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Deposition patterns of tetracyanoquinodimethane (TCNQ) molecules on different surfaces are investigated by

atomic force microscopy. A homemade physical vapour deposition system allows the better control of molecule depo-

sition. Taking advantage of this system, we investigate TCNQ thin film growth on both SiO2 and mica surfaces. It

is found that dense island patterns form at a high deposition rate, and a unique seahorse-like pattern forms at a low

deposition rate. Growth patterns on different substrates suggest that the fractal pattern formation is dominated by

molecule–molecule interaction. Finally, a phenomenal “two-branch” model is proposed to simulate the growth process

of the seahorse pattern.
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1. Introduction

Organic functional nanostructures on solid sur-

faces were investigated extensively for fundamental re-

search and practical applications.[1−5] The study of or-

ganic thin film growth[6−8] at the molecular level was

motivated by the ever greater requirements for devel-

oping the next generation of optical, electronic and

magnetic devices,[9] as well as for understanding the

microcosmic structures,[10] due to the specific charac-

teristics of organic thin films.

Understanding the evolution of surface morphol-

ogy, such as the formation of compact and frac-

tal patterns[11,12] during organic thin film growth,

is a crucial step toward the controlling of the

growth of organic nanostructures. Here we report

our investigation of fractal patterns of 7, 7′, 8,

8′-tetracyanoquinodimethane (TCNQ) molecules on

SiO2 and mica surfaces. The molecular structure of

TCNQ is shown in Fig. 1. TCNQ[13,14] is a good one-

electron acceptor, and salts of the resulting radical an-

ion show a wide range of interesting electronic proper-

ties like high electrical conductivity[15] and ferromag-

netic characteristics.[16] TCNQ can be used as elec-

trode material in novel organic electrolytic capacitors

and has potential applications in bistable-threshold or

memory switches,[17,18] molecular magnets[19,20] and

molecular sensors.[21] Moreover, the unique seahorse-

like fractal aggregations[22−30] of TCNQ or its deriva-

tives are pivotal for understanding the growth process

of organic thin films in general.

Fig. 1. Chemical structure of 7, 7′, 8, 8′-

tetracyanoquinodimethane (TCNQ) molecule.

In most of the earlier work on TCNQ fractal

patterns, the scanning electron microscopy (SEM) or

transmission electron microscopy (TEM) and amor-

phous carbon substrates[22−26] were used to study the

transmission properties of the material, which in turn

reveal the crystalline character and thickness of the
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thin film. To investigate the growth process of the

surface morphology of TCNQ thin film, we use atomic

force microscopy (AFM). We use a secondary physical

vapour deposition (SPVD) method to deposit TCNQ

thin films on SiO2 and mica surfaces under differ-

ent conditions. Further characterizations by ambient

atomic force microscopy reveal that the seahorse-like

fractal patterns can be formed on these two inert sub-

strates and the growth conditions have a great effect

on the molecular deposition patterns.

2. Experiments

We develop a secondary physical vapour deposi-

tion (SPVD) system for the preparation of samples.

Unlike traditional physical vapour deposition meth-

ods, SPVD has two deposition steps in a high vacuum

environment. The critical component we used here is

a hand tailored quartz crucible which has two separate

cavities, i.e., the primary cavity, which can be heated

directly by a tungsten filament and the secondary cav-

ity, which is open to the primary cavity and can be

heated only through heat exchange. In the first step,

highly pure (98%) TCNQ molecules preloaded in the

primary cavity are deposited onto the wall of the sec-

ondary cavity when the filament temperature reaches

360 K. Then, when the filament temperature is in-

creased to 468 K, the TCNQ molecules vapourize from

the wall of the secondary cavity and form a film on the

substrate.

This SPVD method has several advantages for the

deposition of organic materials. 1) The SPVD process

is a clean deposition process under high vacuum. 2)

The two-step process can purify organic specimens.

3) SPVD has more accurate deposition flux control

since the temperature gradients on the wall of the sec-

ondary cavity play an important role during deposi-

tion. With our SPVD method, an extremely finely

tuned deposition flux can be realized. 4) For colour-

ful specimens, the deposition quantity is visible in the

secondary cavity of the crucible. So, precise deposi-

tion quantity control can be achieved by this method.

5) The cost of this SPVD method is much lower than

that of molecular beam epitaxy (MBE).

