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Abstract 21 

Despite the importance of carrier mobility, recent research efforts have been mainly focused on the 22 

improvement of volumetric capacitance in order to maximize the figure-of-merit, μC* (product of carrier 23 

mobility and volumetric capacitance) for high-performance organic electrochemical transistors. Herein, 24 

we report high-performance microfiber-based organic electrochemical transistors with unprecedentedly 25 

large μC* using highly-ordered crystalline PEDOT:PSS microfibers with very high carrier mobilities. 26 

The strain engineering via uniaxial tension was employed in combination with solvent-mediated 27 

crystallization in the course of drying coagulated fibers, resulting in the permanent preferential alignment 28 

of crystalline PEDOT:PSS domains along the fiber direction which was verified by atomic force 29 

microscopy and transmission wide-angle x-ray scattering. The resultant strain-engineered microfibers 30 

exhibited very high carrier mobility (12.9 cm2 V-1 s-1) without the trade-off in volumetric capacitance 31 

(122 F cm-3) and hole density (5.8 × 1020 cm-3). Such advantageous electrical and electrochemical 32 

characteristics offered the bench-mark parameter of μC* over ~1500 F cm-1V-1s-1, which is the highest 33 

metric ever reported in the literature and could be beneficial for realizing a new class of substrate-free 34 

fibrillar and/or textile bioelectronics in the configuration of electrochemical transistors and/or 35 

electrochemical ion pumps.  36 
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Introduction 37 

Organic electrochemical transistors (OECTs) based on organic mixed ionic-electronic conductors 38 

(OMIECs) show large signal amplification in the presence of aqueous electrolytes[1]. This characteristic 39 

made OECTs advantageous for many bioelectronic applications, for instance, implanted electronics[2–7], 40 

chemical sensors[8–11], cellular interfaces[12–15] and stretchable sensors [16–18] where it is desired to amplify 41 

small electrical/electrochemical signals in aqueous environments and/or under mechanical 42 

strain/deformation. To realize high-performance OECT devices even with small feature sizes and low 43 

operating voltages, aqueous ions driven by the gate bias should efficiently penetrate into the OMIEC for 44 

doping/dedoping the channel material, while the modulated charge carriers should effectively transport 45 

through the conjugated polymer-based channel by the potential applied between source and drain 46 

electrodes. Accordingly, both large volumetric capacitance (C*) and high carrier mobility (μ) of the 47 

OMIEC channel material lead to high transconductance (gm) in a given OECT, thus, their product (μC*) 48 

is employed as a figure of merit to benchmark OECT performance. 49 

Various types of OMIEC materials have been proposed by deliberately incorporating ionically-50 

permeable side chains into electrically conductive conjugated polymers not only for developing high-51 

performance bioelectronics but also for studying their fundamental mechanism.[19] These materials 52 

contributed to the improvement of accumulation-mode OECT operation by controlling energy levels and 53 

film morphology[20–24] as well as the realization of unique device functions for enzymatic metabolite 54 

sensors[25] and complementary logic circuits.[26] In the course of searching for novel OMIEC materials 55 

and developing pre-/post-treatment methods, the most dominant strategy to maximize the performance 56 

figure-of-merit (i.e., μC* product) has been mainly focused on the route to efficient channel 57 

doping/dedoping capability, which is represented by the efforts made for increasing C*. For instance, it 58 

was reported that the judicious incorporation of water-swelling side chains and/or polymer additives into 59 

conjugated polymer cores leads to the μC* product of the corresponding channel film over 260 F cm-1V-60 
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1s-1 (e.g., p(g2T-TT))[27]. In parallel, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 61 

(PEDOT:PSS) has been one of the most frequently studied materials for OECTs and bioelectronics due 62 

to high electrical conductivity, good ambient stability, solution-processability, and commercial 63 

availability, as justified by the decent benchmark parameter (μC*) of 47 F cm-1V-1s-1 for the pristine 64 

PEDOT:PSS[28]. More recently, it was demonstrated that the removal of excessive water-swelling dopant 65 

