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ABSTRACT: In organic field-effect transistors, the first few molecular layers at the
semiconductor/dielectric interface are regarded as the active channel for charge
transport; thus, great efforts have been devoted to the modification and optimization
of molecular packing at such interfaces. Here, we report organic monolayers with
large-area uniformity and high crystallinity deposited by an antisolvent-assisted spin-
coating method acting as the templating layers between the dielectric and thermally
evaporated semiconducting layers. The predeposited crystalline monolayers
significantly enhance the film crystallinity of upper layers and the overall performance
of transistors using these hybrid-deposited semiconducting films, showing a high
carrier mobility up to 11.3 cm2 V−1 s−1. Additionally, patterned transistor arrays
composed of the templating monolayers are fabricated, yielding an average mobility of
7.7 cm2 V−1 s−1. This work demonstrates a promising method for fabricating low-cost,
high-performance, and large-area organic electronics.

Great effort has been devoted to the field of organic field-
effect transistors (OFETs) because of their potential

applications in low-cost, large-area organic electronics.1−5

Charge transport, which determines the device performance,
generally occurs at the interfacial layer between a semi-
conductor and an insulator.6−9 Many external factors, such as
the dielectric surface roughness, interfacial trap states, and
electrostatic interactions between carriers and the dielectric
medium, can impede charge transport, leading to the demand
for high-quality semiconductor/insulator interfaces. Recently,
device performance has been greatly improved by inserting
ultrathin polymer films (∼5 nm).10,11 This interfacial layer also
benefits molecular packing during deposition of the upper layer
by acting as a template in a “bottom-up” film growth strategy.
In addition, two-dimensional (2D) materials, such as graphene
and hexagonal boron nitride (h-BN), with atomic roughness
and minimal trap states have been employed as growth
templates to obtain organic films with increased crystallin-
ity.12−14 While the applications of these materials are often
limited by specific substrates, transfer techniques, and crystal
sizes, their organic counterparts, i.e., ultrathin molecular
monolayers or multilayers that undergo lattice-matched film
growth via van der Waals forces (e.g., π−π interactions)
between organic molecules, are the inherent choice for the
template layer. However, the deposition of high-quality, large-
area, ultrathin organic films remains an essential challenge.

Uniform ultrathin films deposited by physical vapor deposition
(PVD)15−18 usually contain numerous grain boundaries or are
limited by the template size (2D atomic crystals). Additionally,
solution-processed monolayers and multilayers8,19,20 are
normally formed in discontinuous polycrystalline phases,
leading to difficulty in large-area practical applications, such
as transistor arrays. Therefore, the deposition of highly
crystalline organic molecular ultrathin films as an interfacial
layer and scalable template is highly desirable.
Antisolvent crystallization has been widely used in perovskite

crystal growth by solution process, where the antisolvent can
speed up the nucleation and eventually improve the film
uniformity.21−23 In this work, we propose a new strategy for the
growth of crystalline molecular monolayers via an antisolvent-
assisted spin-coating method, wherein a continuous and
uniform monolayer can be successfully obtained on a large
scale. An upper organic layer is then deposited on the
monolayers by thermal evaporation, exhibiting enhanced grain
size and crystallinity. The OFETs (Figure 1a) based on these
hybrid-deposited organic films exhibit a high carrier mobility up
to 11.3 cm2 V−1 s−1, showing much improved device
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performance compared to that without this templating
monolayer. Moreover, high-performance transistor arrays are
successfully realized by employing the spin-coated monolayer
as a template.
Dioctylbenzothienobenzothiophene (C8-BTBT), a p-type

organic semiconductor possessing high carrier mobility and
undergoing facile crystallization, was selected for our study.24,25

We dissolved C8-BTBT in a mixed solvent of anisole and p-
anisaldehyde (0.5 wt %).26,27 The solution (60 μL) was first
drop-cast onto a SiO2/Si substrate. Then, the antisolvent, N,N-
dimethylformamide (DMF), was drop-cast onto the C8-BTBT
solution for the spin-coating process. The experimental
procedure is described in further detail in the Experimental
Methods in the Supporting Information. The substrates were
pretreated with phenyltrichlorosilane (PhTS) to reduce the
number of interfacial trap states28 and to guarantee a
hydrophilic surface for the following solution process. As the
solution was pulled by centrifugal force during the spin-coating
process, high-quality monolayers were created. The optical
microscopy (OM) and atomic force microscopy (AFM) images
of the monolayer are shown in Figure 1b,c, and both exhibit
high morphologic uniformity and atomic smoothness (root-
mean-square (RMS) roughness = 1.95 Å) with a thickness of
∼3.01 nm (inset in Figure 1c), close to the c-axis unit cell
parameter reported for the C8-BTBT single crystal.29 Almost
the entire substrate area (1.5 cm × 1.5 cm) is well covered with
C8-BTBT monolayer, and only a few bilayer islands exist in
isolated areas. In addition, the crystallinity of the C8-BTBT
monolayer was examined by transmission electron microscopy
(TEM) (Figure 1d) and its corresponding selected area
electron diffraction (SAED) (Figure 1e). Clear electron
diffraction patterns are observed, indicating a highly ordered
molecular packing. Therefore, this spin-coating method is
proven to be effective for depositing monolayers over a large
area. It is critical to ensure that the C8-BTBT solution was
entirely covered by DMF, which is immiscible with anisole
(Figure S1). C8-BTBT molecules can migrate at this anisole/
DMF interface, aggregating through strong π−π interactions
and S···C electrostatic interactions between thiophene hetero-
cycles and hydrophobic interaction between the aliphatic C8

