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ABSTRACT:

The growth mechanism of 2,9-diphenyl-dinaphtho[2,3-5:2',3'-f]thieno[ 3,2-b]thiophene (DPh-
DNTT) thin-films prepared by vacuum deposition was investigated based on the
morphological crystallinity of the obtained films. In addition to atomic force microscopy,
which is commonly used for imaging surface morphology, optical microscopy was also
positively used for the same purpose. The technique allows the quick and easy evaluation of
thin films. The optical microscopy images show that DPh-DNTT films grew according to a
layer-by-layer growth mode. Each layer grew as flat two-dimensional (2D) islands with a
thickness of about 2.3 nm, where DPh-DNTT molecules stand almost vertically with respect
to the —layer below. The height difference between layers provided a color contrast in these
images, which visualizes the initial 2D island on the SiO; substrate and fractal-shape 2D
islands on top surface. By using the method, a monolayer of isolated and round 2D islands,
with a diameter of approximately 4 pm, formed at a high substrate temperature on a SiO»
surface that had been previously treated with O, plasma or UV-Os;. The presence of a DPh-

DNTT layer on the substrate was also confirmed by micro-Raman measurement.



INTORODUCTION

Organic semiconductors based on the dinaphtho[2,3-5:2°,3’-f]thieno[3,2-b]thiophene
(DNTT) series, including the didecyl (C10-DNTT) and diphenyl derivatives (DPh-DNTT),
have attracted wide attention as promising materials for electronic applications. Thin-films
made of these organic semiconductors exhibit a high carrier mobility, heat-resistance [1, 2],
and stability in air [2, 3] as compared to pentacene, which is a standard organic
semiconductor. The carrier mobility in field-effect transistors (FETs) based on single-
crystalline and polycrystalline DNTT can be as high as approximately 9 [4, 5] and 2 cm? V!
s1 [6, 7], respectively. The use of alkylated DNTT leads to an improvement in carrier
mobility due to enhanced orbital coupling between neighboring molecules [8]. Indeed, FETs
made of single-crystalline and polycrystalline Cio-DNTT exhibit field-effect mobilities of
approximately 12 [9-11] and 8.3 cm? V! s7! [3, 12-14], respectively. In addition, the high
solubility of the alkylated derivative allows the formation of single-crystalline films from a
solution [10—12, 15]. On the other hand, the diphenyl derivative has a lower solubility, and
the carrier mobility in polycrystalline DPh-DNTT films is approximately 3 to 5 cm* V! 7!
[2, 14, 16], which is lower than that in Cio-DNTT films. The advantage of DPh-DNTT
resides in its thermal stability. In fact, DPh-DNTT FETs can work even at 250 °C [1, 2]. In
addition, researchers have reported that carrier mobility in DPh-DNTT films is less affected
by the specifics of the device structure, as compared to Ci1o-DNTT films [16]. This suggests
that DPh-DNTT 1is more suitable than C;o-DNTT for applications to the actual device
structure that includes bottom gate on rough substrates.

Vacuum deposition is the main method used for the preparation of organic thin films and
allows to obtain large and uniform films regardless of the solubility of the organic materials.
In addition, this method is applicable to the deposition of organic materials on rough

substrates such as plastic films and printed papers for flexible electronics. Carrier mobility is



determined by the crystallinity or the morphology of the deposited organic films.
Furthermore, the carrier mobility in the deposited organic films depends on the device
structure [1, 5, 16—18], underlayer materials [4, 8, 19], surface treatments [2, 3, 6, 15], and
substrate temperature [2, 3, 6, 12].

The morphology of DNTT-series-based thin films has been investigated by atomic force
microscopy (AFM) [10, 12, 16, 17, 20] and scanning electron microscopy (SEM) [12, 16].
DNTT, Cio-DNTT, and DPh-DNTT molecules crystallize in a herringbone packing
arrangement in both the bulk [2, 4] and thin films [2]. Step-terrace structures have been
observed in vacuum-deposited DNTT [4, 16] and Cio-DNTT [12] films deposited under
certain conditions. The feature of the vacuum-deposited film is tall walls that protrude from
the surface [12, 18]. Such three-dimensional structures with large irregularities prevent the
observation of the surface by AFM. Since carrier transport in FETs takes place within the
few-nanometer region close to the interface between the organic film and the gate insulator
[21], observation of the initial stages of growth on the gate insulator is important. Therefore,
the initial stages of growth of organic films prepared by vacuum deposition have been
extensively studied using pentacene [21-37]. On the other hand, the initial stages of growth
for DNTT-series-based films have not been sufficiently studied, although there are a few
literatures on the initial growth of DNTT [20]. Thus, conducting a systematic observation to
elucidate the growth mechanism of these films to ultimately improve FET performance is
necessary.