(i.e., PSS) out of the as-deposited PEDOT:PSS channel could boost up the volumetric capacitance up to 66 

113 F cm-3 as well as enhance water stability, leading to a very large μC* product of 490 F cm-1V-1s-1.[29] 67 

In this case, the removal of extra PSS which was not associated with either doping or ion conduction 68 

pathway resulted in the substantial reduction of film thickness, thus, volume, and the consequent volume-69 

normalized capacitance (C*) was significantly enlarged. Nonetheless, relatively fewer efforts have been 70 

made to enhance carrier mobility (μ) although it is one of the two key parameters to improve OECT 71 

performance in terms of current modulation efficiency or transconductance. This could be partly because 72 

carrier mobility has been regarded as an intrinsic material property which is relatively difficult to 73 

customize other than by molecular design.  74 

Herein, we developed high-performance microfiber-based organic electrochemical transistors with 75 

unprecedentedly large carrier mobility (12.9 cm2 V-1 s-1) and μC* product (1500 F cm-1V-1s-1) using 76 

highly-ordered crystalline PEDOT:PSS microfibers. A geometrically well-defined one-dimensional 77 

microfiber structure was chosen as an OECT channel to reduce dimensional complexity, while strain 78 

engineering which is a general strategy employed in semiconductor manufacturing was introduced to 79 

enhance the microstructural ordering in the channel material. For the strain engineering of mixed 80 

conductor microfibers, the uniaxial tension in combination with solvent-mediated crystallization was 81 

employed in the course of drying coagulated fibers, resulting in the permanent preferential alignment of 82 

crystalline PEDOT domains along the fiber direction. The resultant changes in solid-state microstructure 83 

and surface morphology were investigated by transmission wide-angle x-ray scattering and atomic force 84 
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microscopy, respectively. The corresponding microfiber-based OECTs with gradually-modulated 85 

crystallite orientations were thoroughly characterized to extract the electrical/electrochemical properties 86 

such as volumetric capacitance, charge carrier density, and carrier mobility. Lastly, we propose the 87 

underlying molecular mechanism of one-dimensionally highly-oriented PEDOT:PSS crystallite 88 

alignment and highly-enhanced charge transport efficacy, and discuss their potentials for high-89 

performance substrate-free bioelectronics based on microfibrillar OMIECs.  90 

 91 

Results and Discussion 92 

Microfibers were prepared by the conventional wet-spinning process which has been well 93 

customized in terms of spinning, post-treatment, rinsing/drying for conducting polymer-based 94 

(micro)fibers targeting at textile electronics.[30–35] In this study, PEDOT:PSS solution was cylindrically 95 

coagulated via wet-spinning in acetone (ACE), followed by the post-treatment by dipping in sulfuric acid 96 

(SA) (see the Method section for the details). As shown Figure 1a, SA-treated microfibers were fabricated 97 

by dipping as-spun fibers (i.e., ACE-treated microfibers) into sulfuric acid. For strain engineering, these 98 

as-prepared wet fibers were dried under tension (T) by hanging a metal wire with the known mass (m) at 99 

one end (Figure 1b). The exerted tension was represented by gravitational force (W = mg, g = 9.8 m×s2) 100 

and converted to stress (σ) by dividing it by the cross-sectional area of a given microfiber (A). After 101 

drying, scanning electron microscopy (SEM) images of the strain-engineered microfibers were obtained 102 

as shown in the Figure 1c, to confirm that well-defined circular-shaped microfiber structure. The resultant 103 

SA- and ACE-treated microfibers showed diameters ranging from 10 to 15 μm and from 13 to 20 μm, 104 

respectively, depending on the applied stress (Figure S1). Note that the stress applied during the drying 105 

process was denoted as T/A so that it can be differentiated from other parameters with the same notation 106 

such as electrical conductivity.   107 
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To investigate the mechanical behaviors of strain-engineered microfibers, the stress-strain curves 108 

were obtained using representative strain-engineered SA-treated microfibers. As shown in Figure 1d, the 109 

increase in the applied T/A from 10.8 kPa to 13.0 MPa led to the gradual increase in mechanical modulus 110 

and fracture stress from 0.95 to 8.7 GPa and from 147 to 312 MPa, respectively, but the decrease in 111 

fracture strain from 47 to 8.7% (Figure S2). As shown in the electrical conductivities of strain-engineered 112 

microfibers measured at the contact pad geometry of four-point probe (Figure 1e), SA-treated microfibers 113 

showed much higher electrical conductivities than ACE-treated microfibers which underwent only the 114 

