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We report on a forest-like-to-desert-like pattern evolution in the growth of an organic thin film observed by using

an atomic force microscope. We use a modified diffusion limited aggregation model to simulate the growth process and

are able to reproduce the experimental patterns. The energy of electric dipole interaction is calculated and determined

to be the driving force for the pattern formation and evolution. Based on these results, single crystalline films are

obtained by enhancing the electric dipole interaction while limiting effects of other growth parameters.
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1. Introduction

Formation of single crystalline organic nanos-
tructures is critical for fabricating organic electronic
and optoelectronic devices, such as ultrahigh density
data recording,'—3! light emitting diodes,* and field

effect transistors.[

Experimental evidence demon-
strated that organic devices with defects always ex-
hibited lower mobility than the devices made of high
quality single crystals.[%7 Understanding the growth
mechanism and especially the growth dynamics of or-
ganic systems is thus central for improving device
quality.l® So far, a great deal of work is devoted to
the investigation of the roles of various growth param-
eters such as the nature of the substrate,!” deposition
rate,'% kinetic energy of molecules,[''2] interaction
among molecules,['3'4 and symmetry breaking.!'?!
Surprisingly, regarding the role of a very fundamen-
tal interaction, i.e. electric dipolar interaction, other
than a speculative mention of such an interaction in
the growth of TTF (CgH4S4) molecules on an Au(111)
surface, 1617 very little work has been done.

In this paper, we combine experimental results
and density functional theory (DFT) calculations to
show the definitive evidence that dipolar interac-
tion can be a dominant factor in the growth pro-

cess of organic thin films. A typical charge trans-
fer complex (CTC) molecule, 4-dicyanovinyl-N, N-
dimethylamino—1- naphthalene (DDAN), is selected
as a prototype system due to its exciting optic, elec-
tronic and photoelectric properties.'8=22 Using an
atomic force microscope, we observe the system evolve
from a forest-like pattern to a desert-like pattern with
thickness increasing. DFT and molecular dynamics
are used to simulate the growth, yielding an impres-
sive match with the experimental results. According
to our estimation of the strength of the dipole—dipole
interaction from a classical theory, we conclude that
the electric dipolar interaction plays a dominant role
in organic pattern formation and evolution. These re-
sults are helpful for guiding us in successfully growing
single crystal thin films in this system.

2. Experimental method

The growth of DDAN nanostructures on an amor-
phous SiOy substrate was performed in a physical
vapour deposition system with a base pressure of
1.6x10~* Pa. One Pt nanoisland was made as a mask
on the SiOq substrate by the focused ion beam (FIB)

method before depositing molecules. The DDAN
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molecules were then evaporated at 90 °C and de-
posited onto the SiO5 substrate kept at room tem-
perature. The growth was interrupted after each 15-s
deposition to allow the sample to be taken out for
atomic force microscopy (AFM) imaging. With the
help of the Pt mark, we could retrieve the same area of
the sample for each AFM scan and observe the growth
process of the DDAN fractal films.

With the increase of thickness, two different
growth stages were observed for the DDAN molecules
as shown in Fig. 1. In stage 1, small islands formed
(average diameter ~700 nm) and chained together to
form long branches with a length reaching 25 um.

When the main branches became long enough, short
branches began to grow at both sides of those long
branches to form a dendrite structure denoted as
a “forest-like” pattern. With thickness increasing,
in stage 2 the branches stopped growing longer and
newly formed islands (~700 nm) started to attach to
the branches and fill in the empty space on the sub-
strate, and finally covered all the substrate after de-
positing for a long time. The second particle aggre-
gation state was named as “desert-like” pattern. We
note that the morphological evolution was little af-
fected in the growth process and it was stable in air

condition.

Fig. 1. AFM morphological images of DDAN thin films taken at different growth times: 15 (a), 45 (b), 75 (c), 105
(d), 135 (e), 165 (f), 195 (g), 240 s (h), where the white scale bar represents 10 pm, and the chemical structure of

the DDAN molecule (i).
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3. Computational details

In order to understand why the growth pattern
evolves from the forest-like pattern into the desert-like
pattern, we calculate the values of binding energy Ey,
of two DDAN molecules in anti-parallel (ap) and head-
to-tail (ht) binding configurations based on the DFT,
yielding 0.2570 eV and 0.1185 eV, respectively. The
binding probability P of the two modes is expressed
as

P =1—exp((E— Ey)/ksT), (1)

where E is the molecule diffusion energy which de-
creases during the diffusion process. From Eq. (1), we
can deduce the following scenarios.

(i) If E > Ey, (ap), then P = 0, the DDAN
molecules do not combine with each other;

(ii) If Ey (ap) > E > Ey (ht), then P(ap) > P
(ht), molecules combine with each other in the anti-
parallel mode and form branches;

(iii) If By, (ht) > E, then P (ap) ~ P(ht), particles
can aggregate in both two modes and form particles
easily.