In this study, the morphology of few-nanometer-thick 2,9-diphenyl-dinaphtho[2,3-
b:2’,3’-f]thieno[3,2-b]thiophene films was investigated by AFM, optical microscopy and
micro-Raman. In addition, the initial stage of film formation and the nucleation density (N) of
film islands were also studied. Although AFM measurements are generally used for this

purpose [10, 12, 16, 17, 22-30], an optical microscope was positively used for the same



purpose. The observation by optical microscopy allows a quick and easy evaluation of the
thin films. In order to be able to perform evaluations by optical microscopy, the following
aspects must be met: (1) SiO> substrates with a thickness suitable for detecting the thin film
deposited must be used; due to an optical interference effect, color contrast is maximized at a
thickness of approximately 90 and 300 nm [38]; (2) The two-dimensional (2D) DPh-DNTT
islands must be sufficiently thick, for enhanced image color contrast; (3) The size of the 2D
islands must be larger than the resolution of the optical microscope; (4) DPh-DNTT films
must grow according to a layer-by-layer mode, which gives a clear color contrast between the
different layers; (5) Dark-field images must be recorded, which allows to measure N up to
about 2.5 pm 2 using a standard optical microscope. The effects of the substrate temperature
(75) and pre-treatment of the SiO> substrate surface on layer growth when using the vacuum
deposition method is also discussed. In addition, the Raman spectra recorded for DPh-DNTT

films deposited on the SiO; substrate confirmed the presence of DPh-DNTT.

EXPERIMENTAL SECTION

DPh-DNTT films were deposited on thermally grown SiO: (40- or 90-nm-thick)
substrates. The thermal sublimation was conducted at a pressure of the order of 10~ Pa with
a deposition rate of 0.05 A/s, which was monitored using a quartz crystal microbalance
(QCM). Film thickness during the process was measured with the QCM as nominal film
thickness. In order to examine the influence of the surface condition, four types of surface
treatments were applied: (A) substrates were cleaned by sonication in acetone for 10 min,
followed by cleaning in isopropanol (IPA) for 10 min; (B) substrates were cleaned with
acetone and IPA and then exposed to UV-O3; for 30 min; (C) substrates were cleaned with

acetone and IPA and then exposed to oxygen plasma for 120 s (AC power for plasma



generation was set at 5.4 W); (D) substrates were cleaned with acetone and IPA and then
exposed to UV-O3 for 15 min, and finally the substrates were exposed to
hexamethyldisilazane (HMDS) vapor at 120 °C for 1 hour. A detailed experimental
procedure for the surface treatment is provided in our previous paper [39]. After surface
treatment, the substrates were immediately placed in a vacuum chamber for the thermal
sublimation step. Before starting the deposition of DPh-DNTT, substrates were heated to a
target temperature and then kept at that temperature for longer than 20 min to degas and to
achieve thermal equilibrium.

The deposited thin films were observed with an optical microscope (LV100, Nikon)
equipped with a digital camera (EOS Kiss X4, Canon) [40]. Objective lenses with
magnifications of 100x (LU Plan 100x/0.9, Nikon) and 150x (LU Plan Apo 150x/0.90,
Nikon) were used. The morphological study was performed by AFM in tapping mode. The
curvature of the AFM cantilever was 20 nm. The island nucleation density was estimated by
counting the number of islands (at least 150 islands) in a certain area and dividing it by this
area. A Raman spectroscopy system equipped with a 532-nm laser (5.3 mW) was used to

characterize the DPh-DNTT films.

