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Abstract:

Sub-monolayer two-dimensional (2D) islands of diphenyl dinaphthothienothiophene with various
shapes and densities (V) were formed on a SiO2/Si substrate by controlling substrate temperature
and the surface treatment for SiO. in vacuum deposition to investigate the growth mechanism
based on their morphology. The statistical analysis shows that the 2D islands have complex shapes
when N is small, and there is a constant relationship between N and the shape complexity of the
2D islands, regardless of the deposition conditions. Since the surface morphology is determined
by diffusion coefficients for admolecules on a substrate surface (Ds) and along the edge of a 2D
island (Deqg), the relationship between (N, shape complexity) and (Ds, Dedg) is studied. The
statistical analysis indicates that Degg is almost independent of the surface conditions and is instead
determined by interactions with molecules constructing the 2D island. Therefore, Dede is
considered as a material-dependent parameter to control the morphology for growing high-quality

films in vacuum deposition.



Introduction

The formation of two-dimensional (2D) islands in vapor-phase epitaxy has been studied for
metals '® and semiconductors 7!! to grow high-quality thin films. Scanning tunneling microscopy
has shown that the nucleation density (V) and shape of 2D islands depend on substrate temperature
(Ts) and/or deposition rate '''°. These 2D islands exhibit round,' triangular,> ® square’ or
complicated fractal shapes.!*>* To understand their growth mechanism, various models for kinetic

12-17 and analytical theories'® ' have been developed. The primary

Monte Carlo simulations
physical parameters determining morphology are diffusion coefficients for atoms on a substrate
surface (Ds) and along the edge of a 2D island (Deq).!*'* The edge diffusion behavior is
particularly important in dynamics, since sites that are stable for atoms dominate the island shape.

In growth of organic molecule films, pentacene, a standard organic semiconductor, is grown

on an amorphous oxide substrate in layer-by-layer growth mode,?’?*

as observed in epitaxial
growth of metals and semiconductors. However, in contrast to epitaxial growth, weak bonding
arises as physical adsorption between a molecule and a substrate. Therefore, the surface conditions
of the substrate, such as roughness or surface energy, are additional experimental parameters to
consider in growth.?% 2332 Since organic molecules actively diffuse on an amorphous substrate, in
contrast to atoms in epitaxial growth, organic 2D island has N value of 107'-10? pm 2,21 25-30,33-35
which is smaller than the value of 10'-10* um™? for epitaxial growth.!"!! Consequently, larger 2D
islands form on a substrate, enabling atomic force microscopy (AFM) investigation 2123 25-31, 3336
With respect to shape, 2D islands of organic small molecules tend to form randomly on the

substrate with distorted round or fractal shapes.?!>26-30-33-35.37-40 Thjs is probably attributed to weak

interaction of organic molecules to an amorphous substrate.



Recently, we have found that the surface morphology of thin films of 2,9-diphenyl-
dinaphtho[2,3-5:2',3'-f]thieno[ 3,2-b]thiophene (DPh-DNTT), which is an elongated organic small
molecule similar to pentacene, is strongly influenced by treatment for SiO> substrate surfaces
compared to deposition of pentacene.*’ Furthermore, 2D islands with a diameter of a few um form
on the substrate under certain conditions, enabling optical microscopy observation. Therefore,
DPh-DNTT is considered a favorable material for investigating growth mechanism of organic thin
films. Regarding shape for 2D islands, simulation models developed in a previous study
demonstrated that the shape complexity is related to the ratio of Ds and Dego.'*'> However,
experimental results providing substantial evidence for this relationship are lacking.

In this paper, the relationship between N and shape complexity of 2D islands consisting of
DPh-DNTT molecules is reported to investigate growth mechanism of organic molecules. To
examine the influence of substrate temperature (7s) and surface modification, N and the complexity
for 2D islands deposited under various conditions were statistically analyzed. The area (4) and
perimeter (P) of 2D islands, measured by optical microscopy, were applied to evaluate the
complexity, which is represented as P?/4.*! The relationship between (N, P*/A4) and (Ds, Dedg) is
described. In addition, temperature dependences of Ds and Dedg are discussed. Finally, we

experimentally demonstrate that the complexity of these 2D islands is governed by Degg.

