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Continuous and highly ordered organic
semiconductor thin films via dip-coating:
the critical role of meniscus angle

Xuanyu Liu', Yu Zhangl, Xiaotao Zhangl, Rongjin Li" and Wenping Hu'*’

ABSTRACT
technique for the deposition of organic semiconductors over

Dip-coating is a low-cost, high-throughput

large area on various substrates. Tremendous studies have
been done and many parameters such as withdrawal speed,
solvent type and solution concentration have been in-
vestigated. However, most of the depositions were ribbons or
dendritic crystals with low coverage of the substrate due to the
ignorance of the critical role of dynamic solution-substrate
interactions during dip-coating. In this study, meniscus angle
(MA) was proposed to quantify the real-time in-situ solution-
substrate interactions during dip-coating. By proper surface
treatment of the substrate, the value of MA can be tuned and
centimeter-sized, continuous and highly ordered organic
semiconductor thin films were achieved. The charge transport
properties of the continuous thin films were investigated by
the construction of organic field-effect transistors. Maximum
(average) hole mobility up to 11.9(5.1) cam’V's!
tained. The average mobility was 82% higher than that of

was ob-

ribbon crystals, indicating the high crystallinity of the thin
films. Our work reveals the critical role of dynamic solution-
substrate interactions during dip-coating. The ability to pro-
duce large-area, continuous and highly ordered organic
semiconductor thin films by dip-coating could revival the old
technique for the application in various optoelectronics.

Keywords: organic field-effect transistor, dip-coating, meniscus
angle, charge transport, mobility

INTRODUCTION

Thin films of small-molecule organic semiconductor

(OSC) are intensively studied as the potential channel
materials for various optoelectronic devices such as or-
ganic field-effect transistors (OFETs), organic memory
devices, organic solar cells and organic photodetectors
(OPDs) [1-8]. As grain boundaries can significantly re-
duce the performance of such devices, the ability to de-
posit continuous and highly ordered OSC thin films is of
critical importance for practical applications [1,2,9-14].
Among the various solution-processing methods pro-
posed so far, dip-coating is one of the oldest commer-
cially applied coating techniques. It shows the advantages
of low-cost, high-throughput, large-area production, and
capability of deposition on curved surfaces, making it a
favourable choice for the deposition of thin films of OSCs
for optoelectronic applications [15-18].

Over the past decades, great efforts have been made and
several key factors that influence the morphology and
crystallinity of the deposited thin films of small-molecule
OSCs by dip-coating have been investigated (Table S1).
For example, the role of withdrawal speed has been sys-
tematically investigated by Sele et al [15]. They obtained
oriented small grains, needle-shaped crystals and platelets
by dip-coating at different withdrawal speeds. Li et al.
[16,19,20] demonstrated the controllable growth of
monolayer to multilayer microstripes by dip-coating.
They found that the withdrawal speed of the substrate
had a significant effect on the thickness and uniformity of
the stripes [16,19,20]. Chai et al. [21] tried to combine
different concentrations and withdrawal speeds to pre-
pare a directed assembly of self-aligned and highly crys-
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talline films. Dong et al. [11,22] used mixed solvents to
generate Marangoni flow and produced highly oriented
ribbon crystals of OSCs. Polymers [23] and their mixture
with small-molecule OSCs [24] were also investigated and
ribbons were deposited. Recently, Deng et al. [25] re-
ported a strategy that combined microscale photoresist
channels with the dip-coating process. The microscale
photoresist channels were used to produce a confinement
effect to reduce the size of the meniscus. Stripe crystals of
both p-type and n-type OSCs were obtained. Although
influencing  factors such as withdrawal speed
[10,15,16,18,19,21,26-28], solvent type [11,18,29] and
concentration [18,21,27,28] have been investigated, most
of the studies observed the deposition of stripe crystals
rather than continuous thin films (Table S1). The key
factors that determine the deposition of continuous and
highly ordered OSC thin films by dip-coating are still
unclear.