RESULTS AND DISCUSSION

The optical dark-field microscopy and AFM images in Fig. 1 show 2D islands deposited
at 160 °C on surfaces previously submitted to different treatments. The images in Fig. 1(a—c)
show the growth evolution of a DPh-DNTT layer deposited on a substrate cleaned with
acetone/[PA for a nominal film thickness of 1.2 nm Fig. 1(a, b) and 2.4 nm Fig. 1(c). AFM
image in Fig. 1(b) is the observation of the same sample for Fig. 1(a). The sample for Fig.

1(c) is different. In both AFM images Fig. 1(b—c), 2D islands with a height of 2.3 nm can be



seen on the surface. The fact that the height of the islands is close to the length of the longer
axis of the DPh-DNTT molecule (~2.42 nm) [4] suggests that the molecules stand almost
vertically with respect to the substrate in a herringbone packing arrangement, as revealed by
X-ray diffraction images [2]. Although enough DPh-DNTT molecules were provided to
complete one layer on the substrate surface, the first layer was incomplete, as shown in Fig.
1(c), suggesting that desorption occurs during deposition [22, 23]. In fact, 160 °C is close to
the upper 7s limit (~190°C) to form a DPh-DNTT film. Upon comparing both AFM images
Fig. 1(b-c), the area covered by 2D islands in Fig. 1(c) is clearly larger, where the relative
size of each of 2D island in the same sample is almost the same. If the N increases with an
increase of nominal thickness, tiny 2D islands should be observed in Fig. 1(¢). However, the
morphology wasn’t observed in the samples with the nominal thickness of less than ~3 nm
regardless of the surface treatment and 7. Therefore, the 2D islands must grow isotropically
without any new nucleation. Note that N of Fig. 1(c) is higher than that of Fig. 1(b). However,
the difference is in the experimental error, which will be discussed later in Fig. 2. From the
discussion, it is thought that N for Fig. 1(b) reached saturation. The growth behavior allows
easy evaluation of N by optical microscopy.

The images in Fig. 1(d—f) correspond to the 2D islands deposited on the substrates
treated with UV-Os3 Fig. 1(d), O plasma Fig. 1(e), and HMDS Fig. 1(f), respectively. The
nominal thickness of the samples is 1.2 nm, which is comparable to that of the samples in Fig.
1(a, b). The 2D islands deposited on the substrates treated with UV-O3; or O plasma are
larger than those deposited on the substrate treated with HMDS [24, 30]. Therefore, pre-
treatment of the substrates with UV-O3 and O; plasma decreases N for the 2D islands. The
change is attributed to the modification of the SiO surface, not the degree of cleanliness. In
comparison to the substrate cleaned with acetone/IPA, the HMDS treatment make the SiO>

surface hydrophobic. While, UV-Os or O; plasma treatment change the surface to hydrophilic.



Quantitatively, the change can be evaluated as surface energy, and the correlation between
surface energy and morphology of organic thin film as well as surface roughness and
materials has been reported [23, 31].

The N for each surface treatment are shown in Fig. 2 as a function of the inverse 7s. The
N value decreases as T increases irrespective of surface treatment, resulting in the formation
of large islands. Since the log(N) versus 1/7; plot is a straight line, N can be expressed by an
equation derived from nucleation rate equations as follows [41]:

N = Aexp(Enuc/kTs),
where £ is the Boltzmann’s constant, 4 is a constant, and En is the activation energy for
homogeneous nucleation. The treatment of the SiO; surface can potentially affect the 4 and
Enuel values. From the slope in the figure, Enc for treatment of HMDS, acetone/IPA, UV-0O;3,
and O plasma is calculated to be 0.32, 0.47, 0.66, and 0.71 eV, respectively. These value are
comparable to that of pentacene [22, 23, 25], indicating the similarity of nucleation from the
view point of activation energy. In addition, the effect of admolecular dynamics must be
taken into account. According to the standard nucleation theory, N decreases as the surface
diffusion constant (Ds) increases [41-43]. Ds can be expressed as follows:

Ds = Doexp(—E.ie/kTs),

where Do is a constant, and Eqifr is the activation energy for monomer diffusion [22, 44].
Note that the relationship between Enuct and Egifr is shown in the references [22, 23]. Thus, the
possibility exists that treatment of the SiO2 substrate with UV-O3 and Oz plasma activates the
dynamics of the admolecules, resulting in a reduced N value for the 2D islands.