Experimental Procedures

DPh-DNTT thin films were deposited on Si substrates with thermally grown 90-nm-thick Si0,
at a pressure of the order of 10 Pa with a deposition rate of 0.05 A/s. The deposition rate was
monitored using a quartz crystal microbalance. 75 was set from 150°C to 185°C. Before the

substrates were mounted, the SiO, surface was treated with O plasma, UV-O3, or HF solution.



Details regarding the O, plasma and UV-Oj3 surface treatment are given in our previous paper.*?
HF solution was used to chemically etch the SiO» surface by a few nanometers. After cleaning by
sonication, the substrate was immersed in HF solution diluted to 2.5 vol% with deionized water
for 30 s. All surface treatments modified the surface to render it more hydrophilic. For most
samples, the RMS roughness of the substrate was less than 0.4 nm. After deposition, the shape and
N of the 2D islands were evaluated in the optical microscopic images using digital image

processing (Fig. S1 and S2, Supporting Information).

Results and discussion

Figure 1 shows typical photographs of 2D islands deposited at different 75 values for O>
plasma and HF treatment. The nominal film thickness was 1.5 + 0.3 nm. The values of N and the
coverage for each sample are shown in each image. The value of P?/4 indicates the complexity of
the 2D island shape, as discussed below. When 75 is high, N is small, and the islands exhibit
complex shapes. At a same Ts, N for HF treatment is slightly smaller than that for O» plasma
treatment, as seen in Fig. 1.

Figures 2(a) and 2(b) show optical microscopy images for 2D islands deposited at 185°C on
a SiO» surface treated with HF. Figure 2(a) presents a dark-field image, and Fig. 2(b) displays a
polarized image of the same area, acquired with crossed polarizers and a narrow 498-nm band-
pass filter. Compared with Fig. 1(d—f), the 2D islands in Fig. 2(a, b) have more complicated shapes,
exhibiting diphycercal symmetry with the major and minor axes. The two arrows in Fig. 2(b)
indicate the transmission axis of polarizers. In the polarized image, each 2D island displays a single
color, which varies for each island. A 2D island with its major axis parallel to the polarizer axis is

not optically observed in the polarizing image. In contrast, a 2D island whose major axis is oriented



45° from the polarizer axis is clearly imaged in a whitish color. Periodical color changes are a
typical characteristic of polarization and have been observed in the monolayer growth of organic
films.*> ** Figure 2(c) shows a topological AFM image for the same substrate displayed in Fig.
2(a, b), which more clearly shows the morphology of a 2D island with diphycercal symmetry and
a fractal structure with higher resolution. The inset shows cross-sectional profiles along the dotted
line in the topological image, indicating an island height of 2.3 nm. The value is close to the length
of DPh-DNTT molecule,*’ suggesting that molecules in the 2D islands are aligned vertically with
respect to the substrate. These observations suggest that the 2D islands grow in a highly ordered
manner on a microscopic scale.

Here, we discuss the 2D island orientation. The previous study reported that the crystal
structure of DPh-DNTT is monoclinic.* The observed shape with diphycercal symmetry may
reflect two crystal axes which make a 90° in monoclinic herringbone structure. If the hypothesis
is correct, the two crystal axes possibly correspond to either the long or short island axis, as shown
in Fig. 2(d). As mentioned above, 2D islands of pentacene generally grow in a round shape on an
amorphous substrate. However, the similar rhombus shapes are observed when the underlying
material is crystalline, such as a Si substrate, or when nucleation occurs on the first layer that forms
on a thermally oxidized Si substrate.?” 3% 3¢ This might indicate a potential similarity in the
molecule and crystal packing structure between pentacene and DPh-DNTT thin films.