carbon chains forming micella sheets.30 As the spin-coating
procedure goes on, the ultrathin crystalline sheets grow
equatorially larger and connect together, evolving into large-
area monolayers (Figure S2). To adequately study the
monolayer deposition, the influence of DMF on the deposition
of the C8-BTBT monolayer was also studied (Figure S3), and
the optimal volume of DMF is the same as that of the C8-BTBT
solution (60 μL). We also clarified the effect of the C8-BTBT
concentration on the film morphology (Figure S4) and found
0.5 wt % to be the optimal concentration for monolayer
deposition. In particular, we reduced the spin-coating time to
30 s, and some solution remained on the samples at spots
where the solvent evaporation process could be observed. The
amount of C8-BTBT in the remaining solution was sufficient to
form a uniform monolayer without forming multilayers or
redundant islands (Figure S5). Hence, the production of such
large-area uniform monolayers is attributed to the limited DMF
and C8-BTBT concentration.
Figure S6 shows the OM images illustrating the film

morphology and surface roughness of the ultrathin C8-BTBT
layers at various spin-coating speeds, and their corresponding
AFM images are shown in Figure S7. We estimate the
coverages of monolayers, multilayers, and vacancies. As shown
in Figure 1f, when spin-coating at relatively low speeds of 2000
and 3000 rpm, the coverages of monolayers are ∼39% and
∼62%, respectively. Dendritic crystalline nuclei and islands as
observed in the microscopy images result in the multilayer
coverages of ∼61% and ∼38% for the films spin-coated at 2000
and 3000 rpm, respectively. When depositing at an optimized
speed of 4000 rpm, nearly all the substrate (∼97%) is covered
by monolayers. Further increase in the spin speed causes a
highly discontinuous film, containing a large number of small
isolated islands. Hence, the area of vacancies on the substrate
increases to ∼7% and ∼62% for the samples deposited at 5000
and 6000 rpm, respectively. The RMS roughness of the spin-
coated C8-BTBT layers first decreased and then sharply
increased (6000 rpm) (Figure 1g). In addition, the monolayer
spin-coated at 4000 rpm yields the minimal roughness (1.93 Å).
The OM images of the C8-BTBT monolayers/multilayers on a
larger scale are shown in Figure S8. Next, TEM measurements

Figure 1. (a) Structure of a bottom-gate top-contact transistor with a spin-coated C8-BTBT monolayer at the dielectric/semiconductor interface and
the molecular structure of C8-BTBT. (b) Optical microscopy and (c) atomic force microscopy images of the C8-BTBT monolayer. (d) TEM image
of the C8-BTBT monolayer and (e) its corresponding SAED patterns. (f) Coverage on SiO2/Si substrate of vacancy, monolayer, and multilayer of
spin-coated C8-BTBT films at various speeds. (g) RMS roughness of the spin-coated monolayers and multilayers based on the AFM images.
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were employed to further study the film properties of the
ultrathin C8-BTBT films spin-coated at different speeds (insets
in Figures S6a−c and S9−11). For comparison, a 3 nm thick
evaporated C8-BTBT thin film was prepared as a reference
sample. No diffraction patterns are observed, indicating that the
evaporated C8-BTBT film is highly disordered (Figures S9 and
S11a). On the other hand, clear electron diffraction patterns are
found for the spin-coated samples (2000, 3000, and 4000 rpm),
and the molecular packing and lattice parameters are
comparable. These results indicate that the spin-coated
ultrathin films have similar crystalline structures (Figure S12).
When spin-coating at the speeds of 5000 and 6000 rpm, the C8-
BTBT monolayers will disperse because of the discontinuity of
the films and cannot be transferred onto Cu grids. The above
results show that our antisolvent-assisted spin-coating method
can be used to form highly crystalline molecular monolayers
and multilayers.
We indeed examined the transistor behaviors based on the

samples only with the spin-coated ultrathin molecular
monolayers or multilayers and did not obtain good electrical
performances. Thus, after spin-coating the ultrathin films on
the substrates, we deposited 27 nm C8-BTBT films by thermal
evaporation to fabricate bottom-gate top-contact (BGTC)
transistors. MoO3 (3 nm) as a buffer layer and Au electrodes
(80 nm) were thermally evaporated on the active layer (see
Experimental Methods in the Supporting Information). For
comparison, devices utilizing totally evaporated films (30 nm)
as semiconducting layers were set as reference samples. The
channel length and width were 250 μm and 1 mm, respectively.
Figure 2a−f shows the typical transfer and output character-
istics of the hybrid-deposited C8-BTBT-based FETs. As shown
in Figure 2g, the average carrier mobility (μFET) of reference
devices was 1.5 cm2 V−1 s−1 (averaged over 10 devices), which
is similar to that in the literature.10,31−33 The devices with
predeposited ultrathin C8-BTBT layers exhibited much
improved electrical performance, exhibiting a templating effect
of the spin-coated crystalline molecular monolayers and

multilayers at the dielectric interfaces. When the initial layers
were spin-coated at 2000 and 3000 rpm, the average values of
μFET were 4.9 and 5.5 cm