Subsequently, the characteristics of the DPh-DNTT 2D islands were evaluated in
relation to well-studied pentacene. The relationship between N and 75 for DPh-DNTT is
similar to that of pentacene [22, 23, 25-29], although the experimental 7§ range was different.

The reported N for pentacene is 0.2 to 200 um 2 in the Ts range of 20 °C to 70 °C, and the N



value in this study is of the same order. Therefore, the nucleation mechanism for pentacene
may be applicable to DPh-DNTT. Regarding the shape of the 2D islands, pentacene 2D
islands deposited on a SiO» substrate exhibit a complex fractal-like shape [22, 23, 26-29, 33—
37]. From the perspective of the kinetic deposition process of the admolecules, the shape of
the island is determined by the edge diffusion constant (Dede) versus the surface diffusion
constant (Ds) ratio (Dedg/Ds) [45—47]. A low Deqe/Ds tends to give rise to a complex shape,
such as a fractal. Therefore, if Ds determines N, as mentioned above, the Dede values of
different materials having the same N value could potentially be compared based on the shape
of the 2D islands. DPh-DNTT 2D islands retain their compact round shape during growth. As
a result, an increase in nominal thickness leads to the formation of large isolated compact
islands with a diameter of about 4 pm [40], where N is approximately 0.1 um 2. These large
and compact 2D islands present the benefit of potentially suppressing carrier scattering at the
grain boundaries in FETs. By contrast, pentacene 2D islands with a similar N value have been
reported to exhibit complex fractal-like shapes [22, 26, 27, 33], suggesting that Deqg is larger
for DPh-DNTT than for pentacene. For DPh-DNTT, active mobile admolecules at the edge,
with a higher Dedg, may aggregate at the kink sites to give 2D islands with a compact shape.
Moreover, the growth process of the second layer was also investigated. Figure 3 shows
the optical dark-field microscopy and AFM images of the films deposited at 160 °C on the
substrates treated with UV-O3 Fig. 3(a) and O> plasma Fig. 3(b), with a nominal thickness of
4.8 and 3.6 nm, respectively. The AFM image corresponds to the dotted area in Fig. 3(b).
The height diagrams of the film for the three dotted lines (A-A’, B-B’, C-C’) in the AFM
image were indicated on the AFM image, respectively. Based on the evolution of the 2D
island growth for the first layer, two 2D islands coalesced into one island. Some coalesced
regions can be seen smoothly connected in Fig. 3(c) at the AFM resolution. In addition,

nucleation of a second layer can be observed as a flat 2D island deposited on the first layer



before completion of the first layer. When focusing on the number of nuclei for the second
layer, we concluded that N for the second layer is smaller than N for the first layer. Note that
the elongated parts in both images are DPh-DNTT formations with a height of more than 80
nm, much taller than the remaining area. These formations may be tall walls, also observed in
previous studies [12, 18]. The formations tend to appear during the growth of the second
layer. To support these observations, it seems that the tall wall in the AFM image (C-C’)
elongates from the second layer part (B-B’).

Furthermore, the thick film surface was investigated. Figure 4 shows the optical bright-
field microscopy Fig. 4(a) and AFM Fig. 4(b) images of the surface of a DPh-DNTT film
deposited at 160 °C on a substrate treated with UV-O3. The nominal thickness of the films
was 25 nm. The image color contrast was strongly enhanced by image processing. These
figures show the formation on the top layer of flat 2D islands with fractal-like shapes.
Interestingly, similar morphologies were observed irrespective of surface treatment [40].
These experimental results suggest a layer-by-layer growth mode.

The shape and nucleation density of the 2D islands deposited on the top layer, shown in
Fig. 4, are different from those of the 2D islands in the first layer. This difference is probably
due to the fact that the DPh-DNTT molecules interact differently with the SiO, substrate and
the DPh-DNTT layer, since the first layer grows on the SiO; substrate, while the subsequent
layers grow on a DPh-DNTT layer, affecting admolecular dynamics. Let us discuss the
kinetics of admolecular diffusion again using Ds and Dedg. Since the shape of the 2D islands
at the top layer evolves to a complex fractal, Dede/Ds for the top layer is probably lower. If the
Degg 1s assume to be independent of base material, the Ds for the second or subsequent layer
higher than that for the first layer. Since Deqg mainly depends on the intermolecular

interactions, the assumption for Degg 1s natural. As a result, nucleation density for the upper
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layers must be lower with respect to the first layer, which is consistent with the observation in
this study.

