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Abstract: In this work, the effect of blade-coating temperature on the electrical properties of
a conjugated donor–acceptor copolymer containing diketopyrrolopyrrole (DPP)-based thin-film
transistors (TFTs) was systematically analyzed. The organic semiconductor (OSC) layers were blade-
coated at various blade-coating temperatures from room temperature (RT) to 80 ◦C. No remarkable
changes were observed in the thickness, surface morphology, and roughness of the OSC films as the
blade-coating temperature increased. DPP-based TFTs exhibited two noticeable tendencies in the
magnitude of field-effect mobility with increasing blade-coating temperatures. As the temperature
increased up to 40 ◦C, the field-effect mobility increased to 148% compared to the RT values. On the
contrary, when the temperature was raised to 80 ◦C, the field-effect mobility significantly reduced to
20.9% of the mobility at 40 ◦C. These phenomena can be explained by changes in the crystallinity
of DPP-based films. Therefore, the appropriate setting of the blade-coating temperature is essential
in obtaining superior electrical characteristics for TFTs. A blade-coating temperature of 40 ◦C was
found to be the optimum condition in terms of electrical performance for DPP-based TFTs.

Keywords: organic thin-film transistor; donor–acceptor copolymers; diketopyrrolopyrrole; blade-coating;
temperature

1. Introduction

Conjugated polymer-based thin-film transistors (TFTs) have generated wide interest for potential
use in next-generation displays or bio-sensors on account of their merits such as low processing
temperature and mechanical stretchability [1–3]. Solution process-based TFTs are generally cost-effective
and less time-consuming due to the simplicity of their fabrication process. In addition, several studies
have reported excellent electrical performance of TFTs [4–6]. Meniscus-guided coating, such as
blade coating, slot-die coating, and solution shearing, has the advantage of a having a large area with
improved growth uniformity and molecular alignment by virtue of unidirectional coating [7–9]. Several
investigators have recently turned to donor–acceptor copolymers containing diketopyrrolopyrrole
(DPP) semiconductors due to their relatively low bandgap and high mobility [10–12]. Specifically,
29-diketopyrrolopyrrole-selenophene vinylene selenophene (29-DPP-SVS) polymer-based TFTs have
been attracting considerable attention because they have a reduced stacking distance and strong
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interaction through appropriate side-chain engineering of the polymer backbone and the branching
position of the side-chains [13–15]. The coating temperature is one of the important processing
parameters in meniscus-guided coating since the rate of solvent evaporation is controlled by the
blade-coating temperature and is related to nucleation and crystal growth rate [16]. However, the effect
of the blade-coating temperature on electrical characteristics in 29-DPP-SVS polymer-based TFTs has
not been fully analyzed.

In this work, we report the effect of the blade-coating temperature on the electrical properties of
polymer-based TFTs with 29-DPP-SVS. As the blade-coating temperature increases, physical analysis
results for morphological characteristics of the polymer active layer, such as thickness, surface
morphology, and root-mean-square (RMS) roughness, are found to remain unchanged. The devices
show two remarkable tendencies on the magnitude of field-effect mobility according to increasing
the blade-coating temperature from room temperature (RT) to 80 ◦C. These phenomena are related to
the crystallinity of DPP-based films. The devices show superior crystallographic characteristics and
field-effect mobility at a blade-coating temperature of 40 ◦C.