2 V−1 s−1, respectively. In addition, the
highest average mobility of 9.2 cm2 V−1 s−1 was obtained when
spin-coating at 4000 rpm. The maximum mobility we obtained
was as high as 11.3 cm2 V−1 s−1, which is among the highest
values (Table S1). The mobility decreases with further
increased spin speed. Small changes in the on/off ratio can
be observed in Figure 2h, and the threshold voltage of the
devices with spin-coated layers is generally lower than that of
the reference samples, decreasing from 39.6 to 16.2 V (4000
rpm). The relatively high off currents should be due to the air
exposure during the spin-coating and before the evaporation
process. The electrical parameters (carrier mobility, on/off
ratio, and threshold voltage VTH) are summarized in Table S2.
Considering the enhanced transistor performance using our

interfacial C8-BTBT monolayers, we suggest that the insertion
of molecular monolayers or multilayers template at the
dielectric interface has a significant influence on all organic
semiconducting layers, for example, their crystalline and
electronic properties. Therefore, we assessed the crystallinity
of C8-BTBT films using X-ray diffraction (XRD). The spin-
coated monolayers were too thin to gain obvious peaks with
adequate intensities (Figures S13 and S14). Despite the weak
signals, tiny peaks can be observed at 2θ = 6.2° and 9.1° for the
samples deposited at speeds of 2000 and 3000 rpm, because
these films contain some multilayer structures. Therefore, to
evaluate the crystallinity of the spin-coated films and their effect
on upper layer deposition, other C8-BTBT films (3 and 27 nm)
were separately evaporated on all the samples, resulting in
hybrid-deposited films with total thicknesses of 6 and 30 nm,
respectively. The XRD data, shown in Figures 3 and S15,
exhibit the same peak positions for all samples with the C8-
BTBT films. The 6 nm thick film containing a monolayer spin-
coated at 4000 rpm showed a sharp peak with the highest
intensity increasing more than 3-fold compared with that of
other samples, and the peak intensity of the other films first

Figure 2. Transistor characteristics of OFETs based on 30 nm thick C8-BTBT films (a) without and (b−f) with monolayers or multilayers spin-
coated at speeds of 2000−6000 rpm. In the output curves, the gate voltage increases from 0 V to −100 V with a step of −20 V. The channel length
(L) and width (W) are 250 μm and 1 mm, respectively. (g) OFET mobility along with the (h) on/off ratio and threshold voltage of the transistors
based on C8-BTBT films spin-coated at different speeds.
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increased and then decreased, while all thicker films show
similar intensities (Figure S16). In addition to the peak
intensities, the d-spacing and full width at half-maximum
(fwhm) calculated from the (003) diffraction peaks were
examined (Figure 3c). The d-spacing of the C8-BTBT films of
both thicknesses and the fwhm of the 30 nm thick films first
slowly declined and then stabilized. The fwhm of the 6 nm
thick films exhibited a more remarkable change, and the fwhm
reached a minimum (0.66°) at a speed of 4000 rpm. This
indicates that a spin-coated crystalline monolayer leads to
enhanced crystallinity of the structure and crystallite size of the
upper films (especially the first evaporated monolayer), and this
effect is weakened with an increase in the film thickness. The
XRD data are summarized in Table S3.
Crystallinity of these hybrid-deposited C8-BTBT films was

further studied using X-ray reflectivity (XRR) from 2θ = 0.2° to
10° accounting for reflection fringes (Figure S17). The XRR
profile is analyzed using a multilayered stack model as depicted
in Figure 3d. In this model, C8-BTBT molecules are considered
oriented along the c-axis perpendicular to the substrate plane
forming layers alternating the dense aromatic thiophenes and