Dip-coating is a meniscus-guided solution-deposition
technique. In a typical dip-coating process, a target sub-
strate is dipped into the solution and then pulled upward
at a controlled speed. During the withdrawal process, a
moving meniscus with increased speed of evaporation is
formed [23]. The meniscus region is the location where
the initiation and continuous deposition of solid films
occur [21]. Thus, the shape of the solution meniscus,
which relies on the dynamic solution-substrate interac-
tions during dip-coating, has a crucial effect on the
morphology and crystallinity of the deposited thin films
[1].

Herein, the critical role of dynamic solution-substrate
interactions during dip-coating was uncovered. Cen-
timeter-sized, continuous and highly ordered thin films
of small-molecule OSCs were obtained by dip-coating for
the first time. The strength of dynamic solution-substrate
interactions in dip-coating was quantified by the in-
troduction of an angle called meniscus angle (MA). By
surface modification of the substrates with self-assembled
monolayers (SAMs) of different chemical structures, the
MA could be controlled effectively. Transverse mass
transport (perpendicular to the withdrawal direction) was
enhanced at moderate MA and low withdrawal speed,
resulting in the production of continuous and crystalline
thin films other than stripe crystals. OFETs based on the
continuous thin films showed 82% increment of mobility
compared with those of stripe crystals. Our findings un-
cover the critical role of dynamic solution-substrate in-
teractions during dip-coating and pave the way for
continuous and highly ordered thin films of OSCs pro-
duced by dip-coating for various optoelectronic applica-
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tions.

EXPERIMENTAL SECTION

Materials
2,7-Dioctyl[1]benzothieno([3,2-b]benzothiophene  (C8-
BTBT) (Fig. Sla) was purchased from Shanghai Daeyeon
(Lumtec). Both phenyltrichlorosilane (PTS, Fig. S1b) and
octadecyltrichlorosilane (OTS, Fig. Slc) were purchased
from J&K Scientific Ltd. 6,13-Bis(triisopropylsilylethynyl)
pentacene (TIPS-PEN) (Fig. S1d) was purchased from 3A
Chemicals. Perylene (Fig. Sle) were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. All chemicals
were used without further purification.

Substrate treatment, water contact angle (WCA), and MA
measurements

SiO,/Si substrate was cleaned by sonication sequentially
in deionized water, acetone and 2-proponol followed by
treatment with oxygen plasma at 80 W for 10 min. The
cleaned substrates were immediately modified by PTS or
OTS via a vapor phase method. Static WCA and in-situ
investigations of MA were recorded and analyzed at room
temperature by an OSA-100 Optical Surface Analyzer.

Thin film preparation and characterization

Highly doped wafers with a 300 nm thick thermally
grown SiO, dielectric layer were used as the substrate for
OFET fabrication. Dip-coating was performed in a clean
and closed chamber to reduce the effect of air current and
mechanical vibration at room temperature (22-25°C).
The substrate was dipped into an OSC/dichloromethane
solution and then withdrawn at a constant rate. The
samples were characterized by optical microscope (Op-
tiPlex 3046, Nikon), polarizing microscope (OptiPlex
3046, Nikon) and atomic force microscope (AFM, Di-
mension Icon). The crystallinity of the thin film was
determined by X-ray diffraction (XRD, Rigaku Smartlab)
using a Cu-Ka radiation source running at 45kV and
200 mA.

OFET fabrication and characterization

OFETs were constructed with a bottom-gate, top-contact
configuration by stamping Au (150 nm) stripes as the
source and drain electrodes. Both the ribbons and films
were selected with thickness of around 20 nm. Electrical
characteristics of the OFETs were measured with a
semiconductor parameter analyzer (Keithley 4200-SCS)
in ambient air at room temperature. The field-effect
mobility (4) was calculated in the saturation regime by
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plotting the square root of the drain current versus the
gate voltage using Iy = (W/2L) Cu (VG—VT)Z, where C, is
the capacitance per unit area of the gate dielectric layer
(C,=10nF cm %), and W and L are the channel width
and length, respectively. As for ribbon crystals, the
channel width was the sum of the widths of the ribbons
between the two electrodes (W =W, + W, + ... +W,) as
shown in Fig. S2a.