2. Materials and Methods

2.1. Fabrication Process

A flow chart of the fabrication process for the 29-DPP-SVS polymer film by blade coating on
a large area substrate is shown in Figure 1a. P-type boron-doped Si wafer was used as the gate
electrode and SiO2 was thermally grown to achieve a 100 nm-thick layer. The Si/SiO2 substrate was
sequentially cleaned with acetone, isopropyl alcohol, and de-ionized water using an ultrasonicator for
15 min. The 29-DPP-SVS polymer was dissolved in 0.6 wt% chlorobenzene [17]. The solution was
then vigorously stirred at 600 rpm for one day. The blade-coating temperature, which is higher than
the boiling point of the solvent, can cause degradation of the polymer film such as pores or pinholes
in the active layer during blade coating [18]. In addition, it is difficult to apply coating temperatures
above 100 ◦C to plastic substrates. Thus, the prepared 29-DPP-SVS polymer solution was blade-coated
on the Si/SiO2 substrate at a speed of 2 mm/s with various heating temperatures from RT (27 ◦C) to
80 ◦C (below the boiling point of the solvent). The blade-coated 29-DPP-SVS polymer thin films were
annealed on a hot plate at 200 ◦C for 10 min to remove the residual solvent and fully solidify it [17].
Finally, Au was used as source/drain electrodes with 50 nm thickness through thermal evaporation
under a pressure of 10−6 Torr and an evaporation rate of 1 Å/s. The channel was patterned with a
width and length of 1000 and 500 µm, respectively, via shadow mask. A cross-section of the completed
device and the chemical structure of the 29-DPP-SVS polymer is shown in Figure 1b.

2.2. Analysis Method

Cross-sectional images of the films were obtained using field emission scanning electron microscopy
(FE-SEM) (S-4800, Hitachi, Chiyoda, Tokyo, Japan) to observe the thickness of the 29-DPP-SVS polymer
film. Atomic force microscopy (AFM) (NX20, Park Systems, Suwon, Kyeonggi, South Korea) was used
to analyze the surface morphology and roughness. The molecular-state-like crystallinity was measured
through grazing incidence X-ray diffraction (GIXD) (D/Max 2500, Rigaku, Shibuya, Tokyo, Japan).
The electrical characteristics of the TFTs were extracted and compared using source measure unit
(2636B, Keithley, Beaverton, OR, United States) together with a probe station (MSTECH, Hwaseong,
Gyeonggi, South Korea) under ambient pressure in a dark space.
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Figure 1. (a) Flow chart of the 29-diketopyrrolopyrrole-selenophene vinylene selenophene (29-DPP-SVS)
polymer film fabrication process via blade-coating on a large area Si/SiO2 substrate. (b) Cross-section
of the thin-film transistors (TFT) (staggered bottom gate structure) and chemical structure of
29-DPP-SVS polymers.

3. Results and Discussion

3.1. Thin-Film Analysis

Figure 2a–d shows cross-sectional FE-SEM images of the 29-DPP-SVS polymer films blade-coated
with heated substrates at RT, 40, 60 and 80 ◦C. Regardless of the coating temperature, the 29-DPP-SVS
polymer film thicknesses were all around 35 ± 2 nm. Figure 3a–d shows the AFM images and
corresponding height profile of the 29-DPP-SVS polymer film as a function of increasing blade-coating
temperature. The AFM images exhibited no significant differences in surface morphology. Moreover,
they all possessed similar RMS roughness (0.7 nm ± 3 Å). This reveals that increasing the blade-coating
temperature from RT to 80 ◦C, which is below the boiling point of solvent, has no effect on the
thickness and degradation of the surface morphological characteristics of the 29-DPP-SVS polymer
film. Thus, there was no significant change in charge injection and extraction efficiency due to the
similar surface roughness in the interface between the active layer and the metal. Hence, electrical
performance should account for charge transport efficiency in the bulk and channel of the 29-DPP-SVS
polymer. Crystallographic characteristics may affect the conductivity associated with charge transport
in conjugated polymer films [19].

We performed out-of-plane GIXD analysis to investigate molecular-state-like crystallinity in the
29-DPP-SVS polymer films blade-coated with substrates at different temperatures at a fixed incidence
angle (α = 0.2◦), as shown in Figure 4. The peak shape in the GIXD is related to the crystallinity,
following the Scherrer equation:

D =
Kλ

β cosθ
(1)

where D represents the mean size of the crystalline domains, K is a crystallite shape factor
(dimensionless), λ is the X-ray wavelength, β is the full width at half maximum (FWHM) of the
peak intensity, and θ is the Bragg angle [20,21]. As the coating temperature increased from RT to 40 ◦C,
the GIXD spectra showed a sharp peak and reduced FWHM (0.52◦→ 0.44◦). On the other hand, the
peaks tended to become broader and FWHM increased from 0.88◦ (60 ◦C) to 1.04◦ (80 ◦C) when the