less dense aliphatic saturated carbon C8 hydrocarbon chains. It
can be observed that the hybrid-deposited sample prepared
using spin-coating at 4000 rpm shows the best fit between
experimental and theoretical multilayered models (Figures 3e
and S18). Intramolecular layer thicknesses and densities of
these samples match well with the experimental thicknesses and
densities estimated from the experimental single-crystal
structure of C8-BTBT (Figure 3f and Table S4). Note that
molecules in disordered regions should have different molecular
orientations and densities from that of well-packed molecules.
It can result in values of C8 and BTBT thicknesses and densities
that are either higher or lower than those of single crystal.
Therefore, the film crystallinity, as compared with perfectly
ordered single crystal, can be efficiently evaluated by examining
the deviations from the values of C8 and BTBT thicknesses and
densities for single crystals. As shown in Figure 3f, the samples
prepared using spin-coating at 4000 rpm also show very small
deviations from single crystal; overall, it can be considered as
the most perfect sample both in the short- and long-range
probed substrate with lowest reflection fringe height attenu-
ation. In addition, the totally evaporated sample without the
predeposited monolayer gives the most disordered thin film for
the lack of this template effect. Thus, we conclude that the
initial spin-coated C8-BTBT monolayers possess good crystal-
linity and act as a template to allow the evaporated C8-BTBT
molecules to arrange into a well-organized order, leading to
larger grain sizes, especially in the initial few layers (Figure
S19).
To further understand the improved performance of the C8-

BTBT transistors by the crystalline molecular ultrathin
templates, we examined the energy levels of the semiconductor
(highest occupied molecular orbital (HOMO) and work
function (WF)) when using different spin-coating speeds for
C8-BTBT monolayer and multilayer deposition. Ultraviolet
photoelectron spectroscopy (UPS) measurements were carried
out to investigate the energy levels of the C8-BTBT films.
Figure 4 shows the secondary electron cutoff region,
representative of the WF, and the onset of the HOMO. A
small shift (∼0.2 eV) in the HOMO and WF is found between
the spin-coated monolayers and the reference sample. In
addition, the ionization potential (IP) shows negligible change
(Figure 4b). On the other hand, the energy levels of the thicker
films (30 nm) present negligible fluctuations, suggesting that
these thick films possess similar surface properties. More details
are illustrated in the energy level diagram (Figure S20), which
reveals that the upper layers are insusceptible to the bottom
spin-coated templating monolayers and multilayers. Hence, the
enhanced device performance is attributed to the template
effect produced by the first few molecular layers at the
semiconductor/dielectric interface.
Encouraged by the performance of individual OFETs and the

deposition of large-area high-quality monolayers via this
method, we went on to fabricate transistor arrays. For
patterning technologies, one feasible strategy is to selectively
deposit hydrophilic self-assembly monolayers in the patterned
areas, in favor of the deposition of C8-BTBT monolayers (see
the Experimental Section and Figure S21). In the patterned
areas (hydrophilic), C8-BTBT monolayers were deposited as
expected (Figure S22). On the basis of the spin-coated
monolayers, we further deposited 27 nm C8-BTBT films by
thermal evaporation utilizing shadow masks to obtain hybrid
films. The typical transfer characteristics of the array devices are

Figure 3. XRD patterns of the C8-BTBT films with total thicknesses of
(a) 6 nm and (b) 30 nm without and with spin-coated monolayers at
different speeds. (c) The d-spacing (blue) and fwhm (olive) data
calculated from the 6 nm thick (squares) and 30 nm thick (circles)
films. The films on the reference samples were deposited by thermal
evaporation. (d) Detail of the multilayered Si/SiO2/C8-BTBT model
where C8-BTBT molecule has been artificially layered in two portions,
one consisting of thiophenes (BTBT, pale orange shadow) and
aliphatic chains portion (C8, blue shadow). (e) Experimental XRR and
its fitting based on samples using spin-coating at 4000 rpm. (f) Main
parameters extracted from the multilayer model: independent C8 and
BTBT layer thickness and density.
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shown in Figure S22c, and the average μFET is estimated to be
7.7 cm2 V−1 s−1.
In summary, an antisolvent-assisted spin-coating method is

demonstrated for the deposition of C8-BTBT monolayers on
SiO2 substrates. In particular, the molecular monolayers spin-
coated at a speed of 4000 rpm exhibit atomic smoothness and
high uniformity. They also serve as an ideal template for the
growth of the upper layer. Transistors based on hybrid-
deposited C8-BTBT films evaporated on the monolayers and
multilayers yielded average and maximum mobilities of 9.8 and
11.3 cm2 V−1 s−1, respectively. In addition, this method was
applied in the fabrication of high-performance transistor arrays.
Our work presents an effective templating method by
depositing a smooth monolayer on the dielectric layer to
produce highly ordered upper layers. During thermal
evaporation, C8-BTBT molecules can spontaneously pack
along with the existing monolayers to obtain an enhanced
crystallinity. This method should be extended to other
semiconductors and complicated structures, such as hetero-
junctions.
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Experimental Methods 

Substrate preparation: Heavily doped p-type silicon wafers with 300 nm-thick thermally grown 

oxide were used as the substrates. The substrates (1.5 × 1.5 cm2) were sequentially cleaned by 

sonication in acetone and isopropanol for 8 min each and then treated by UV-ozone for 15 min. 

For phenyltrichlorosilane (PhTS) treatment, the substrates were immersed into a toluene solution 

containing PhTS (3 wt%) and heated at 90 °C for 15 hours in a glove box (N2). To obtain 

patterned samples, the substrates were first modified by octadecyltrichlorosilane (OTS), then 

treated by UV-ozone with a shadow mask and finally treated with PhTS. The schematic is shown 

in Figure S20. For OTS treatment, the substrates were immersed into a chloroform solution 

containing OTS (3 wt%) for 4 hours. 