In order to confirm a layer-by-layer growth mode, the edge of the film was patterned
with a shadow mask (Fig. 5(a)) and observed using the same techniques. Figure 5(b) and (c¢)
show the optical bright-field microscopy and AFM images, respectively, of the 25-nm-thick
DPh-DNTT film deposited at 160 °C on the substrate treated with O plasma. The AFM
image corresponds to the dotted line region in Fig. S(b). From the AFM height image, the
step-terrace structure from the first layer to the 6th layer was clearly visible. Therefore, we
concluded that the DPh-DNTT film was formed according to a layer-by-layer growth mode.
Furthermore, the optical microscopy image exhibits a similar pattern with different colors.
The correspondence indicates that the number of layers in a film with a layer-by-layer
structure can be easily estimated from the color differences in the optical microscopy image.
Based on the colors identified in the AFM height image, the film is comprised of 5 to 6 layers.
The flat morphology of the DPh-DNTT films is quite different from that of pentacene films,
in which dendritic mounds form on the surface [25, 26, 29, 31, 32]. The walls protruding
from the surface seen in Fig. 3 appear in the thick film as the black lines in Fig. 4(a) and the
yellow lines in image Fig.5 (b), respectively, which should be restrained from the view point
of carrier transport in the FETs. Therefore, further investigations to control and clarify the
growth mechanism for the tall walls in the early stage are required.

Figure 6 shows the Raman spectra for the monolayer and 5-6-layer DPh-DNTT films
deposited on the substrate treated with Oz plasma. The thicker film corresponds to the sample
shown in Fig. 5 (b). Although the film includes tall walls, the imaged region will not show
them since the resolution of the Raman measurement (~1 pm) is smaller than the spatial
distribution of the walls. For the DPh-DNTT film having 5-6 layers, several peaks were

observed in the measured range, with the peak at 1393 cm ™! being the most intense. Although
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the spectrum for the monolayer film is very weak as compared to that for the 5—6-layer film,
it also exhibits the peak at 1393 cm™!. The integral intensity of the peak at 1393 cm™! for the
monolayer film is approximately one-fourth to one-sixth of the integral intensity for the 5—6-
layer film. Thus, we can also estimate the approximate number of layers in the film from the

integral intensity of this peak.

CONCLUSION

In this study, the growth mechanism of DPh-DNTT films was investigated by observing
few-nanometer thick films growing on a SiO, substrate. A layer-by-layer growth mode was
confirmed by AFM. In the early stages of growth, flat 2D islands with a thickness of about
2.3 nm formed and grew on the substrate, where molecules stand vertically. After formation
of the first layer, subsequent layers grow in the same manner. Since films grown according to
a layer-by-layer growth mode exhibit a clear height difference between layers with a known
thickness, color differences corresponding to the different layers could be clearly seen in the
optical microscopy images. This allows easy evaluation of the film morphology and
estimation of the number of layers within the film. The effects of 75 and the pre-treatment of
the SiO» substrate on N for the first layer was also investigated by optical microscopy. The
results show that N decreases with UV-O3; or O> plasma treatment of the substrate or with
increase of Ts, resulting in large 2D islands. The deposited thin films were also characterized

by micro-Raman. An intense peak at 1393 cm™

was observed for both the monolayer and
multilayer films, allowing estimation of the number of layers based on peak intensity. In
contrast to well-studied pentacene films, the 2D islands in DPh-DNTT films exhibit a
compact round shape with a large size. On the other hand, subsequent layers are not affected

by the treatment of the SiO; substrate because they form on the previous DPh-DNTT layer. In

the layer-by-layer growth mode, 2D islands with fractal shapes formed on the top layer with a
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smaller nucleation density. These differences are a consequence of the different diffusion
coefficients on the various base materials (SiO> substrate versus subsequent DPh-DNTT
layers). The findings of the present study allow to control and predict the growth behavior of
organic molecules with an elongated shape containing side chains, which will be relevant for

electronic applications.
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FIGURES