To quantitatively analyze N for each surface treatment, the N value obtained from optical
microscopy images is shown as a function of inverse 75 in Fig. 3. N exponentially decreases with
increasing T regardless of the surface treatment. Although small N values are obtained at high T,
there is an upper limit of 75 for film formation (Note S1, Fig. S3, Supporting Information). As

shown in Fig. 1, N for the HF treatment is smaller than that for O, plasma or UV-O3 treatment. N



is discussed based on Ds playing a critical role in the dynamics of admolecules on a SiO: surface.
A molecule arriving on a surface randomly migrates until it is adsorbed on an island. Then, the
molecule diffuses along the island edge, and locates at a certain site that is stable for the molecule.
N generally decreases with increasing Ds. Molecules actively diffuse on a surface at high 7. Thus,
the relationship between Ts and Ds is expressed by the Arrhenius equation:

Dy = Dosexp(—Edits/kT) (1
where Dos is a constant, Egirs 1s the activation energy for monomer surface diffusion, and £ is
Boltzmann constant.'® " The temperature dependence of N in Fig. 3 is explained by Eq. (1). The
different dependences on surface treatment indicate that the HF, O2 plasma, and UV-O3 surface
treatments enhance admolecule migration, resulting in large Ds values in this order. In contrast,
the case with no surface treatment exhibited a small N.*

The complexity of 2D island shapes is examined based on 4 and P. This is because an island
with a complex shape has a larger P for a given 4, with the nondimensional value P*/4 representing
island shape complexity. A large P?/4 indicates a complex shape, and vice versa. A typical
example is a perfect circle with P*/4 = 4m, which is the smallest value for any shape. 4 and P of
the islands were measured from the dark-field optical images using image processing (Fig. S1,
Supporting Information). Although the resolution of the optical microscopy affects the evaluation
for the complicated shape islands such as Fig. 2, the all samples were evaluated by the same
method as a qualitative evaluation. The error for the complicated shape is discussed in more detail
in Fig. S2. The P?*/4 values shown in Fig. 1 are averages for the 2D islands. Figure 4(a) shows
P*/A as a function of N for various treatments at different 7 values, calculated from optical

microscopy images. P?/A dramatically increases with decreasing N, indicating that islands with



low N values have complex shapes. Notably, the relationship between P?/4 and N is approximately
on the same curve regardless of surface treatment.

P*/4 may be related to Ds and Dedo. Previous kinetic Monte Carlo simulations demonstrated
that 2D islands have a complex shape when Deqo/Ds is small. This means that P*/4 is represented
by Dedg/Ds, where a large P*/A corresponds to a small Deqo/Ds. Moreover, a large N corresponds to
a small Ds based on the above-described relationship between N and Ds. Therefore, the vertical
and horizontal axes in Fig. 4(a) are related to Deqo/Ds and Ds, respectively. Namely, Fig. 4(a) can
be considered as Dedg/Ds versus Ds. Since the relationship between P*/4 and N is independent of
the surface treatment, the relationship between Dedos/Ds and Ds does not depend on the surface
treatment. This means that Dedg is a function of Ds regardless of the surface treatment. This
conclusion is interpreted as follows. Molecules on a substrate diffuse along an island edge and
primarily interact with molecules constructing the island rather than with the substrate surface.*!

Since Dedg/Ds 1s directly related to the shape complexity of 2D islands, we discuss the
temperature dependences of Ds and Deqg. On the basis of the following discussion, the dependences
are qualitatively expressed in Fig. 4(b). Similar to Ds, Deqg is given by the Arrhenius equation'®
17.

Dedg = Do edg€Xp(—Eldifedg/kTs) (2)
where Do qg 1s a constant and Eifedg 1S the activation energy for edge diffusion. From Eqs. (1) and
(2), Ds and Deqg are expressed by straight lines, as shown in Fig. 4(b). D4, is constant for all three
surface treatments and is expressed by a line. Dedg is much smaller than Ds because the
intermolecular interaction is stronger than that between admolecule and surface. In fact, Dedg/Ds
values in the range of zero to 10~® have been used in simulation studies.'? Thus, the line for Deqg

is placed below the lines for Ds. The slope of the line corresponds to —Eitedg/k , although the actual



value is unknown. The slope for Ds can be determined from the experimentally observed shape
complexity. This is because shape complexity is represented by Deqo/Ds. As seen in Fig. 1, 2D
islands observed at high 7% have complex shapes, corresponding to large P*/A, small Deag/Ds, and
large (log Ds—log Dedg) values. In contrast, 2D islands observed at low 75 have compact shapes,
corresponding to small (log Ds—log Dedg) values. Thus, Dedg is expressed by a line with a gentler
slope than that of Ds. Consequently, we conclude that the different shape dependences on T arise
from the different temperature dependences between Ds and Dedy.