Deposition of C8-BTBT films: The p-type organic semiconductor C8-BTBT (99%) was purchased 

from Sigma-Aldrich and used without further purification. Solutions with different C8-BTBT 

concentrations (0.2, 0.5 and 1.0 wt%) were prepared in mixed solutions of anisole and p-

anisaldehyde (0.5 wt%). Next, 60 µL of both the C8-BTBT solution and DMF were sequentially 

cast on the substrates through pipettes and then spin-coated at different speeds (2000 ~ 6000 

rpm) for 60 s to obtain the initial C8-BTBT multilayers. After that, C8-BTBT powder was 

thermally evaporated on these substrates in the same batch at a rate of 0.1 Å s−1 with a base 

pressure of ~10−4 Pa. 

Characterization of the C8-BTBT films: An Olympus BX51 optical microscope was used to 

obtain the OM images. The surface morphology was analysed by AFM (Asylum Research MFP-

3D) in tapping mode. The binding energy was characterized by UPS (Kratos AXIS ULTRA 

HAS, He−Iα = 21.22 eV). The samples were deposited on bare silicon (p++) substrates treated 
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by UV-ozone to form an ultrathin SiO2 layer (~2.6 nm), and other parameters were set to be the 

same as those used during monolayer deposition. XRD and XRR was performed with a Bruker 

D8 Discover instrument (Bruker AXS K. K.) with Cu Kα source X-rays and experimental data 

was fitted using the GenX 2.4.10 software (v.2.4.10, http://genx.sf.net).32 TEM measurements 

were carried out by JEM1230R transmission electron microscope (JEOL), and the evaporated 

films were directly deposited on carbon-coated Cu grids (#36), and the spin-coated monolayers 

were prepared on mica treated by UV-ozone, which was easy to delaminate for transfer to the 

carbon-coated Cu grids (#36). 

Fabrication and electrical measurements of the FETs: BGTC FETs were fabricated on substrates 

with C8-BTBT films through a shadow mask. MoO3 (3 nm) was used as a buffer layer and 

deposited on the active layer at a rate of 0.1 Å s−1. Au electrodes (80 nm) were thermally 

evaporated on the initial 5 nm-thick films at a deposition speed of 0.1 Å s−1 and then at a speed 

of 0.2 Å s−1. Electrical measurements were performed using a Keithley 4200 semiconductor 

parameter analyser in a probe station with a base pressure of ~10−4 Torr. The saturation region 

equation [IDS = µFETCi (W/2L) (VG − VTH)2] was applied for calculation of the carrier mobility. 
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Figure S1. The separation of anisole and DMF. When the two anisole and DMF solutions were 

mixed, they spontaneously separated which suggests that they are immiscible. The DMF solution 

(upper one) showed unique photometric characteristics. The density of anisole is 0.99 g/mL, and 

the density of DMF is 0.94 g/mL. Thus, during the spin-coating process, DMF covers the anisole 

solution. 

 

 

Figure S2. Schematic diagram of the antisolvent-assisted spin-coating deposition of C8-BTBT 

thin films. 
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Both 60 µL C8-BTBT solution and DMF were casted to the substrates through pipettes 

sequentially (Figure S2a). At the anisole and DMF interface, C8-BTBT molecules began to 

aggregate through strong π−π interactions and formed ultrathin crystalline sheets (Figure S2b). 

As the spin-coating procedure went on, the crysalline sheets grew larger and connected together, 

evolving into large-area monolayers (Figure S2c and d).   

 

 

Figure S3. Optical microscopy images of C8-BTBT films deposited from solutions with different 

DMF volumes of 0, 20, 40 and 60 µL. 

 

 

Figure S4. Optical microscopy images of C8-BTBT films deposited from solutions with different 

C8-BTBT concentrations of a-c) 0.25, 0.5 and 1.0 wt%.  
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Figure S5. Optical microscopy images of the evaporation of residual solution at different periods 

after the spin-coating process. The interval between two images is ~10 s. 

We investigated the deposition of C8-BTBT films from solutions with different C8-BTBT 

concentrations (0.25, 0.5 and 1.0 wt%). The C8-BTBT films from 0.25 wt% solutions contain 

many cracks and pinholes, showing them to be discontinuous (Figure S4a). The C8-BTBT films 

formed from 1.0 wt% solutions mainly contain multilayers and exhibit a nonuniform surface 

(Figure S4c). 

To study the deposition process, we captured optical microscopy images of the evaporation 

of residual solution (Figure S5). After spin-coating for 30 s, there was little solution left on the 

substrate. We found that the amount of C8-BTBT in the residual solution was sufficient to form 

uniform monolayers without generating redundant islands. 
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Figure S6. Morphologic properties of the C8-BTBT films spin-coated on SiO2/Si substrates. a-e) 

Optical microscopy images of the C8-BTBT monolayers/multilayers deposited by spin-coating at 

2000 ~ 6000 rpm for 60 s. The insets show their corresponding SAED patterns. Scale bar = 5 

nm–1.  