RESULTS AND DISCUSSION

C8-BTBT was chosen as the archetype OSC due to its
good solubility and excellent mobility [12]. Di-
chloromethane was selected as the solvent because of its
good dissolving capability of small-molecule OSCs, low
boiling point, and high evaporation rate at room tem-
perature [25,26,30,31]. Three types of substrates, i.e.,
PTS-modified SiO,/Si substrate, OTS-modified SiO,/Si
substrate and hydroxyl substrate (bared SiO,/Si substrate
cleaned by oxygen plasma) were utilized to deposit the
OSC thin film. The chemical structures of C8-BTBT, PTS
and OTS were shown in Fig. Sla—-c.

Fig. 1 shows the OM images of the depositions on the
three types of substrates obtained at withdrawal speeds
(U) of 10, 100, 700, 1000 um s ', respectively. The con-
centration of the solution was fixed at 4 mg mL . As for
OTS substrate, nothing was deposited at all speeds, i.e.,
the substrates were blank (Fig. 1a-d). At low withdrawal
speed of 10 um s ', discontinuous films appeared on hy-
droxyl substrate (Fig. le), whereas continuous and
homogenous films appeared on PTS substrate (Fig. 1i).
When the withdrawal speed was increased to 100 um's
irregular ribbon arrays appeared on hydroxyl substrate

OoTs

Hydroxyl

PTS

100 pm s’

10 ym s*

(Fig. 1f) and regular ribbon arrays appeared on PTS
substrate (Fig. 1j). At withdrawal speed of 700 um s ', leaf
textures appeared on both hydroxyl substrate and PTS
substrate (Fig. 1g, k). When the withdrawal speed was as
high as 1000 um s ', the molecules could not pack into
homogenous films or ribbons on both types of substrates
(Fig. 1h, 1). On PTS substrate, continuous thin films were
deposited at low withdrawal speeds, while ribbon array
crystals were obtained at high withdrawal speeds (Table
S2). Under polarized optical microscope (POM), the color
of the films (Fig. S3a—c) and ribbon arrays (Fig. S3d-f)
changed uniformly when the substrates were rotated by
45°, indicating the absence of grain boundaries and the
crystalline nature of the checked films and ribbons. So-
lutions of different concentrations (2 and 6 mg mL )
were also studied and similar results were found (Figs S4-
S6).

Fig. 2a and b show the typical AFM images of the
ribbon arrays and continuous films on PTS substrate
produced at 100 and 10 ums ', respectively. The thick-
nesses of the ribbon arrays and thin film were determined
to be 23.4 nm (Fig. 2a) and 22.1 nm (Fig. 2b), respec-
tively. The root mean square (RMS) roughness of the thin
film was 0.48 nm (Fig. 2b). The atomically flat surface
indicated the high crystallinity of the film. Out-of-plane
XRD measurements were used to investigate the structure
of the depositions produced at different withdrawal
speeds from 5 to 700 um's ' (Fig. 1i-k). As shown in
Fig. 2¢, the peaks were assignable to (001) diffractions, i.e.,
(001), (002) and (003) planes with peaks at 260 of 3.2°, 6.3°
and 9.1°, respectively [11,32]. Sharp diffraction peaks
appeared for all the depositions (Fig. 1i-k), indicating

uonoauip Bulind

700 pm s~ 1000 pm s™*

Figure 1 Optical microscopy images of dip-coated C8-BTBT from dichloromethane with OTS substrate (a-d), PTS substrate (i-1) and hydroxyl

substrate (e-h). The withdrawal speeds increase from 10 to 1000 um's .
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Figure 2 (a, b) AFM images of the ribbon arrays and continuous films. The inset shows the typical thickness of the ribbon and thin film. (c) Out-of-
plane XRD of the depositions at different withdrawal speeds (U) from 5 to 700 pm s, (d) FWHM of the (001) plane as a function of withdrawal speed

().

their crystalline nature [22]. In-plane XRD results con-
firmed the crystalline nature of the continuous films on
PTS substrate (Fig. S7). Fig. 2d shows the full width at
half maximum (FWHM) of the (001) peaks as a function
of withdrawal speed (U). When the withdrawal speed was
increased from 10 to 200 um's ', the value of FWHM
increased gradually from 0.08° to 0.43°. At even higher
withdrawal speed (>200 pm s "), the value of FWHM was
virtually unchanged (Fig. 2d). It is known that the smaller
the value of FWHM, the higher the crystal quality
[11,33,34]. Judging from the XRD measurements, a low
withdrawal speed during dip-coating resulted in high
crystallinity [35-38].

