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Abstract

:

Conjugated polymers have emerged as promising materials for next-generation electronics. However, in spite of having several advantages, such as a low cost, large area processability and flexibility, polymer-based electronics have their own limitations concerning low electrical performance. To achieve high-performance polymer electronic devices, various strategies have been suggested, including aligning polymer backbones in the desired orientation. In the present paper, we report a simple patterning technique using a polydimethylsiloxane (PDMS) mold that can fabricate highly aligned nanowires of a diketopyrrolopyrrole (DPP)-based donor–acceptor-type copolymer (poly (diketopyrrolopyrrole-alt-thieno [3,2-b] thiophene), DPP-DTT) for high-performance field effect transistors. The morphology of the patterns was controlled by changing the concentration of the DPP-based copolymer solution (1, 3, 5 mg mL−1). The molecular alignment properties of three different patterns were observed with a polarized optical microscope, polarized UV-vis spectroscopy and an X-ray diffractometer. DPP-DTT nanowires made with 1 mg mL−1 solution are highly aligned and the polymer field-effect transistors based on nanowires exhibit more than a five times higher charge carrier mobility as compared to spin-coated film-based devices.
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1. Introduction


Conjugated polymer materials have attracted intense attention due to their low cost, large area processability and flexibility [1,2,3,4,5,6,7,8]. These advantages make conjugated polymers promising electronic materials for next-generation devices, such as light-emitting diodes, photodetectors, chemical sensors and solar cells [9,10,11,12,13]. However, polymer-based devices generally suffer from inferior electrical properties as compared to their counterparts, inorganic semiconductor-based devices. Therefore, significant efforts have been made to enhance their performance. The molecular alignment of these polymer-based devices is one of the key factors for improving electrical properties. In general, charge carriers are transported mainly along the chain backbones of polymers; thus, highly aligned polymer molecules are preferable to enhance the charge transporting properties [14,15,16,17,18]. Therefore, it is important to organize polymer chains into well-ordered structures. In this context, various processing strategies, including bar coating [19,20] and microchannel molding [21,22], were recently introduced for aligned one-dimensional polymer structures. However, these methods have certain limitations, such as a lack of region selectivity and poor resolution (up to micro-scale). When fabricating one-dimensional polymer nanowires, the degree of molecular alignment can be increased as the width of the wires becomes narrower due to spatial confinement. In addition, patterning polymers at the desired region can be beneficial to reduce leakage current and crosstalk with adjacent devices [23,24]. Therefore, a new processing strategy to fabricate polymer nanowires at the desired region is necessary for high-performance polymer electronic devices. In this study, polymer nanowires (NWs) are fabricated by introducing a polydimethylsiloxane (PDMS) stamp, which has a micrometer-sized ridge/groove topography, as demonstrated in our previous work [25]. The solution splits toward the sidewalls of the groove during solvent evaporation. Hence, we can obtain two NWs in one groove. Using this method, NWs using a diketopyrrolopyrrole (DPP)-based donor–acceptor (D–A)-type conjugated copolymer (poly (diketopyrrolopyrrole-alt-thieno [3,2-b] thiophene), DPP-DTT) are successfully fabricated. The structure of polymer patterns can also be modified by changing the concentration of the polymer solution. As the concentration decreases, the residual polymer materials between the peaks of pattern decrease until the peaks are completely separated to form nanowires. Finally, polymer field-effect transistors (PFETs) based on the DPP-based conjugated copolymer NWs are fabricated into the bottom gate/bottom contact (BG/BC) structure and compared with spin-coated counterparts. The effect of solution concentration on the polymer alignment is also investigated. Patterned PFETs exhibit enhanced carrier mobility as compared to spin-coated devices. However, the performance decreases when residual materials remain, even falling below that of the spin-coated devices. These experimental results can provide a new perspective on designing polymer electronic devices.