 

 

Figure S7. Morphological properties of C8-BTBT films on SiO2/Si substrates. a-e) AFM images 

of C8-BTBT films deposited by spin-coating at 2000 ~ 6000 rpm for 60 s. f) RMS roughness of 

the spin-coated monolayers/multilayers. 

Based on the performance improvement of OFETs utilizing monolayer/multilayer spin-

coated films, we concluded that the spin-coated films play a crucial impact on the upper film 

growth. Film coverage of monolayer and multilayer were calculated from the OM images 

(Figure S6). The area of multilayer decreased from more than 60% to around 0% along with the 

increasing speeds while the vacancy presented an opposite trend. Besides, the monolayer 

coverage showed a first increased then decreased trend and reached a maximum at 4000 rpm. 
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Figure S8. Large-scale optical microscopy images of C8-BTBT films deposited by spin-coating 

at 2000 ~ 6000 rpm for 60 s.  

 

 

Figure S9. TEM images of evaporated C8-BTBT monolayers/multilayers on carbon films. 
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Figure S10. STEM images of spin-coated C8-BTBT monolayers deposited on Cu grids. 

 

 

Figure S11. TEM and SAED images of a) evaporated and b-d) spin-coated 

monolayers/multilayers at speeds of 2000 rpm, 3000 rpm and 4000 rpm.  

We further examined the film crystallinity and molecular packing of the C8-BTBT 

monolayers/multilayers by transmission electron microscopy (TEM) (Figure S9). The C8-BTBT 

ultrathin films must be deposited on specific holders for the TEM measurements. Here, we 

transferred the films to carbon-coated Cu grids (#36). Uniform monolayers, with a small bilayer, 

can be observed in Figure S9a. Under high magnification, an obvious boundary line can be seen 

in Figure S9c, e and f, corresponding to different areas of the monolayer. The small “particles” 

resulted from interference between the electrons and C8-BTBT molecules. However, no selected 
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area electron diffraction (SAED) patterns were obtained during the measurements. Thus, we 

considered this C8-BTBT film to be in the amorphous phase instead of a crystallized phase, 

which was also confirmed by the XRD measurements. 

The spin-coated C8-BTBT monolayers/multilayers were deposited on mica substrates, 

which are formed from the same material, silicon oxide, in a different phase and were also 

treated by UV-ozone to ensure the same hydrophilicity. Then, the samples were immersed in 

deionized water to separate the monolayer from the mica substrates for transfer to the Cu grids 

(#36). Interestingly, monolayers spin-coated at high speed (> 4000 rpm) dispersed in the water 

and disappeared. Thus, we chose the monolayers spin-coated at a speed of 3000 rpm for the 

scanning tunneling electron microscopy (STEM) measurements. Here, STEM mode was selected 

because in TEM mode, the monolayers would be damaged and tend to disappear immediately 

once exposed to the electron beam. The C8-BTBT monolayers sometimes overlapped during the 

transfer operation (Figure S10). Figure S10d shows the electron diffraction of the C8-BTBT 

monolayers, indicating their good film crystallinity. Thus, a carbon film was coated on the Cu 

grids, and the C8-BTBT monolayers/multilayers spin-coated at speeds of 2000 rpm, 3000 rpm 

and 4000 rpm were transferred to the carbon films (Figure S11). Evaporated ultrathin films 

samples were used as the reference samples. Obvious electron diffraction patterns were found, 

shown in Figure S10b-d, indicating that the spin-coated monolayers/multilayers were well 

crystallized, while the evaporated films were in the amorphous phase. 
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Figure S12. Distance between pattern spots representing d-spacing calculated based on TEM 

and SAED data. 

Based on their corresponding SAED patterns, we calculated the distance between pattern 

spots representing d-spacing, and negligible changes were observed, indicating the spin-coated 

ultrathin films have similar crystalline structures. 

 

 

Figure S13. XRD patterns of the evaporated (reference) and spin-coated C8-BTBT films at 

different speeds. a) Spin-coated monolayers/multilayers (total thickness of ~3 nm). b) Spin-

coated monolayers/multilayers with 3 nm-thick evaporated films (total thickness of ~6 nm). c) 

Spin-coated monolayers/multilayers with 27 nm-thick evaporated films (total thickness of ~ 30 

nm). C8-BTBT films were deposited on the reference samples via thermal evaporation without 

spin-coated monolayers/multilayers. 
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Figure S14. XRD patterns of evaporated (reference) and spin-coated C8-BTBT films at different 

speeds.  