TCNQ molecules are deposited onto the sub-

strates at room temperature in a high vacuum with

a base pressure better than 5×10−5 Pa. Then we use

AFM to characterize the surface morphology. We use

SiO2 and mica as substrates.

3. Results and discussion

3.1.TCNO deposit patterns

As shown in Fig. 2(a), highly uniform dot patterns

in a large area can be obtained at deposition flux (F )

as high as 50 nm/min for 4 min. In this case, the den-

sity of the molecules on the surface is too high and the

diffusion of the molecules is limited; the molecules can

diffuse only a very short distance and collide with each

other to form high-density islands.[6] At a lower depo-

sition flux, 25 nm/min, the diffusion of the molecules

is partially enhanced, and we are able to obtain bug-

like patterns as shown in Fig. 2(b). The bug-like pat-

terns can be thought of as the initial modality of the

seahorse-like patterns. Further decreasing the deposi-

tion flux to 20 nm/min or 9 nm/min leads to a mixture

(Fig. 2(c)) of seahorse-like patterns and bug-like pat-

terns, or exclusively seahorse-like patterns (Fig. 2(d)).

According to Figs. 2(a)–2(d), it is obvious that

the deposition flux has a great effect on the formation

of organic patterns. The unique seahorse-like fractal

patterns of TCNQ molecules can be obtained only at

low deposition flux, which allows the molecules to rel-

atively freely diffuse.

3.2.TCNQ thin films

Organic electronic and optoelectronic devices re-

quire high quality materials in different forms, such as

organic quantum dots[31] and organic thin films.[32] By

taking advantage of the SPVD method we can control

deposition conditions very well and furthermore, con-

trol the growth of organic patterns. Figure 3 shows

how to grow different TCNQ thin films by adjusting

deposition conditions. When the deposition quantity

is small, only a few isolated islands form on the sur-

face (Fig. 3(a)), separated by empty zones. At higher

deposition quantities, isolated islands will coalesce to

form thin films as shown in Figs. 3(b) and 3(c). TCNQ

thin films grown at room temperature are not well-

proportioned. The initial islands can still be seen in

the thin films. This implies that the thin film growth

follows the same process as the island growth. By

varying the deposition flux, we can control the quality

of the thin film. Figures 3(b) and 3(c) show two kinds

of TCNQ thin films with almost the same coverage

rate on SiO2 substrate.
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Fig. 2. Deposition patterns of TNCQ on SiO2 at different values of deposition flux F : (a) 20 µm×20 µm, dot patterns

formed at F = 50 nm/min; (b) 20 µm×20 µm, bug-like patterns formed at F = 25 nm/min; (c) 20 µm×20 µm, mixture of

bug-like patterns and seahorse-like patterns formed at F = 20 nm/min; (d) 40 µm×40 µm, seahorse-like patterns formed at

F = 9 nm/min.

It is clear that the two films are formed from very similar islands, but the sizes of islands in the two films

are quite different. The thin film in Fig. 3(b) contains smaller preformed islands due to higher deposition flux

(22 nm/min). Accordingly, at lower deposition flux a flatter thin film with bigger islands inside is obtained.

3.3. Seahorse-like fractal patterns on different substrates

A deeper understanding of the mechanism behind the formation of the seahorse patterns requires extended

experimental data. The previous work on this unique fractal patterns was done mainly on amorphous carbon

thin film and characterized by SEM or TEM.[22−26] Here we successfully grew the seahorse-like patterns on

both SiO2 and mica surfaces, then characterized them with an ambient atomic force microscope operating in

a contact mode. SiO2 surface is amorphous and has weak isotropic interactions with the adsorbate.[27,28,33]

While mica is a monoclinic crystal, and the surface facet of (001) is a hexagonal lattice.[27,28,34] A comparison

of the fractal patterns on different substrates allows us to understand the interplay between molecule–molecule

interactions and molecule–surface interactions during the process and address the physics of formation of the

seahorse patterns.
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Fig. 3. Deposition process of TCNQ thin film on SiO2 at

different values of deposition flux F : (a) 50 µm×50 µm

F = 24 nm/min for 10 min; (b) 50 µm×50 µm F =

22 nm/min for 18 min; (c) 50 µm×50 µm F = 16 nm/min

for 25 min.