The decrease of diffusion energy F should also
lead to a decrease of the diffusion rate D according to
the following equation:

D x exp((E — Ey,)/ksT), (2)

where Ejy, is the diffusion potential barrier. The slow-
down of molecular diffusion implies that the diffusing
molecules have higher probabilities of meeting each
other as well as newcomers to form stable islands.
Consequently, fewer molecules can reach the end of
the branches to let the branches grow longer, which
leads to the transition from forest-like into desert-like
patterns.

According to these considerations, we develop a
method based on the DLA3 model to simulate the
growth process with the following constraints: i) all
particles move on a 256x256 2D array of square lat-
tice; ii) the problem is treated on a crystallite scale,
with hundreds of molecules being in one single crys-
tallite; iii) the crystallites are uniform in size and each
plane on the array represents a crystallite; iv) the dif-
fusion activation energy E has an initial value, and
decreases linearly in the diffusion process and quadrat-
ically in collision process. Once the simulation starts,
the particles are deposited onto the substrate at a
constant rate and then start random walk. No seed

particle is preset on the plane and dimmers are sta-
ble. When one moving particle collides with other
particles, we first calculate the total E}, of the par-
ticle with the four nearest neighbouring planes, and
then the value of P is obtained and the computer will
generate a random number comparing with P to de-
termine whether the particles will aggregate together
or rebound back and keep on moving. The value of E},
is determined by the DFT calculation. Due to the de-
pendence of aggregation on location, the islands will
have preferential growth directions. The changes of P
and D are caused by the decrease of E, making the
pattern growth transform from forest-like to desert-
like.

4. Results and discussion

The simulated morphological patterns are shown
in Fig. 2, which accord well with the experiment re-
sults. Moreover, the fractal dimension of the simu-
lated patterns changes from 0.55 to 1.92, which are
in excellent agreement with the experimental changes
from 0.56 to 1.99 (see Fig. 2(i)). The nice agreement
between our simulation results and experimental re-
sults indicates that the simulation catches the essence
of the growth process properly.

The dominant contributor to the binding energy is
electric dipole—dipole interaction. As shown in Fig. 3,
the DDAN molecular has a 10.9-A (1 A = 0.1 nm)
long axis and a 6.8-A short axis. It is a long pla-
nar molecule of conjugate structure, with a naphtha-
line residing in the middle, two cyano-groups on one
side, and a dimethyl amino group on the other side.
The charge density distribution calculated by DFT is
shown, indicating that the negative charge is mainly
at the electron donor-N(CHs)s side, while the positive
charge is at the electron acceptor—-CN side. The dipole
moment is calculated to be 3.6 Debye along the long
axis. The strengths of the dipole-dipole interactions
can be calculated by using simple classical theory and
depend sensitively on the relative orientations between
the neighbouring molecules. The two most energeti-
cally favourable configurations are molecules aligned
anti-parallel and head-to-tail, with corresponding en-
ergies being about 0.228 eV and 0.136 eV, respectively.
These energies are almost the same as the binding
energies calculated by DFT, which implies that the
molecular binding is mainly caused by the dipole—
dipole interactions.
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Fig. 2. Simulated growth morphology by using the modified DLA model. The numbers of particles are 300 (a),
4500 (b), 9000 (c), 12000 (d), 18000 (e), 21000 (f), 25500 (g), 30000 (h), and panel (i) shows that the dimension
of simulated pattern changes from 0.55 to 1.92, in good agreement with the dimension range (0.56 to 1.99) of the

experimental results.

Based on the aforementioned understanding of
the growth mechanism, we decrease the evaporating
temperature to 70 °C and evaporate for 3 minutes in
order to obtain single crystal DDAN branches. Al-
though the diffusion energies of molecules differ only
slightly between 70 °C and 90 °C, the molecular beams
are very different and the collisions are thus limited
at 70 °C, which can keep the diffusion energy at a
suitable level for forming much longer single crystal
DDAN branches as shown in Fig. 4. The branches are
about 30 um long, and the inset TEM electron diffrac-
tion image in Fig. 4 shows the branches are of single

crystal. This result further validates our theoretical

analysis.

—0.5 0.3

Fig. 3. Charge density distribution of DDAN molecule.
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Fig. 4. AFM image of long branches of DDAN molecules
formed by evaporating at 70 °C for 3 min. The inset shows
a TEM electron diffraction pattern of a branch synthesized
at the same experimental conditions on a copper carrier.
The scale bar is 10 pm.

5. Conclusions

We showed the growth process of DDAN thin film
on an amorphous SiOy substrate. We constructed
a modified DLA model based on the DFT calcu-
lation and the thermodynamic analysis to simulate
the growth process, and conclude that the growth
stages are driven by electric dipole interactions be-
We demonstrated that these re-
sults are useful for forming ordered thin films of polar

tween molecules.

molecules.
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