ACE treatment during the coagulation. This is because the solvent-mediated crystallization via SA 115 

treatment effectively removes excess PSS chains from PEDOT:PSS microfibers as verified by the 116 

residual PSS/PEDOT ratio obtained from the x-ray photoelectron microscopy (XPS, Figure S3) analysis. 117 

Interestingly, both SA- and ACE-treated PEDOT:PSS microfibers exhibited the substantial enhancement 118 

in electrical conductivity which is proportional to the applied T/A, suggesting that strain-engineering is 119 

not limited to SA-treated microfibers and, in principle, can be generalized to modulate 120 

mechanical/electrical/electrochemical properties of other polymer microfibers.  121 

Figure 2a and b show the atomic force microscopy (AFM) images of and the two-dimensional 122 

transmission wide angle x-ray diffraction (2D TR-WAXD) spectra of representative strain-engineered 123 

SA-treated microfibers (T/A= 42k, 380k, 2.1M, and 61 MPa). Note that detailed information on 124 

measurements are described in the Method section. As higher T/A was applied during the drying process 125 

of SA-treated PEDOT:PSS microfibers, the grain sizes on the fiber surface remained unchanged but their 126 

overall orientations were gradually aligned along the fiber direction (see the red arrow in Figure 2a, i). 127 

The similar trend was observed in 2D TR-WAXD patterns. With the increased T/A, the peak intensities 128 

became more prominent at q = 1.8 and 0.5 Å-1 (d = 3.5 and 12.6 Å) which represent the π-π stacking 129 

(020) and lamellar structure (100) of PEDOT chains, respectively. Note that these results are closely 130 

correlated with electrical conductivities of PEDOT:PSS microfibers (vide infra). More interestingly, as 131 
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the applied T/A was increased, the isotropic ring pattern was gradually switched to the horizontally 132 

polarized pattern with increased peak intensities, which suggests that the overall isotropic structure with 133 

random crystallite orientation was replaced by the anisotropic structure with preferential crystallite 134 

orientation along the fiber direction. For the in-depth analysis, the diffraction intensity profiles through 135 

vertical (ψ = 90°) and horizontal (ψ = 0°; red arrow in Figure 2b, i) axis were plotted in Figures 2c and 136 

d, respectively. With the increased T/A, the peaks corresponding to the π-π stacking (q = 1.8 Å-1) and 137 

lamellar structure (q = 0.5 Å-1) were enhanced/diminished in the vertical/parallel direction without 138 

significant peak shift (i.e., no crystal lattice distortion). The minor peak at q = 1.65 Å-1 (d = 3.8 Å) due 139 

to the repeating unit of PEDOT chains (e.g., aromatic ring) were slightly amplified along the fiber 140 

direction, as the applied T/A was increased.[30] Also, the amorphous halo peak attributed to PSS chains 141 

near q = 1.2 Å-1 (d = 5.2 Å) merged into four mixed-index peaks with the increased tensile stretching, 142 

suggesting that not only the PEDOT chains but also PSS chains were aligned along the fiber direction by 143 

the tensile stress in the course of microfiber drying. The 2D TR-WAXD patterns and diffraction intensity 144 

profiles of strain engineered ACE-treated PEDOT:PSS microfibers indicate that the similar 145 

microstructural reorganization could be induced by the increased T/A but to a lesser extent (Figure S4). 146 

For comparison, the domain size (L020) and the inter-chain distance (d020) attributed to the π-π stacked 147 

PEDOT chains were extracted from the vertical (ψ = 90°) line-cut profiles of strain-engineered SA- and 148 