Crystals 2019, 9, 346 4 of 8

coating temperature exceeded 40 ◦C. Generally, side chains in organic materials are more affected by
thermal treatment than the main backbone [22]. As the blade-coating temperature increases from RT to
40 ◦C, thermal energy induces structurally more ordered side chains and molecular interactions, which
leads to improved crystallinity. However, if the blade-coating temperature exceeds 40 ◦C, large thermal
molecular motions cause weak van der Waals intermolecular interactions, resulting in low crystallinity
and randomly ordered molecules [23]. Consequently, the 29-DPP-SVS polymer film blade-coated at a
substrate temperature of 40 ◦C demonstrated good crystallinity and better defined (00n) reflection
peaks with higher-order diffraction peaks up to (003) reflections, as shown in Figure 4.
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Figure 3. The atomic force microscopy (AFM) images (3 × 3 µm) and corresponding height profile of
the 29-DPP-SVS film blade-coated with substrate temperature at (a) RT, (b) 40 ◦C, (c) 60 ◦C, and (d)
80 ◦C. The red arrows in the AFM image indicate the blade-coating direction.



Crystals 2019, 9, 346 5 of 8

Crystals 2018, 8, x FOR PEER REVIEW  4 of 8 

 

 

Figure 3. The atomic force microscopy (AFM) images (3 × 3 μm) and corresponding height profile of 

the 29-DPP-SVS film blade-coated with substrate temperature at (a) RT, (b) 40 °C, (c) 60 °C, and (d) 

80 °C. The red arrows in the AFM image indicate the blade-coating direction. 

 

Figure 4. Out-of-plane grazing incidence X-ray diffraction (GIXD) images of 29-DPP-SVS polymer 

films blade-coated with substrate temperature at RT (black), 40 °C (red), 60 °C (blue) and 80 °C (dark 

cyan). 

Figure 4. Out-of-plane grazing incidence X-ray diffraction (GIXD) images of 29-DPP-SVS polymer films
blade-coated with substrate temperature at RT (black), 40 ◦C (red), 60 ◦C (blue) and 80 ◦C (dark cyan).

3.2. Electrical Characteristics of TFTs

Figure 5a shows the output characteristics curves for the TFTs, including the 29-DPP-SVS polymer
films blade-coated at different blade-coating temperatures from RT to 80 ◦C. The devices were operated
at a drain voltage (VD) in a range of 0 V to −60 V and a fixed gate voltage (VG) of −40 V. The saturated
drain current (IDsat) of the TFT blade-coated at a substrate temperature of 40 ◦C yielded the highest
value, followed by those blade-coated at RT, 60 ◦C, and 80 ◦C. The transfer characteristics curve for
TFTs blade-coated at different coating temperatures from RT to 80 ◦C is shown in Figure 5b. All the
TFTs were operated in the saturation regime by applying a constant VD of −60 V and VG in the range of
20 V to the −60 V. The field-effect mobility was extracted from the slope of

√
IDsat, which is considered

as a function of the VG, using the following equation:

µsat =
2L

WCox

(
∂
√

IDsat

∂VG

)2

(2)

where L is the channel length, W is the channel width, and Cox is capacitance per unit area of the
SiO2 [24]. Figure 5c illustrates changes in the magnitude of the average field-effect mobility as a
function of increasing blade-coating temperatures from RT to 80 ◦C. Even if typical polymer-based
TFTs exhibit large hysteresis behavior and the estimation of mobility can be unreliable, 29-DPP-SVS
polymer-based TFT exhibits very small hysteresis behavior [13]. As the blade-coating temperature
increased, the field-effect mobility increased to 4.723 cm2V−1s−1 at 40 ◦C (indicated by Section 1), with
a 148% improvement of the mobility at RT. Subsequently, the mobility decreased to 0.985 cm2V−1s−1