On SiO2 surface, the seahorse-like patterns show

almost the same characters as on amorphous carbon

thin film (Figs. 2(d), 4(a) and (5)). The pattern has

an “S” or reverse-“S” backbone measuring 7∼13 µm

in length. There are some finlike extrusions pointing

away from the backbone, each of which has a triangu-

lar shape with a sharp end. As we can see in large scale

images (Fig. (5)), the “S” and reverse-“S” chiralities

occur with roughly equal probabilities. Besides sea-

horse patterns, we also find some abnormities, like half

seahorse-like patterns and double-head or double-tail

patterns; this may be due to inefficient local growth

conditions. Seahorse-like patterns on the mica sur-

face also show two chiralities with same probabilities.

They also have backbone and finlike extrusions. Un-

like the patterns on SiO2, those finlike extrusions are

actually stacks of hexagonal building blocks which can

be clearly seen at the end of the extrusions.

Fig. 4. Typical seahorse-like fractal patterns at different

values of deposition flux F : (a) 12 µm×12 µm with sub-

strate of SiO2; (b) 12 µm×12 µm with substrate of mica.
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Fig. 5. Large-scale seahorse-like fractal pattern:

100 µm×100 µm, substrate: SiO2.

The formation of the unique seahorse-like pat-

terns on different surfaces implies that the interac-

tions between TCNQmolecules play an important role

in the process. In addition, the interactions between

TCNQ and the substrate also affect the growth con-

ditions and some minor features of the pattern.

4. Model and simulations

TEM micro beam diffraction indicates that the

TCNQ fractal patterns are composed of many small

crystal blocks, and this is in accordance with its topo-

graphic images. Two other noteworthy characteristics

of the seahorse pattern growth process are that the

end of the finlike extrusions and the end of the back-

bone both have a priority in growth, and that the

backbone of the pattern is curved.

Based on these facts, we propose a simple

“two-branch” model to simulate the growing process

(Fig. 6(a)). The model starts with a branch. Then,

two pairs of new branches grow out at both ends

of the old branch. We call the original branch the

“father branch”, the longer new branch the “main

branch” (black) which is 1/scale−m of the “father

branch” in length, and the shorter new branch the

“sub branch” (gray) which is 1/scale−s of the “father

branch” in length (scale−s> scale−m). The angles be-

tween the “main branch” and the “father branch”, and

between the “sub-branch” and the “father branch” are

angle−mm and angle−ms respectively. In the follow-

ing step, every new branch becomes a “father branch”,

and a new branch pair grows out at every end satis-

fying the length and the angle relations with the new

“father branch”. By choosing these parameters prop-

erly, we can obtain an “S” or reverse-“S” pattern af-

ter specific steps as shown in Fig. 6(b). We further

substitute branches with rhombic crystal blocks and

obtain the final simulation result (Fig. 6(c)) which is

consistent with most of the characteristics of our ex-

perimental data.

Fig. 6. Seahorse-like pattern simulated by “two-branch”

model: (a) First three steps of “two-branch” model; the

black branches are longer “main branches” and the gray

branches are shorter “sub-branches” in each step; (b) The

“S” shape framework is formed after eight steps of “two-

branch” growth; (c) Seahorse-like pattern is achieved by

further replacing branches with rhombic crystal blocks.

Although this phenomenal model mimics the ac-

tual formation of TCNQ seahorse-like patterns, the

atomic growth process remains unknown and needs

further investigating. In the earlier work about DDAN

thin film growth,[27,28] Cai et al. claimed that due

to the interaction of in-plane electric dipole moment

among DDAN molecules, they formed desert-like and

forest-like patterns under different growth conditions.

But in our system, there is observed no in-plane elec-

tric dipole moment of TCNQ molecules, so we need

to consider other forms of molecular interaction or

even the interactions between crystallites of TCNQ

molecules.
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5. Summary

We obtained different deposit patterns of TCNQ

molecules, including dot patterns, bug-like patterns,

seahorse-like patterns and thin films, on SiO2 sur-

faces by means of secondary physical vapour deposi-

tion. AFM characterizations reveal the interplay be-

tween evaporation conditions, molecule–molecule in-

teractions and molecule–substrate interactions in the

growth process. A comparison between the seahorse-

like patterns on SiO2 and mica surfaces allows us to

reach a good preliminary understanding of the driv-

ing force behind this unique fractal pattern. Finally,

we proposed a simple model to simulate the growth

process of the seahorse-like pattern.
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