ACE-treated microfibers (Figure 2e). It is noteworthy that the SA-treated microfibers showed larger L020 149 

and smaller d020 than ACE-treated microfibers, but these metrics were not changed significantly (<10%) 150 

by the applied stress, even though the applied tensile stress made significant changes in domain 151 

orientation. We suppose that although the tensile stress was exerted on wet microfibers which were 152 

partially swollen with water molecules prior to the complete establishment of crystallization, the crystal 153 

domains were aligned along the fiber direction without severe disturbance in molecular ordering via π-π 154 

stacking. Note that considering that the anisotropic crystallite ordering in PEDOT:PSS microfibers can 155 
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be gradually generated during the drying process under the tensile stress, our results are distinct from 156 

those in the previous literature where it is argued that the crystalline domains of PEDOT chains could be 157 

creeped and slid during the mechanical winding process of PEDOT:PSS fibers[31]. Lastly, the degree of 158 

orientation of PEDOT and PSS chains were examined by analyzing the full-with half-maximum (FWHM) 159 

values in azimuthal intensity profiles of (100) and (020) peaks (Figure 2f). This result clearly shows that 160 

the PEDOT and PSS chains are gradually aligned along the fiber direction by increasing the applied 161 

tensile stress. 162 

Prior to the further characterization of microfibers, we examined the swelling behavior of strain-163 

engineered PEDOT:PSS microfibers by exposing microfibers to water in a fluidic channel[32] (see the 164 

details in the Method section and Figure S5a, b), since swelling behaviors of microfibers may affect not 165 

only the fiber dimension change during the OECT operation but also the extraction of the corresponding 166 

volumetric capacitance. The microscopy images of microfibers were taken and processed using ImageJ 167 

software to extract the length (L) and diameter (D) of a given fiber at each state and the radial, axial, and 168 

volume swelling ratios (i.e., Lwet/Ldry, Dwet/Ddry and Vwet/Vdry, respectively) were calculated (Figure S5c-169 

e). In the case of ACE-treated microfibers (blue), as larger T/A was applied on the microfiber, the 170 

radial/axial swelling was gradually increased/decreased. In contrast, SA-treated microfibers (red) showed 171 

almost constant values (~ 1) of radial and axial swelling regardless of the applied T/A, indicating that 172 

there is no significant change in dimensions even after immersion in water. Interestingly, the resultant 173 

volume swelling changes of 47.9 ± 4.5 and 1.38 ± 0.22 for ACE- and SA-treated microfibers, 174 

respectively, were almost independent of the applied T/A and these values are well matched to those of 175 

ACE-(44) and SA-treated fibers (1.7) which were prepared without tensile stress[32]. Since excess PSS 176 

chains could be effectively removed by the SA treatment (Figure S3), the swelling in SA-treated 177 

PEDOT:PSS fibers should be minimal unlike ACE-treated microfibers where excess amount of residual 178 

PSS chains induces volumetric swelling and dimensional changes. Furthermore, as the crystallinity in 179 



9 

 

PSS becomes loose by water penetration (see the diminished PSS-related crystalline peaks in Figure S6), 180 

the elongated (PSS-rich) ACE-treated microfibers by the applied T/A tend to be relaxed back to the 181 

original as-spun microfibers by decreasing their lengths and increasing their diameters. Nonetheless, 182 

because the essential molecular-level microstructure was not changed by strain-engineering except for 183 

the crystallite orientation (i.e., constant grain size and d-spacing regardless of the applied T/A, see Figure 184 

2e-f and Figure 5), the volume swelling was apparently invariant regardless of the applied T/A. 185 

