ultra-thin
2D crystals acting as good molecular templates for the growth of highly
ordered organic semiconductor crystalline films, and for achieving
better device performance [28,44–46]. Hence we choose the bench-
mark organic semiconductor pentacene to evaluate the possibility [47].
Fig. 4a–c shows the AFM morphologies of pentacene with varied
thicknesses grown on the C44H90 monolayer crystals. Morphology of
pentacene on bare SiO2 was also recorded for comparison (Fig. 4d–f). At
the early stage, the pentacene forms into typical fractal islands on the
bare SiO2, while on the C44H90 2D crystals it changes to the quad-
rilateral-like island with even smaller size (Fig. 4a and d). With the

Fig. 3. a)GIXRD pattern of C44H90 crystals, b) the selected area electron diffraction. C) HRAFM of C44H90 crystal and the corresponding Fourier transformation
image. The black rectangle marks the unit cell.
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increase of the pentacene coverage, the size of these islands grow and
coalescence with adjacent grains in both cases (Fig. 4b and e). It is
interesting to note that for the thicker pentacene film, for example
10 nm (Fig. 4c and f), the morphologies are different on different sur-
faces. On C44H90 the small quadrilateral-like islands become larger and
formed into highly ordered terraced-like film. In contrast, the fractal
island on bare SiO2 transformed into terraced islands with many screw
dislocation defects [47–49]. The almost absence of the screw disloca-
tion defect and the larger grain size of pentacene on the C44H90 mod-
ified area can be attributed to several reasons. Firstly, the diffusion
ability of pentacene on C44H90 crystal decreases and this results in the
high nucleation density and small grain size initially which is benefit to
avoid the formation of dislocations [49]. Secondly, owing to the single
crystal surface of C44H90, the pentacene grains tend to form preferred
orientations owing to the template effect [28]. We characterized the
packing of pentacene on top of C44H90 crystals using high resolution
AFM, an good alignment between the two molecules was observed (Fig.
S3). While it is also note that multiple orientations exists. The detailed
orientation information and the lattice relationship between pentacene
and C44H90 have to be further determined in the future. The adjacent
domains with similar alignment coalesce and produce large domains
with increased film thickness. According to the XRD results (Fig. S4),
the pentacene packing is similar in both films. Nevertheless, the highly
ordered pentacence films on the 2D crystal surface should offer a better
charge transport ability.

To evaluate the charge transport property of the pentacene films, we
fabricated the thin film transistor devices based on the pentacene/
C44H90 films and presented the performance in Fig. 5a and b. The de-
vice shows a higher hole mobility of 0.49 cm2 V−1s−1. In contrast,
under the same preparation conditions, the pentacene transistor on bare
SiO2 exhibits a mobility only about 0.064 cm2 V−1s−1 (Fig. 5c and d).

The repeated experiments give mobilities of pentacene/C44H90 in the
range from 0.2 to 0.5 cm2 V−1s−1, while of the pentacene without
C44H90 is 0.03–0.1 cm2 V−1s−1. In addition, since the C44H90 crystals
only cover part of the channel, the true mobility for pentacene on the
2D crystals should be even higher than the presented results. While
since here pentacene film is still polycrystalline that it does not have
obvious anisotropic transport behavior. On one hand, the significant
improvement of the charge mobility could be attributed to the im-
proved morphology, specifically the decrement of the dislocation de-
fects; on the other hand, it should also benefit from the passivation
effect of C44H90 crystals on the SiO2 surface [44]. To figure out such
issue, we conducted the Kelvin probe force microscopy (KPFM) to check
the interface information. KPFM of two samples, the C44H90 on SiO2,
pentacene on C44H90/SiO2 were measured and depicted in Fig. 6 (a and
c are the height image, b and d are the surface potential image). When
the SiO2 is only covered with C44H90, we find that the contact potential
difference (CPD) of C44H90 is similar to the adjacent bare SiO2 surface
(Fig. 6a and b). This is because both SiO2 and C44H90 are insulating
materials without obvious inherent dipole. These surfaces have low
charge density or induced charge density, leading to the similar surface
potential. However, when the pentacene films are deposited, obvious
different CPD signals appeared for the pentacene on SiO2 and that on
C44H90 crystals (Fig. 6c and d). The pentacene domains locating on the
C44H90 area present significantly lower CPD than those on the bare
SiO2. Such difference could attribute to two reasons. On one hand, an
interface dipole at the interface between pentacene and C44H90 might
exist. On the other hand, as we know, many –OH group exists on the
SiO2 surface, which could attract and trap the holes on the organic/
insulator interface and decreases the mobility. If the C44H90 is covered
in prior, the above effect is eliminated or reduced. This passivation
could significantly reduce the –OH influence on the charge trapping and

Fig. 4. a-c) pentacene film with different thicknesses grown on top of the C44H90 crystals d-f) pentacene film with different thicknesses grown on bare SiO2/Si surface.
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Fig. 5. The transistor performance of pentacene on top of the C44H90 crystals and on bare SiO2/Si substrates. a-b) on substrates with C44H90 crystals, c-d) on bare
SiO2/Si.

Fig. 6. The height and surface potential images of a-b) C44H90/SiO2/Si, c-d) pentacene on C44H90/SiO2/Si.
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improve the charge transport of pentacene film, leading to a better
performance.

4. Conclusions

In conclusion, we have realized the formation of monolayer 2D
molecular crystals with regular quadrangular shape via a fast dip-
coating method and obtained the clear packing model of such crystals.
These 2D crystals randomly dispersed on the substrate and exhibited a
speed dependent size varied from several micrometers to hundreds of
micrometers. The formation of such 2D crystal is benefited with the low
solubility of C44H90 and isotropic Van der Waals interaction under the
entrainment regime of the typical dip-coating process. In addition,
these smooth 2D crystals show promising application in the thin film
transistors by acting as a molecular template layer. The modified pen-
tacene film transistor presented an improvement on the charge mobility
by about one magnitude owing to the decrease of the screw dislocation
defects and passivation of trapping on the dielectric surface.
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