To elucidate the origin of the different morphologies
(Fig. 1), WCA measurements of the three types of sub-
strates (Fig. 3a) were carried out. WCAs of 103.2°, 75.9°
and 3.4° were observed for OTS substrate, PTS substrate
and hydroxyl substrate, respectively (Fig. 3b-d), which
coincided with previous reports [39] and indicated the
successful modification (or treatment) of the substrate.
Among these substrates, OTS substrate exhibited the
highest dewetting ability and hydroxyl substrate showed
the highest wetting ability [40]. Substrates with different
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Figure 3 (a) Schematic diagrams of the structures of OTS and PTS self-
assembly membranes and the hydroxyl surface. (b-d) WCAs of OTS,
PTS and hydroxyl substrates, respectively. (e-g) Photographs of the
meniscus regions of OTS, PTS and hydroxyl substrates during dip-
coating with the MAs indicated.

WCAs and different surface chemical structures might
show different strengths of interactions with the solution
during dip-coating. It is known that the curvature of the
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meniscus, which is determined by the surface chemical
structures of the substrates and the properties of the so-
lutions, affects the deposition greatly [41]. To quantify the
strengths of interactions between the substrates and the
solutions during dip-coating, we defined an angle be-
tween the withdrawal direction (vertical direction in this
study) and the tangential of the curved solution surface of
the meniscus when pulling up the substrate as the MA.
Clearly, MA indicated the shape of the meniscus during
dip-coating. It is known that MA is insensitive to the
types of solutes and their concentrations [24], enabling it
a quantitative index reflecting the real-time in-situ dy-
namic solution-substrate interactions during dip-coating.
In this study, we found the values of MAs were insensitive
to the types of the OSCs and their concentrations
(Fig. S8). When OTS substrates were withdrawn from the
solution, the MA was as large as 52.2° (Fig. 3e), which
indicated weak interactions between the substrate and the
solution [42]. Thus, it was almost impossible for the OTS
substrates to entrain the solution and deposit a solid film
on the substrate. Indeed, we found no solids on the
substrate at withdrawal speed from 10 to 1000 ym's '
(Fig. 1la-d). As for hydroxyl substrate, the MA was as
small as 33.8° (Fig. 3g), indicating a shallow meniscus

a b
Capillary rise
°
2 Fast evaporation
4 7
2
3 s
c d
A
°
o}
8 LNl
"
=
o ‘ - .
T Entrainment region
LA

Meniscus region

- Substrate

SAM

profile. Strong vertical convection appeared at the direc-
tion of gravity during the rapid evaporation of the solvent
[43]. As a result, ribbon arrays and leaf textures were
obtained at speeds from 10 to 1000 um s ' (Fig. le-h). As
for PTS substrate, the MA was about 44.3°, which was
between those of the MAs of OTS substrate and hydroxyl
substrate (Fig. 3f). With a moderate MA, it was possible
for the substrate to entrain the solution during the
withdrawal process and there was enough space on the
top of the meniscus for the solution self-assembly of the
small molecules. Thus, speed-dependent morphologies
were possible (Fig. 1i-1).

Depending on the withdrawal speed, there were two
different mechanisms of deposition with PTS substrate of
moderate MA. When the withdrawal speed was low, the
capillarity regime [41,43], which was formed between the
substrate and the liquid-air interface, dominated the de-
position (Fig. 4a, b). In this case, the movement of the dry
line was slow and the solvent evaporation was fast,
leading to a continuous supply of the solution to the
upper part of the meniscus through capillary rise (Fig. 4a)
[44]. Moreover, the profile of the meniscus was thick,
providing enough space for both transverse and vertical
mass transport (Fig. 4b). The appearance of vertical mass