To investigate the correlation between the microstructures and the electrical/electrochemical 186 

properties, organic electrochemical transistors (OECTs) were fabricated and characterized using strain-187 

engineered PEDOT:PSS microfibers (Figure 3 and S7). An individual strain-engineered microfiber was 188 

connected with the strips of source and drain electrodes, on top of which the passivation layer was 189 

patterned for electrical insulation, while the active channel of PEDOT:PSS microfiber was covered with 190 

an aqueous electrolyte solution (100 mM NaCl) where a chlorinated silver electrode was immersed for 191 

gate biasing (Figure 3a, see also the experimental section for the details). Subsequently, the 192 

electrical/electrochemical properties of strain-engineered microfibers were extracted from OECT 193 

transfer/output and electrochemical impedance spectroscopy (EIS) measurements. Note that both OECT 194 

and EIS measurements were conducted using an identical microfiber device fabricated at a given T/A 195 

condition so that the obtained electronic/electrochemical properties (e.g., carrier mobility and density) 196 

can be compared and/or crosschecked with each other. Figures 3b and c show the representative transfer 197 

and output curves from the strain-engineered microfiber OECT based on SA-treated PEDOT:PSS (T/A= 198 

61 MPa). Despite the fibrillar channel with long channel length (L= 0.33 cm) and small cross-sectional 199 

area (A= 8.1 × 10-7 cm2), the strain-engineered crystalline microfiber OECT showed clear switching and 200 

outstanding amplification performance as indicated by large on-current (~10-3 A), on-off current ratio 201 

(>103), and transconductance (~10-3 S) (see also Figure S8). Furthermore, there was no significant 202 

performance degradation during the on/off cycling (up to 500 times), and the repeated drying/wetting 203 
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processes (up to 8 times) (see Figures S9 and S10). Remarkably, the on-current values of strain-204 

engineered microfiber OECTs gradually increased with the increased T/A, in both SA-treated (reddish 205 

lines) and ACE-treated PEDOT:PSS (blueish lines) (Figure 3d). Note that after L and A of microfiber 206 

used for OECT measurement were precisely measured, the current level in each transfer curve shown in 207 

Figure 3d was normalized by microfiber dimensions for fair comparison (ID*= ID · L/A).  208 

For the in-depth investigation of the correlation between microstructural ordering and 209 

electrical/electrochemical properties, volumetric capacitance (C*), hole density (p), pinch-off voltage (Vp) 210 

and carrier mobility (μOECT) were calculated from transfer curves and EIS spectra (Figure S11) based on 211 

Bernards-Malliaras model[33] using various stain-engineered PEDOT:PSS microfibers (Figures 3e-h) 212 

(The detailed information on parameter extraction is described in the supporting information). It was 213 

clearly demonstrated that only carrier mobility increased linearly in response to applied stress (T/A), 214 

while other extracted characteristics such as C*, p, Vp remained almost constant with narrow statistical 215 

distributions (see dotted lines indicating upper and lower standard deviation limits in Figures 5e-h) 216 

regardless of the applied T/A. Considering that both C* and p are related to the number of 217 

electrochemically doped PEDOT chains existing in the unit volume of microfiber channel, the C* and p 218 

values of SA-treated microfibers which are larger 2 – 3 times than those of ACE-treated microfibers can 219 

be attributed to the increased PEDOT/PSS ratio due to the removal of unbound PSS via SA-treatment 220 

(Figure S3).[26] Furthermore, the marginal dependence of these two parameters on the applied T/A 221 

suggests that the doping density was not affected by mechanical stress during the drying process of both 222 

SA- and ACE-treated PEDOT:PSS microfibers. Similarly, Vp showed no correlation with the applied T/A 223 

in both SA- and ACE-treated PEDOT:PSS microfibers but the former showed much higher values than 224 

the latter. Note that Vp can be translated into the gate bias needed to dedope the doped-PEDOT chains, 225 

the charge density of which is equivalent to hole density (p), by attracting cations electrostatically (C* = 226 

p/Vp). However, the efficiency of cation induction could be retarded when the crystallinity is escalated 227 
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in SA-treated PEDOT:PSS microfiber by PSS removal, leading to the substantial increase in Vp. The 228 

correlation between microfiber crystallinity and cation penetration efficiency is also supported by the 229 

observation that the π-π stacking ordering was preserved even after water immersion of SA-treated 230 

PEDOT:PSS as shown in ex-situ x-ray diffraction results (Figure S6).  231 

In contrast to volumetric capacitance (C*), hole density (p), and pinch-off voltage (Vp), the carrier 232 

mobility extracted from the strain-engineered SA-treated microfiber OECT measurement (μOECT) 233 

increased from 4.2 to 12.9 cm2 V-1 s-1 with the increased T/A was applied along the fiber direction (Figure 234 