The different slopes indicate that Egirede < Edifs, Which may seem inconsistent with the
relationship of Dedg < Ds. This is because the origin of small Degg is explained as a large interaction
between an admolecule and a molecule of a 2D island. The large interaction is reminiscent of a
large Egirede. However, the relationship between the interaction and Egitedg 1S not simple. Ds for an
amorphous substrate with energy potential fluctuations in this case. An admolecule at a site jumps
to another minimal-energy site that randomly arises, resulting in a large Ds.?® In contrast, edge
diffusion ideally occurs with molecules moving from neighbor sites one by one because a 2D
island is composed of highly ordered molecules.

This interpretation of shape complexity based on Dedg/Ds 1s applied to the following types of
growth: (1) subsequent layers, (i1) other conditions for vacuum deposition, and (ii1) other materials.
Under the first condition, subsequent layers grow in a layer-by-layer mode after the first layer is
completed. In our previous study, the complex-shaped DPh-DNTT 2D islands were observed on a
multilayer surface consisting of DPh-DNTT molecules. Moreover, the island density is lower than
that of the first layer for both UV-Os and Oz plasma surface treatment.*® Accordingly, the shape
and density can be explained by Ds on the multilayer surface. Ds on a surface consisting of DPh-

DNTT molecules is larger than that on a SiO; surface. Since Deqg is independent of the underlying



material, a large Ds leads to a small Deqg/Ds, resulting in complex-shaped 2D islands with low N.
The second application is based on the vacuum deposition rate. It has been theoretically'® !° and

10.26.29 shown that N increases with increasing deposition rate. Therefore, small 2D

experimentally
islands with round shapes with high N values are expected for a high deposition rate, which can
also be explained by a scaling law!> 1®!° The third application is growth of other molecules with
an elongated structure, including pentacene and DNTT derivative. The similar relationship
between N and the shape complexity of 2D islands has been observed for pentacene.** On the basis

of these examples, the qualitative relationship between N and the shape complexity is most likely

a universal phenomenon for the organic materials.

Conclusions

In conclusion, sub-monolayer DPh-DNTT 2D islands with various shapes and N values were
formed on a Si0»/Si substrate by controlling 75 and the surface treatment for SiO to investigate
the growth mechanism based on their morphology. The statistical analysis showed that the 2D
islands have complex shapes when N is small, regardless of the deposition conditions. This result
indicates that it is difficult to completely alter the relationship between N and complexity in the
current system. When organic thin films are used for electronic devices such as thin-film transistors,
compact 2D islands with small N values are desirable for enhancing carrier transport in the film.
Although there is above difficulty, it is possible that an appropriate molecular design enhances
edge diffusion along a 2D island to increase Dede potentially. Thus, the experimental results

presented in this study indicate the importance of molecular design for device applications.
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The image analysis, the influene of the resolution of the optical microscopy on the measured P,
the coverage of sub-monolayer as a function of T, and the effect of coverage on P*/A are shown
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FIGURES

(@ O,plasma,150°C  (b) O, plasma, 160 °C  (c) O, plasma, 175 °C

(d) HF, 150 °C (e) HF, 160 °C (f) HF, 175 °C

Figure 1: Dark-field optical microscopy of 2D islands deposited on the SiO,/Si substrates treated

with Oy plasma (a—c) and HF (d—f) at different 7 values. The coverage, N, and average P*/A,
which indicates the shape complexity, are shown in each image. When T5 is high, complex-shaped
islands form with low N values. The N value for the HF treatment is slightly lower than that for