Low speed

Vertical mass transport

High speed

Vertical mass transport

Meniscus region

Ribbon or film

Solution

Figure 4 Schematic illustrations of the two different mechanisms of deposition on PTS substrate with moderate MA. (a, c¢) The liquid-air interface at
low and high speed, respectively. (b, d) Mass transport at low and high speed, respectively. At low withdrawal speed, the deposition occurred at the
meniscus region with both transverse and vertical mass transport. At high withdrawal speed, the deposition occurred at the entrainment region with

only vertical mass transport.
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transport was critical for the deposition of continuous
OSC thin films rather than ribbon crystals (Fig. 1i). When
the withdrawal speed was high, the deposition was con-
trolled by the entrainment region [41,43], where the so-
lution was entrained on the substrate during the
withdrawal process (Fig. 4c, d). The entrainment region
exhibited a shallow profile, where transverse mass trans-
port was limited and vertical mass transport was active,
resulting in the growth of ribbon crystals (Fig. 1j). To
check the general applicability of MA as an index of real-
time in-situ solution-substrate interactions for con-
tinuous and crystalline films, the depositions of OSCs
with different chemical structures were investigated. At
moderate MAs on PTS substrate (~44°, Fig. S8), con-
tinuous OSC thin films were successfully achieved with
perylene and TIPS-PEN at withdrawal speed of 10 pm s '
(Fig. S9a, d). POM images indicated the high crystallinity
of the films (Figs S9b, ¢ and S9e, f). On the OTS substrate
with a large MA of 52.2° (Fig. S10a-c), there were almost
nothing deposited at withdrawal speed of 10 pm s for
both perylene and TIPS-PEN. As for the hydroxyl sub-
strate with a small MA of 33.4° (Fig. S10d-f), the coverage
of OSC films on the substrate was low and the films were
discontinuous. Solvents such as toluene with high boiling

point and small dipole moment were also investigated
and confirmed the critical role of MA (Figs S11, S12).
Judging from the above results, MA can be used as a
quantitative index for the deposition of continuous thin
films irrespective of the types of OSCs and solvents.

To investigate the charge transport properties of the
continuous and highly ordered thin films, OFETs were
constructed. Au stripes (150 nm in thickness) were used
as the source and drain electrodes fabricated by a
stamping method [45]. PTS-modified SiO, (300 nm) was
used as the gate dielectric layer. For comparison, OFET's
with the same configuration was constructed based on the
ribbon arrays. In this structure, the sum of the widths of
the ribbons between the channels was used as the channel
width (Fig. S2) [46]. Fig. 5a, b show the typical transfer
and output characteristics of the devices based on C8-
BTBT continuous films (the inset shows the OM image of
the channel area). The typical transfer and output char-
acteristics of the ribbon arrays are shown in Fig. 5d, e (the
inset shows the OM image of the channel area). All de-
vices exhibited typical p-type transfer and output curves
in ambient air at room temperature. The mobility dis-
tribution of 20 devices of continuous films and ribbon
arrays are shown in Fig. 5¢, f, respectively. The highest
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Figure 5 Transfer and output characteristics of C8-BTBT based OFETs fabricated on PTS modified substrate. Transfer and output curves of the
continues film (a, b) and ribbon arrays (d, e). (c, f) Histogram of the mobility of 20 C8-BTBT OFETs based on thin films and ribbons.
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(average) mobilities were 11.9(5.1) and
4.6(2.8) cm”* V 's ' for continuous films and ribbon ar-
rays, respectively. The average mobilities of the con-
tinuous films were 82% higher than those of ribbon
arrays. Judging from the XRD measurements, the films
showed a smaller value of FWHM (Fig. 2¢), indicating the
higher crystallinity (i.e., higher order of molecular pack-
ing in the solids) compared with that of the ribbons. It
was known that the higher the crystallinity, the higher the
mobility. The high mobility based on the continuous
films further proved the usefulness of dip-coating as an
efficient technology to deposit thin films of OSCs for
various optoelectronic applications.

CONCLUSIONS

In summary, MA could be used as an index to quantify
the real-time in-situ dynamic solution-substrate interac-
tions during dip-coating. A moderate MA and low
withdrawal speed enhanced vertical mass transport in the
meniscus region and resulted in the production of large
area, continuous and highly ordered organic semi-
conductor thin films.
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