3h). As for electrical conduction, holes in the doped-PEDOT chains move along the conjugated polymer 235 

chain (intrachain transport) and jump to the adjacent polymer chains by hopping (interchain transport). 236 

Since charge carriers in an OECT transport typically through the randomly-oriented polymer channel by 237 

finding the shortest pathway under electrical potential gradient, μOECT implies the geometrically-averaged 238 

carrier mobility including both intrachain and interchain contributions, but it is commonly determined 239 

by relatively low interchain transport. In the case of strain-engineered PEDOT:PSS microfibers, however, 240 

the crystal domains of PEDOT chains are highly aligned along the fiber direction (Figure 2c), and the 241 

resultant anisotropic directionality significantly increases the drift velocity of charge carrier under the 242 

given potential gradient and, thereby, hole mobility. Furthermore, the strain-engineered microfiber 243 

OECTs were investigated with a frequency-dependent bandwidth technique which allowed for the 244 

alternative determination of charge carrier mobility from the hole transit time and the frequency 245 

dependent transconductance (Figure S12).[15] The transconductance cut-off frequency (ƒc) fell on the 246 

order of 1 Hz for all PEDOT:PSS microfiber OECTs due to their relatively large channel dimensions, 247 

while it was confirmed that the cut-off frequency is inversely proportional to the product of channel 248 

thickness and the square root of nominal channel surface area (i.e., 1/2πƒc ~ d(WL)1/2 for planar devices 249 

and 1/2π ƒc ~ d(2πrL)1/2 for fiber devices). Therefore, the product of cut-off frequency, channel thickness, 250 

and square root of channel surface area (ƒcd(2πrL)1/2) was calculated to compare the frequency responses 251 
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of PEDOT:PSS microfiber OECT devices with different channel geometries. The strain-engineered SA- 252 

and ACE-treated PEDOT:PSS microfiber OECTs exhibited the values of ~2 × 10-5 and ~5 × 10-5, 253 

respectively, which are comparable to those of the state-of-the-art PEDOT:PSS OECTs (10-5 – 10-4)[4,7,34–254 

39]. This result suggests that, in principle, the strain-engineered PEDOT:PSS microfiber OECTs with 255 

reduced channel dimensions (i.e., length and diameter) should be capable of excellent performance even 256 

at high frequencies. Furthermore, microfiber-based OECTs can show better frequency responses than 257 

thin-film-based ones due to the cylindrically-shaped channel which is essentially open for ionic 258 

diffusion/migration from all the radial direction, but it is also clear that highly crystalline microstructures 259 

in SA-treated PEDOT:PSS microfibers may impede ionic penetration into the channel, thus, retard 260 

frequency-dependent responses[28]. Note that the OECT mobilities extracted with the frequency-261 

dependent bandwidth method (μOECT,BW) showed the similar dependence on the applied T/A with the 262 

maximum values of 11.3 and 8.3 cm2 V-1 s-1 for SA- and ACE-treated PEDOT:PSS microfiber OECTs, 263 

respectively, at the T/A of 30 and 3.1 MPa.  264 

As a figure-of-merit of OECT device performance, the μC* product of strain-engineered 265 

PEDOT:PSS microfibers were plotted as a function of the applied T/A (Figure 4a). Since the carrier 266 

mobility is dramatically enhanced while the volumetric capacitance is maintained without undesired 267 

trade-off, the consequent μOECTC* product of SA- and ACE-treated PEDOT:PSS microfibers exhibited 268 

the unprecedented enhancement from 549 to 1500 and from 180 to 445 F cm-1V-1s-1, respectively. Note 269 

that μOECT,BWC*BW  product of SA- and ACE-treated PEDOT:PSS microfibers exhibited similar 270 

maximum values, 1410 and 750 F cm-1V-1s-1, respectively (Figure S13). To our knowledge, the μC* 271 

product over 1500 F cm-1V-1s-1 is the highest ever reported in the literature. Furthermore, for 272 

benchmarking purposes, the μOECT and C* metrics of other previously reported mixed conductor 273 

materials[1] were plotted and compared with those of strain-engineered SA-treated PEDOT:PSS 274 

microfibers (Figure 4b and Table S1). The resultant scatter plot clearly demonstrates that the strain-275 