2. Materials and Methods


2.1. Preparation of PDMS Stamps


The master mold with a ridge/groove topography was fabricated by conventional photolithography. Each ridge and groove had a width of 10 μm and a depth of 1.2 μm. The mixture of Sylgard 184 (Dow Corning, Midland, MI, USA), in a 10:1 ratio by weight the of a PDMS precursor and curing agent, was cast onto the master molds. After thermal curing at 60 °C, the PDMS stamps with ridge/groove topography were separated.




2.2. Fabrication of Polymer Nanowires


For polymer solutions, DPP-DTT (Ossila, Mw = 203956, PDI = 3.09) was dissolved at 1,2-dichlorobenzene (Sigma-Aldrich, St. Louis, MO, USA), followed by stirring at 70 °C overnight. Next, 3 μL of solution was dropped on the substrates, followed by the careful lamination of PDMS stamps in ambient air. Finally, thermal annealing at 140 °C for 4 h was conducted to remove residual solvent.




2.3. Optical and Structural Characterization


The atomic force microscope (AFM) (XE-100, Park Systems, Suwon, Korea) and scanning electron microscope (SEM) (CLARA, Tescan, Brno, Czech) were used to observe the morphology of polymer nanowires, and a polarized optical microscope was used to examine the optical textures of aligned polymer nanowires. The UV-vis spectrometer (Cary 60, Agilent Technologies, Santa Clara, CA, USA) and polarizer were also used to reveal the aligned features of nanowires. The crystallinity of the spin-coated DPP-DTT film and the DPP-DTT nanowire patterns were characterized using a multi-purpose X-ray diffractometer (MP-XRD) (X’Pert PRO MPD, PANalytical, Malvern, Worcetershire, UK) with the Cu Kα (λ = 1.5405 Å) emission.




2.4. Electrical Characterization


The Au/Ti source and drain electrodes were deposited with metal mask by an E-beam evaporator on the commercial SiO2 (100 nm)/Si substrates. The heavily doped-Si was used as a bottom global gate electrode. The length of the channel was 20 μm and the width of the channel was calculated considering the period and width of the polymer patterns. Subsequently, the semiconducting polymer was spin coated or patterned on the electrode, resulting in bottom gate/bottom contact PFET configuration. The transfer and output characteristics of the PFETs were measured by a Keithley 4200A-SCS semiconductor parameter analyzer.





3. Results and Discussion


In the first step of pattern fabrication, the PDMS stamp with a ridge/groove topography was laminated onto the droplet of polymer and slight pressure was applied during the patterning process. During the solvent evaporation process, the solution split toward the sidewalls of the grooves and formed a capillary bridge between the stamp and substrate. In addition, the contact line between the liquid bridge and the substrate was pinned by the groove. The liquid that evaporated from the edge of the capillary bridge was compensated by the liquid underneath the ridge. Hence, the solute underneath the ridge flowed towards the groove. Additionally, the pressure applied during the process continuously pushed the liquid out. Therefore, no residual polymers could be detected underneath the ridge after drying. More details of the mechanism are available in our previous research [25]. In the fabrication experiment, about 3 μL of DPP-DTT solution was drop-casted onto the substrate. After that, a 1 cm2 sized PDMS stamp was laminated onto the droplet and dried under slight pressure at room temperature. Finally, DPP-DTT patterns ere left on the substrate after removing the stamp. Since evaporation occurred from the pinning point, a small amount of solution was trapped between the precipitated solute and the sidewall during the drying process, thereby creating a gap between the wire and the sidewall of the PDMS groove after drying. This gap prevented the damage to the wire when removing the stamp. Figure 1a shows a simple comparison between the DPP-DTT-based spin-coated film and the nanowires. The alignment of the polymer backbones is discussed later in the paper. Figure 1b,c show the schematic and optical microscope image of the NW-based PFET. To investigate the effect of the concentration of the polymer solution on the surface morphology, three different polymer concentrations (1, 3, 5 mg mL−1) were used to fabricate the patterns.