 

Figure S15. Experimental and theoretical fitting of XRD for reference sample (only evaporated) 

and samples (30 nm) including predeposited spin coating layer at 2000-6000 rpm. 
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The evaporated C8-BTBT films with a thickness of 3 nm (monolayer) do not exhibit 

obvious peaks for two main reasons. First, the film is too thin to generate enough signal for the 

detectors; second, this layer has poor crystallinity. In regard to the spin-coated films, however, 

some small peaks (2θ = 6.2º and 9.1º) could be seen for the films spin-coated at 2000 and 3000 

rpm. We found that these films were continuous and some C8-BTBT bilayers existed, which 

contributed to the XRD patterns in Figure S14b-d. In addition, the films deposited at high speeds 

showed a discontinuous morphology, and no peaks could be found. Furthermore, lattice 

constants of these hybrid-deposited C8-BTBT films were also calculated from the XRD data 

(Figure S15 and Table S3). It is clearly observed that 4000 rpm-spin-coated C8-BTBT film 

exhibits the most compact molecular packing. 

 

 
Figure S16. XRD intensity of the C8-BTBT films with total thicknesses of a) 6 nm and b) 30 nm 

without and with spin-coated monolayers at different speeds. 

 

As shown in Figure S16a, the 6 nm-thick film containing a monolayer as spin-coated at 

4000 rpm showed a sharp peak with the highest intensity, approximately fivefold than that of the 

reference sample. Other samples of the spin-coated films also exhibited increased intensities as 

compared with the reference sample. Thus, the intensity presents an increase-then decrease trend 

along with the increasing speeds. Such a trend was consistent with that of device performance. It 
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thus indicates that a spin-coated crystalline monolayer can serve as an efficient template for 

further growth of evaporated molecules into high-quality crystalline films. Besides, we also 

performed the XRD measurements on C8-BTBT bulk films with the thickness of 30 nm. A 

similar but much more moderate variation trend in the XRD intensity can be observed (Figure 

S16b). Hence, such a templating effect of the interfacial crystalline monolayers should mainly 

influence on the molecular packing behaviour for the first several evaporated monolayers. 

 

 

Figure S17. Experimental and multilayer model XRR traces for blank sample (only evaporated) 

and samples including predeposited spin coating layer at 2000-6000 rpm.  
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Figure S18. Experimental and theoretical fitting range 2θ = 0.4 º to 1.6 º of XRR traces for 

reference sample (only evaporated) and samples including predeposited spin coating layer at 

2000-6000 rpm. 
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Figure S19. Schematic illustration of the C8-BTBT film growth. (a) The islands existed in 

solution-processed C8-BTBT films spin-coated at slow speeds will disrupt the molecular packing 

and induce disorders in upper films. (b) highly ordered molecular packing of C8-BTBT on the 

spin-coated C8-BTBT monolayers at 4000 rpm. (c) On spin-coated films at fast speed, the 

pinholes and cracks in this layer were filled by the evaporated molecules, exhibiting some 

disorder in the molecular packing. 

The schematic representation regarding the growing mechanism of crystals has been added 

in the supporting information (Figure S19). On the solution-processed multilayers as spin-coated 

at relatively low speeds, the packing of evaporated C8-BTBT molecules could be affected by the 

existing islands and their molecular orientations, resulting in disorders and discontinuity (Figure 
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S19a). When employing the uniform monolayer as spin-coated at an optimized speed of 4000 

rpm, the evaporated C8-BTBT molecules could pack into a highly ordered manner (Figure S19b). 

Further increase in the spin speed resulted in much discontinuous films with cracks and holes, 

thus impeding a highly ordered molecular packing during the following evaporation process 

(Figure S19c). Therefore, only monolayers deposited under optimized spin speed could serve as 

efficient templates for further growth of evaporated molecules into high-quality crystalline films. 

Besides, the blank sample without pre-deposited monolayer gave the most disordered thin-film, 

which is due to the lack of such a templating effect. 

 

 

Figure S20. Energy level diagram of C8-BTBT monolayers deposited by thermal evaporation 

and spin-coating (left) and hybrid-deposited C8-BTBT films (right). 
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Figure S21. Fabrication process of patterned substrates treated by self-assembly molecules (OTS 

and PhTS).  

 

Step 1. The substrates (1.5 × 1.5 cm2) were cleaned by sequential sonication in acetone and 

isopropanol for 8 min each. 

Step 2. The substrates were treated by UV-ozone for 15 min. 

Step 3. The substrates underwent OTS treatment by immersion in a chloroform (CHCl3) solution 

of trichloro(octadecyl)silane (OTS) (3 wt%) for 4 hours. 

Step 4. The substrates were treated by UV-ozone with a shadow mask. 

Step 5. The substrates underwent PhTS treatment by immersion in a toluene solution of 

phenyltrichlorosilane (PhTS) (3 wt%), which was then heated at 90 °C for 15 hours in a glove 

box (N2). 

Step 6. The C8-BTBT films were deposited by spin-coating at a speed of 4000 rpm for 60 s. 

Step 7. A protective layer was deposited by thermal evaporation with a shadow mask at a 

deposition rate of ~0.1 Å s−1 and a base pressure of ~10−4 Pa. 