13 

 

engineered crystalline PEDOT:PSS microfibers prepared with the T/A of 61 MPa exhibit the highest 276 

OECT carrier mobility (12.9 cm2 V-1 s-1) without the trade-off in volumetric capacitance (C*), thus, the 277 

largest OECT figure-of-merit or μC*. 278 

Based on the abovementioned mechanical, microstructural, and electrical/electrochemical 279 

characterizations, we propose the following molecular scheme for the formation of crystalline 280 

PEDOT:PSS microfibers with and without strain-engineering (Figure 5). When an aqueous solution of 281 

PEDOT:PSS is injected into a polar solvent such as acetone and immediately treated with sulfuric acid 282 

for solvent-mediated crystallization, PEDOT:PSS becomes coagulated in the form of fiber and the excess 283 

amount of PSS chains are removed from the as-spun PEDOT:PSS microfiber. As shown in Figure 5a, 284 

during the drying process without the stress, free water molecules (pale blue) are evaporated first, while 285 

PSS chain-bound water molecules are evaporated more slowly due to the hydrophilic nature of PSS 286 

chains (Figure 5a, i). As the PSS chain-bound water molecules surrounding PSS chains (pale orange) are 287 

removed, the overall separation between PEDOT and PSS domains is reduced via surface tension, and 288 

the polymeric crystalline structures driven by π-π and lamella stacking (red parallel lines) are formed 289 

gradually but with random orientations (Figure 5a, ii). Similarly, the molecular scheme model for strain-290 

engineered crystalline PEDOT:PSS microfibers which are prepared with the identical method except the 291 

drying process under the controlled stress (Figure 5b). Since the mechanical stress is applied to the as-292 

spun wet microfiber during the drying process, the constituent polymeric chains could be gradually 293 

aligned along the fiber direction due to the existence of water molecules as lubricant and uniaxial stress 294 

via gravitational loads (Figure 5b, i). Subsequently, during water evaporation, the pre-aligned polymeric 295 

chains could be crystallized and the crystalline domains are aligned preferentially along the fiber 296 

direction (Figure 5b, ii). Note that since all fabrication procedures are identical except the introduction 297 

of mechanical stress before the complete drying, microfiber composition (i.e., PEDOT/PSS ratio), thus, 298 

crystalline grain size, d-spacing (i.e., x-ray peak positions), carrier density (p), volumetric capacitance 299 
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(C*), and pinch-off voltage (Vp) should be the same for all PEDOT:PSS microfibers dried with/without 300 

mechanical stress, as shown in Figures 2c-e and 3e-g. Lastly, when two macroscopic schemes are 301 

compared with each other (Figure 5c-e), the applied voltage should produce an identical potential 302 

gradient between two ends of fibers. In the case of crystalline PEDOT:PSS microfibers prepared with 303 

the conventional method, randomly-oriented PEDOT grains generate the complicated tortuous pathway 304 

for charge transport with the lowest electrical resistance (Figure 5d). In contrast, when conjugated 305 

polymer chains were well aligned and crystallized preferentially along the fiber direction by strain-306 

engineering, charge transport pathways are laid along the fiber direction which is the same as the 307 

direction of applied electric field due to the shortened pathway, so that the drift velocity of charged 308 

carriers could be enhanced at a given electric field, leading to the unprecedented increase (3 – 4 times) 309 

in hole mobility and μC* product in comparison with randomly-oriented crystalline polymer fibers. 310 

 311 

Conclusion 312 

 In summary, we successfully demonstrated high-performance microfiber-based OECTs with 313 

unprecedentedly large μ and μC* by introducing strain-engineering into PEDOT:PSS microfibers in 314 

combination with solvent-mediated crystallization. The strain engineering via uniaxial tension was 315 

employed in the course of drying coagulated fibers after SA treatment, and the permanent preferential 316 

alignment of crystalline PEDOT:PSS domains along the fiber direction was verified by AFM and TR-317 