The surface morphologies of the fabricated patterns are confirmed with AFM (Figure 2). With a solution concentration of 5 mg mL−1, the patterns were almost filled inside the grooves, resulting in trapezoid-like patterns. The patterns based on the 3 mg mL−1 and 1 mg mL−1 solutions separated perfectly with no residual polymers between the wires. The widths of the patterns were 10.5 μm, 1 μm and 670 nm for 5 mg mL−1, 3 mg mL−1 and 1 mg mL−1, respectively. The root mean square (RMS) roughness values were also extracted from the morphology measurement to confirm the existence of residual polymers. The calculated roughness values on the outside of the patterns were 0.59, 0.57, 0.66 nm for the solution concentrations of 1, 3, 5 mg mL−1, respectively, which indicated that there was no residue underneath the ridge. The patterns made with 1 and 3 mg mL−1 exhibited equivalent roughness values (0.48 and 0.54 nm, respectively) between the wires (middle of the groove), which indicated that the solution is completely separated during process. In contrast, the roughness value between the patterns fabricated with a 5 mg mL−1 solution was 0.97 nm, indicating residual polymers between the patterns. These results are well matched with the mechanism of our patterning method. Moreover, no swelling or deformation of PDMS was observed under our process condition, even though PDMS is known to suffer from swelling and may have compatibility issues with some solvents, which arises from the porous nature. If swelling had occurred, there would have been residue under the ridge. Additionally, the aligned features of polymer patterns were revealed by polarized UV-vis spectroscopy. Depending on the direction of polarization, the absorption spectrum exhibited different peak intensities. These differences can be evidence of well-aligned molecules along the direction of the patterns. The degree of alignment can be quantified by the dichroic ratio (DR), which can be calculated by DR = A∥/A⊥, A∥(A⊥), where A∥(A⊥) denotes the absorbance intensity in case the patterns are parallel (perpendicular) to the polarization [26,27]. Patterns with the width of 10.5 μm (5 mg mL−1) have a DR value of 0.81 (Figure 3a), which is less than 1. This refers to the presence of molecules that are aligned perpendicular to the direction of the patterns. The alignment of these molecules appears to be caused by the “dragging force” when the solution splits towards the sidewalls of the groove during the pattern formation. In contrast, the DR values are 1.9 and 3.7 for the 1 μm wires (3 mg mL−1) and 670 nm wires (1 mg mL−1), respectively (Figure 3c,e). The higher value for the 670 nm wires suggests that the polymer molecules are better aligned. In addition, the polarized optical microscope (pOM) was also used to observe the molecular alignment of the polymer patterns [28,29]. The pOM images show a change in the brightness as the angle of the polarizer rotates (Figure 3b,d,f). The brightness was maximized when the angle between the pattern and polarizer was 45°, and minimized at 0°. This difference in brightness indicates that polymer molecules are aligned along the direction of the pattern. In the case of the 670 nm and 1 μm wires, the patterns hardly reflected light at 0°. This extinction is the evidence of well-aligned molecules along the direction of the wire. However, the 10.5 μm patterns were brighter than the others. This means that some molecules between the patterns were aligned perpendicular to the direction of the pattern, and this result agrees well with the DR value of the 10.5 μm patterns. In addition, the crystallinity of the spin-coated DPP-DTT film and the DPP-based copolymer patterns were also investigated with the wide-angle, out-of-plane XRD diffraction spectrum, as shown in Figure 4. The XRD data of the spin-coated DPP-DTT film exhibited an extremely weak (100) peak. In contrast, 670 nm wide NWs obtained from DPP-DTT (1 mg mL−1) showed a distinct (100) peak at 2θ = 4.36, corresponding to a d-spacing of 20.27 Å. The stronger peak of the DPP-DTT 670 nm wires indicates relatively well-ordered edge-on phases in the NWs [30]. However, the (100) peak intensity decreases as the concentration increases and the 10.5 μm patterns from the DPP-DTT (5 mg mL−1) show comparable diffraction patterns with the spin-coated film because the 10.5 μm patterns have unaligned molecules, as shown in Figure 3a,b. The higher spatial constraint of the NWs seems to be the reason for the higher degree of molecular ordering. These experimental results of pUV, pOM and XRD are well matched to each other. Overall, these results indicate that the patterns that separated perfectly, i.e., wires, are advantageous for generating anisotropically oriented polymer molecules.