Step 8. The MoO3 and Au electrodes were deposited using shadow masks. 
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Figure S22. Optical microscopy images of a) transistor arrays and b) C8-BTBT films on 

patterned substrates. c) Typical transfer curve of a device in the transistor array. 
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Table S1. Typical OFETs based on C8-BTBT in literature. 
Device 

structure 
Dielectric 

Average 
Mobility 

[cm2V−1s−1] 

Maximum 
mobility 

[cm2V−1s−1] 

Operating 
Voltage 

[V] 
Ref. 

BGTC PVP 25 43 40 2 

TGTC Parylene C 16.4 31.3 60 3 

BGTC SiO2/PMMA 3 9.1 40 4 

BGTC SiO2/PS  3.56 40 5 

TGBC CYTOP 9.4 13 80 6 

BGTC SiO2/ODTS  2.9 60 7 

TGBC 
TGTC 

CYTOP 5.5~5.7  40 8 

TGBC CYTOP/Polymer 7.9  40 9 

BGTC SiO2/PMMA 3 9.1 40 10 

BGTC SiO2/DTS 4~6  100 11 

BGTC SiO2/OTS 9.2 10.4 60 12 

BGTC SiO2/FTS 0.2~3.5 3.5 40 13 

BGTC SiO2/OTS 2.6 6.9 40 14 

TGBC CYTOP 1.59 2.6 60 15 

BGTC SiO2  2.3 20 16 

BGTC SiO2/PMMA  16 40 17 

BGTC SiO2/BN  10 40 18 

BGTC SiO2/HMDS 0.4 0.7 60 19 

BGTC SiO2/PMMA 1.1 3.8 40 20 

BGTC SiO2 4.8 13 20 21 

BGTC AlOx 4.7 9.8 4 22 

BGTC SiO2  16.0 80 23 

BGTC SiO2  18.2 100 24 

BGTC SiO2 9.8 11.3 100 This work 
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Table S2. Summary of electrical parameters of C8-BTBT transistors. 

Parameter Reference 2000 rpm 3000 rpm 4000 rpm 5000 rpm 6000 rpm 

Carrier Mobility (cm2 V−1 s−1) 1.5 ± 0.44 4.9 ± 0.38 5.5 ± 1.0 9.2 ± 0.96 8.9 ± 0.96 6.3 ± 1.2 

On/off Ratio 2.6 × 105 9.5 × 105 1.6 × 105 3.0 × 105 2.6 × 105 1.8 × 105 

Threshold Voltage (V) − 39.6 − 15.6 − 27.5 − 16.2 − 12.7 − 25.0 

 

Table S3. Lattice constants as obtained from theoretical fitting (Le-Bail) of C8-BTBT films. 

Sample a (Å) b (Å) c (Å) � (º) Volume (Å3) Density (g/cm3) 

Single crystal 5.927 ± 0.007  7.88 ± 0.01  29.180 ± 0.004   92.443 ± 0.004  1362 ± 4  1.134 ± 0.003  

Evaporation only 5.950 ± 0.007  7.91 ± 0.03  29.155 ± 0.012 91.8 ± 0.4  1371 ± 8  1.126 ± 0.006  

2000 rpm 5.942 ± 0.007  7.93 ± 0.03   29.123 ± 0.008  90.9 ± 0.1  1372 ± 6  1.125 ± 0.005  

3000 rpm 5.939 ± 0.007  7.84 ± 0.04  29.108 ± 0.008  92.1 ± 0.2  1355 ± 8  1.139 ± 0.007  

4000 rpm 5.935 ± 0.009  7.73 ± 0.03  29.110 ± 0.010  92.2 ± 0.2  1335 ± 7  1.156 ± 0.006  

5000 rpm 5.939 ± 0.009  7.92 ± 0.03  29.084 ± 0.009 90.8 ± 0.1  1367 ± 8  1.129 ± 0.007  

6000 rpm 5.945 ± 0.007 7.91 ± 0.04   29.125 ± 0.010  91.5 ± 0.4 1369 ± 9  1.128 ± 0.007  

 

Table S4. Summary of optimized parameters for multi-layered XRR model 

Sample C8 thickness (Å) BTBT thickness (Å) C8 density (FU/ Å3) BTBT density (FU/ Å3) 

Single crystal 20.13 8.9999 0.00186 0.00532 

Evaporation only 16.5 ± 1.5 12.6 ± 1.5 0.0017 ± 0.0003 0.0061 ± 0.0004 

2000 rpm 18.7 ± 1.6 10.3 ± 1.6 0.0021 ± 0.0003 0.0059 ± 0.0003 

3000 rpm 19.0 ± 0.9 10.0 ± 1.0 0.0021 ± 0.0003 0.0051 ± 0.0002 

4000 rpm 19.3 ± 0.5 9.6 ± 0.6 0.0022 ± 0.0003 0.0052 ± 0.0002 

5000 rpm 17.7 ± 1.1 11.3 ± 1.1 0.0011 ± 0.0003 0.0058 ± 0.0007 

6000 rpm 11.9 ± 0.6 17.1 ± 0.6 0.0016 ± 0.0004 0.0051 ± 0.0005 
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