the O2 plasma treatment at the same 7. The size of each image is 20 x 20 um.
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Figure 2: Dark-field optical microscopy (a) and polarized imaging with 498-nm crossed polarizers
(b) of 2D islands deposited at 185°C on an HF-treated SiO»/Si substrate. The polarized image
shows the same area presented in (a). The colors of the islands in the polarized image differ,
although the color is constant for each island. The different colors may reflect the crystallinity
orientation of the islands. Panel (¢) presents a topological AFM image of a 2D island for the same
substrate displayed in (a, b), exhibiting diphycercal symmetry with a fractal structure. These
images suggest that the 2D islands grow with a highly ordered microscopic structure. Panel (d)

shows the possible crystal structure.
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Figure 3: N as a function of the inverse of 75 for various surface treatments. N decreases
exponentially as Ts increases, regardless of the surface treatment. Each datapoint is the average N

value for more than three samples, and the error bar shows the standard deviation.
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Figure 4: Relationship between N and the shape complexity of 2D islands for various surface
treatments at different 75 values (a). P*/4 indicates the complexity. Each datapoint represents the
average N and P?/4 values obtained from more than 50 2D islands. The 4 and P values of each 2D
island were measured using image processing (Fig. S1, Supporting Information). Since the
horizontal and vertical axes in (a) can be related to Ds and Deag/Ds, respectively, the Ts dependence

of Dy and Degg can be qualitatively predicted, as shown in (b).
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Note S1: The effect of the desorption.

Desorption occurs when 75 is high. Figure S3 shows the coverage of sub-monolayer islands
on an O;-plasma-treated SiO2/Si substrate as a function of 7s. The nominal thickness is 1.8 nm.
The coverage decreases with increasing 7s due to desorption. The upper limit of 75 for film
formation is approximately 190°C. Therefore, the coverage and A for each datapoint in Fig. 4
differ.

For a fairer evaluation, the shape complexity must be assessed for equal A4 or coverage values.
However, it is difficult to control each parameter independently. Therefore, the effect of
coverage on the obtained relationship was investigated. Figure S4 presents P*/4 as a function of
N for Oz plasma treatment at various 7s values, where the coverage is indicated by the color of
the datapoints. Since the relationship between complexity and N is based on datapoints with
different coverages, the evaluation of complexity is essentially independent of island size,

allowing further investigations of Ds and Degg.
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Figure S1: Analysis of images. The obtained photograph (a) are converted into grayscale image
using blue values (b). The outlines of the 2D islands are extracted from the binarized image (c).
After the bold outlines are thinned using the erosion and dilation functions in the image
processing appropriately (d), P and A4 of a 2D island are measured. The image (e) shows the
comparison of the extracted thin outlines in the original image, indicating the validity of the

analysis.
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Figure S2: The influence of the resolution of the optical microscopy on the measured P. (a) and
(b) show the complicated fractal-shape 2D islands of the optical microscopy image and analyzed
outlines, respectively. The image (¢) shows a topological AFM image of the 2D island for the
same substrate displayed in (a). Thus, the 2D islands in (a) should have the similar structure.
From the comparison, the small branches with a length of ~400 nm, indicated by the green
circles in (¢) are not detected in the optical image, which results in reduction of P. Panel (d)
show the model for the complicated 2D island to estimate the error. The red and green lines are
the outline of part of the island for the optical microscopy and AFM, respectively. The
semicircles with a diameter (d) of 400 nm represent the small branches. The length of green line
is approximately 1.57 times longer than that of the red line due to the small branches. Therefore,
actual P?*/A4 values for the 2D islands which have the small branches are predicted to be about
2.46 times larger than the plots in Fig. 4(a). The relevant islands form in the case of N < ~0.1

um 2. It is expected that P?/4 for low N increases more rapidly than in Fig. 4(a).
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Figure S3: Sub-monolayer coverage on an Oz-plasma-treated SiO2/Si substrate as a function of

T; for a nominal thickness of 1.8 nm. Desorption occurs at high 7 values.
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Figure S4: P*/A4 as a function of N for O, plasma treatment at various 7s values. The shape
becomes more complex for smaller N values. The color of each plot indicates sample coverage.
Since the relationship between complexity and N is based on datapoints with different coverage

values, the complexity evaluation is essentially independent of island size.
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