To evaluate the effect of molecular alignment on the electrical properties, we fabricated PFETs based on polymer patterns, including nanowires, into a BG/BC structure. For comparison, spin-coated polymer thin film was also used as an active layer for the PFETs. Figure 5 shows the typical transfer, output curves and SEM images of the devices. For all the fabricated devices, the transportation of charge carrier was effectively modulated by the gate voltage. From these electrical characteristics, we calculated the charge carrier mobilities (μ) using the following equation [31]:


  μ =   2 ×  I  D S   × L   W ×  C  O X   ×      V  G S   −  V  T H      2       



(1)




where W and L are the channel width and length, respectively. COX is the capacitance per unit area of the gate dielectric. IDS, VGS and VTH are the drain current, gate voltage and threshold voltage, respectively. Note that the effective channel widths of the patterned devices are calculated considering the width and period of the polymer patterns. The devices made with wires are found to exhibit enhanced mobilities as compared to spin-coated devices. However, the 10.5 μm pattern-based device shows lower mobility than the spin-coated one. This decrease in mobility is caused by the perpendicularly oriented molecules, which are mentioned above (Figure 3). During the patterning process, the gravitational force from the wall of the grooves of mold was applied to split the solution, and the direction of the force was perpendicular to the wire. The 10.5 μm patterns had more perpendicularly aligned molecules in the middle of the polymer patterns than the spin-coated film, because the polymer solution was dried under gravitational force. Since the charge carrier is transported along the wires, the perpendicularly aligned molecules disturb the transport of the charge carrier, causing a decrease in mobility. In contrast, the 3 and 1 mg mL−1 solutions completely separated, and no residual polymer remained between the neighbor wires. Therefore, the mobility of 1 μm (3 mg mL−1) and 670 nm (1 mg mL−1) wire-based devices can be improved more than the spin-coated device and 10.5 μm pattern-based device. This tendency clearly reveals that the molecular alignment is an important factor in polymer electronics. In addition, the patterned devices showed superior characteristics in terms of the gate leakage current. The spin-coated device exhibits a higher gate leakage current compared to the patterned devices, as shown in Figure 6a. Gate leakage current occurs due to the defects in the interface between the channel and dielectric film. The defects provide a conductive connection between the channel and gate electrode [32]. In the case of spin coating, the thin film covered the entire substrate; thus, the contact interface between the dielectric layer and the channel was significantly increased. In contrast, our method enabled patterning at a desired location with a small pattern width, thereby reducing the contact area as compared to spin coating. Due to the small contact area, the gate leakage current of the 10.5 μm pattern-based device was lower than that of the spin-coated device, despite its lower mobility. This indicates that the patterning of polymers at the desired region is favorable for reducing the leakage current, regardless of its electrical performance. The threshold voltage, mobility, on/off ratio and gate leakage current are summarized in Table 1. Our DPP-DTT-based devices show low mobilities compared to recent studies, which is the result of our experimental environments. Our experiment was conducted in ambient air and we did not use any additional strategies, such as SAM treatment and a top-gate structure, which are well known to be helpful for improving the performance of PFETs, because we tried to figure out only the effect of nanowire patterning on the electrical characteristics. Note that we could observe the improvement of the electrical performance of the wire-based devices compared to the spin-coated devices, as shown in Table 1. In addition, a positive shift in the threshold voltage was observed for the patterned devices. This positive shift in the threshold voltage was affected by the oxygen infiltration to the polymer. Due to our experimental environment (ambient air), the oxygen infiltration to the polymer could easily occur. The infiltrated oxygen created the DPP-DTT–O2 complex, which can act as an electron trap [33]. When positive bias is applied, the electrons are trapped at the DPP-DTT–O2 complex. These trapped electrons induce p-doping, which can cause the positive shift of the threshold voltage [34]. In contrast, the VTH is observed to return towards zero voltage (negative direction), as the width of the pattern decreases, as shown in Figure 6b. This phenomenon occurred because the infiltrations of oxygen were reduced due to the decreased interface area between the air and polymer materials. Less oxygen indicates a lower p-doping level, so the smaller positive shift of VTH is observed for patterned devices compared to spin-coated device.