at 80 ◦C (indicated by Section 2), with a reduction to 20.9% of the mobility at 40 ◦C. This trend in
field-effect mobility coincides with changing crystallinity in the 29-DPP-SVS polymer films at different
blade-coating temperatures. For Section 1, the field-effect mobility of the TFT increased because of
improved crystallinity due to the thermal energy in the molecule resulting from the increase of the
blade-coating temperature from RT to 40 ◦C, as noted in Section 3.1. However, when the blade-coating
temperature was greater than 40 ◦C (Section 2), large thermal molecular motions caused weak van der
Waals intermolecular interactions. This limited the field-effect mobility due to reduced crystallinity.
Furthermore, the higher IDsat at the same VG, obtained by improved crystallinity, led to an increase in
the extracted field-effect mobility, consistent with Equation (1). The trends in Sections 1 and 2 were
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consistent with trends in IDsat, as shown in Figure 5a,b. Although the other electrical parameters such
as threshold voltage and off-current also showed slight variations in the blade-coating temperature,
the values were similar within the expected range and there was no remarkable tendency with respect
to the blade-coating temperature. As the blade-coating temperature increased from RT to 80 ◦C,
threshold voltages for the TFTs exhibited rather similar values in the range of 2.53 ± 0.88 V. In order to
specifically investigate the correlation between the blade-coating temperature and threshold voltages,
we calculated the interface trap density in thin-film transistors using the following equation:

S ≡ ln10
kT
q

(
1 +

q2Dit

Cox

)
(3)

where S is the subthreshold swing and Dit is the interface trap density [25]. The film and electrical
characteristics of the devices are summarized in Table 1. As shown in Table 1, there is no correlation
between blade-coating temperature and interface trap density and all the TFTs have an equal SiO2

and nearly the same thickness as 29-DPP-SVS polymer films. For this reason, the threshold voltage
is independent of the blade-coating temperature. The off-current level had similar values ranging
from 10−9 A to 10−8 A. When the blade-coating temperature was 40 ◦C, the 29-DPP-SVS polymer film
showed excellent crystallinity and conductivity, so it slightly increased the off-current. In particular,
all the devices showed relatively high off-current for VG around 20 V because the 29-DPP-SVS polymer
is an ambipolar polymer semiconductor [15,26]. Therefore, the proper setting of the blade-coating
temperature is indispensable to achieving superior electrical properties of a TFT. A blade-coating
temperature of 40 ◦C was found to be the optimum condition to yield the best electrical performance
of a 29-DPP-SVS polymer-based TFT.
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Table 1. The film and electrical characteristics of the DPP-SVS polymer-based TFTs with different
blade-coating temperatures.

Coating
Temperature

(◦C)

Thickness
(nm)

FWHM
(◦)

Field-Effect
Mobility
(cm2/V·s)

Threshold
Voltage

(V)

Interface Trap
Density

(cm−2eV−1)

RT 37.6 0.52 3.185 2.88 6.46 × 1012

40 35.7 0.44 4.723 2.53 7.36 × 1012

60 33.7 0.88 1.293 3.41 8.25 × 1012

80 33.7 1.04 0.985 1.28 7.32 × 1012

4. Conclusions

We have discussed the effect of blade-coating temperature on the electrical characteristics of
29-DPP-SVS polymer-based TFTs. Thickness, surface morphology, and surface RMS roughness of
29-DPP-SVS polymer films were found to be unaffected by increasing blade-coating temperatures.
The devices exhibited two distinct tendencies (Sections 1 and 2) in the magnitude of the field-effect
mobility with respect to increasing blade-coating temperatures. These phenomena were attributed
to changes in the crystallinity of 29-DPP-SVS polymer films with increasing coating temperatures.
The threshold voltage was independent of the blade-coating temperature. The off-current level had
similar values but was rather higher due to the improved conductivity and ambipolar properties when
the coating temperature was 40 ◦C. The values of the threshold voltage and off-current in the TFTs were
identical for different blade-coating temperatures in the range considered. A blade-coating temperature
of 40 ◦C was found to produce the optimum condition for peak electrical performance of 29-DPP-SVS
polymer-based TFTs. Further studies on various organic semiconductors need to be undertaken to
study the complete physical mechanisms necessary to achieve optimal electrical characteristics of TFTs
in terms of the processing temperature.
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