(a) Acetone/IPA

10 nm

(d) uv-o, (e) 0, plasma () HVDS

Figure 1: Dark-field optical microscopy and AFM images of 2D islands deposited at 160 °C
on surfaces submitted to different treatments. The nominal thicknesses of the films are 1.2 nm
(a, b, d-f) and 2.4 nm (c). The color bar applies to all AFM images. Fig. (a—c) show the
growth evolution of 2D islands on a substrate cleaned with acetone/IPA. AFM image (b) is
the observation of the same sample for (a). The sample for (c) is different. The inset diagram
in (b) shows the height of the 2D island on the dotted line. The 2D islands grow isotropically
without new nucleation. The bottom three images show the 2D islands deposited on the
substrates treated with UV-O3 (d), O plasma (e), and HMDS (f), respectively. HMDS
treatment increases N of the 2D islands. By contrast, UV-O3 and O plasma treatment
decreases N, resulting in large 2D islands. The inset image in (f) is the AFM image of the

same sample, where N of AFM image corresponds to N of the optical microscopy image.
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Figure 2: Nucleation density as a function of the inverse of the substrate temperature for the
different surface treatments. We can observe that N decreases exponentially as 7s increases
irrespective of surface treatment. The plots depict the average N value for the samples, with
the error bars indicating the standard deviation. More than three samples were evaluated to

obtain the values.
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Figure 3: Evolution of the 2D islands on the first layer and nucleation on the second layer.
The films deposited at 160 °C on the substrates treated with UV-O3 (a) and O2 plasm (b, ¢)
have nominal thicknesses of 4.8 and 3.6 nm, respectively, as observed by optical microscopy
and AFM. The AFM image corresponds to the dotted region in (b). The top figure of (¢)
shows the height diagrams for the three dotted lines (A-A’, B-B’, C-C’) in the AFM image.
The substrate exposed area, the first and second layers, and the coalesced regions are labeled.
The smooth connection of some 2D islands could be detected at the AFM resolution level. In
all images, the elongated parts are tall walls of DPh-DNTT molecules with a height of more
than 80 nm, which often appear in DNTT and DNTT derivative thin films. These walls were

formed in the early stage of growth.
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12 nm

0

Figure 4: Optical bright-field microscopy (a) and AFM (b) images of the surfaces of the
films deposited at 160 °C on a substrate treated with UV-O;. The nominal thickness of the
films was 25 nm. The image color contrast was strongly enhanced by image processing. The
flat 2D islands with a fractal shape were formed on the top layer, suggesting a layer-by-layer
growth. The nucleation density and the shape of the 2D islands deposited on the top layer is

clearly different with respect to the first layer.
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Figure 5: Images of the edge of a film patterned with a metal shadow mask. Fig. (a) shows a
typical patterned film. Fig. (b) and (c) show the optical bright-field microscopy and AFM
images, respectively, for the films deposited at 160 °C on the substrate treated with Oz
plasma. The nominal thickness of the films was 25 nm. The color contrast in the image
obtained by optical microscopy was strongly enhanced by image processing. The AFM image
(c), which corresponds to the dotted region in (b), shows a clear step-terrace structure from
the first to the sixth layer, as identified from the different colors in the image. The shape of
the islands on the top layer can also be appreciated in the optical microscopy image. The

yellow lines in image (b) represent tall DPh-DNTT walls protruding from the surface.
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Figure 6: Raman spectra for multilayer (black) and monolayer (red) films deposited on the
substrates treated with Oz plasma. Since the multilayer film corresponds to the sample shown
in Fig. 5(b), the obtained data are for 5 to 6 layers. The strongest peak, at 1393 cm™!, was

also observed for the monolayer film.
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SUPPLEMENTARY MATERIALS

The comparison of the optical bright-field and dark-field microscopy images, the quantum
chemical calculations to determine the length of the DPh-DNTT molecule, the images of
large 2D islands in the monolayer, the images of thick films deposited on the substrates
cleaned with acetone/IPA and treated with HMDS, and comparison between measured

Raman spectra and vibrational mode calculations are shown in the Supplementary Materials.
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