4. Conclusions


In this paper, we investigated the effect of polymer patterns on electrical properties. The polymer patterns are easily fabricated using a PDMS mold, and the morphologies of fabricated patterns were different depending on the concentration of the polymer solution. As the concentration of the polymer solution decreased, the patterns were perfectly separated and polymer nanowires with a width of 670 nm were obtained with a 1 mg mL−1 solution. Highly aligned molecules of DPP-DTT nanowires are confirmed by pOM and pUV-vis spectroscopy. However, 10.5 μm patterns (fabricated with a 5 mg mL−1 solution) exhibited an inferior molecular alignment due to the residual polymers between the patterns. The highly aligned DPP-DTT nanowires show remarkably improved electrical characteristics. The NW-based PFETs have charge carrier mobility of almost 560%, compared to the spin-coated devices. Moreover, the patterned devices also exhibit a reduced gate leakage current. In addition, the threshold voltages exhibit a positive shift for the PFETs and then decrease towards a zero point as the pattern width decreases. The oxygen infiltration is responsible for the change in VTH. Our patterning method for highly aligned polymer nanowires represents a promising breakthrough to achieve high-performance electronics based on conjugated polymers.
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Figure 1. (a) A the Comparison of the DPP-DTT spin-coated film and nanowires. Spin-coated film has randomly oriented backbones and nanowires have aligned backbones. (b) Schematic and (c) optical microscope image of the DPP-DTT nanowire-based PFET. 
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Figure 2. Atomic force microscope (AFM) image and corresponding the height profiles of the patterns fabricated with (a) 5 mg mL−1, (b) 3 mg mL−1 and (c) 1 mg mL−1 solution. The widths of 10.5 μm, 1 μm and 670 nm were extracted from the height profiles. 
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Figure 3. Polarized UV-visible absorption spectrum and polarized optical microscope image of the patterns with the widths of (a,b) 10.5 μm (5 mg mL−1), (c,d) 1 μm (3 mg mL−1) and (e,f) 670 nm (1 mg mL−1). In the absorption spectrum, parallel (black line) and perpendicular (red line) are the angles between the patterns and the polarization directions. DR refers to the dichroic ratio. The inset arrows of the microscope images depict the direction of the crossed polarizer. 
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Figure 4. (a) Wide-angle XRD patterns of the spin-coated DPP-DTT film and the DPP-DTT polymer NWs on Si substrate. (b) Schematic of the edge-on phase of the DPP-DTT polymer NWs. 
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Figure 5. Typical transfer characteristics, output curves and scanning electron microscope image of (a–c) the spin-coated film-based device, (d–f) 10.5 μm patterns-based device, (g–i) 1 μm wire-based device and (j–l) 670 nm wire-based device. 
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Figure 6. (a) Plot of IGS (gate leakage current) versus VGS; the spin-coated device exhibits a higher gate leakage current in the range below 0 V. (b) Threshold voltage (right axis) and mobility (left axis) of the fabricated polymer field effect transistors. 
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Table 1. Comparison of the electrical characteristics of polymer field effect transistors.
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	Threshold Voltage, VTH (V)
	Mobility, μ (cm2 V−1 s−1)
	On/Off

Current Ratio
	Gate Leakage

Current, IGS (A)





	Spin-coated
	21.24
	0.26 × 10−2
	~104
	10−9~10−6



	10.5 μm patterns

(5 mg mL−1)
	16.08
	0.05 × 10−2
	~104
	10−10~10−7



	1 μm wires

(3 mg mL−1)
	14.58
	0.86 × 10−2
	~105
	10−10~10−7



	670 nm wires

(1 mg mL−1)
	9.71
	1.46 × 10−2
	~105
	10−11~10−7
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