WAXD. The resultant strain-engineered microfibers exhibited very high carrier mobility (12.9 cm2 V-1 s-318 

1) without the trade-off in volumetric capacitance (122 F cm-3) and hole density (5.8 × 1020 cm-3). Such 319 

advantageous electrical and electrochemical characteristics enabled the bench-mark performance 320 

parameter of μC* over ~1500 F cm-1V-1s-1, which, to our knowledge, is the highest metric ever reported 321 

in the literature. We expect that the strain-engineering could be beneficial for realizing a new class of 322 
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substrate-free fibrillar and/or textile bioelectronics in the configuration of electrochemical transistors or 323 

electrochemical ion pumps. 324 

 325 
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 333 

Materials and Methods 334 

Materials  335 

Aqueous PEDOT:PSS solution (PH1000) and coagulation/crystallization chemicals (i.e., acetone 336 

(EP grade) and sulfuric acid (EP grade)) were purchased from Heraeus and Duksan chemical, 337 

respectively. Au metal wires (>99.95%, 0.05, 0.1, and 0.5 mm diameter) for gravitational loads and silver 338 

wires (99.9%, 0.5 mm diameter) for gate electrode were purchased from Alfa Aesar.  339 

Preparation of the strain-engineered PEDOT:PSS microfibers 340 

Aqueous PEDOT:PSS solution was concentrated up to ~4 wt.% by using rotary evaporator 341 

(Hahnshin Scientific, HS-2005V-N), and filtered through a syringe filter (1.2 μm pore, Sartorius, 17593). 342 

The concentrated PEDOT:PSS solution was injected into the acetone-filled coagulation bath (500 mL) 343 

with a pumping rate of 2 mL/hr by using a syringe pump (New era pump systems, NE-300) and 30G 344 

stainless steel needles. The coagulated PEDOT:PSS microfibers were carefully rinsed with deionized 345 

water several times, and immersed into the concentrated sulfuric acid over 12 hrs. Subsequently, the SA-346 

treated PEDOT:PSS microfibers were rinsed with deionized water by immersing microfibers into the 1-347 

L water bath (10 min) and repeating this process five times, and the pre-weighed metal wire (Radwag, 348 

MYA 2.4Y, m= 0.082, 0.624, 1.17, 2.37, 4.99, 22.6, 53.5, 106, 206, 338 and 501 mg) was attached at the 349 
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end of the as-prepared microfiber segment (5 – 10 cm) by drying one very end of a microfiber in the air 350 

and letting it adhered onto the load. Then, the whole microfiber segments tethered with metal wires were 351 

dried for 1-2 min in the ambient condition (relative humidity <50%, temperature ~21°C). Note that the 352 

501 and 206 mg loads which correspond to 61 and 14 MPa are the maximum load before the breakage 353 

of SA- and ACE-treated microfibers during the drying process, respectively.  354 

Surface topography, microstructure, and composition analyses 355 

Strain-engineered microfibers were fixed on to a glass slide with Kapton tape and the 356 

corresponding surface morphologies were examined using atomic force microscope (AFM; Park 357 

systems, XE-Bio) and non-contact mode AFM cantilever (Budget Sensors, TAP300Al-G). All images 358 

were aligned long the vertical direction, flattened for fiber curvature removal, and resized with 1.2 μm × 359 

1.2 μm using an image processing software (Gwyddion). 360 

Transmission wide-angle x-ray diffraction (TR-WAXD) measurements were performed at the 9A 361 

U-SAXS beamline of Pohang Light Source-II (PLS-II), Pohang, Republic of Korea. The incident x-ray 362 

from the in-vacuum undulator (IVU) are monochromated using Si(111) double crystals and focused at 363 

the detector position using K-B type mirror, and 2D diffraction patterns were recorded with a 2D CCD 364 

(Rayonix Ltd., MX170-HS). The wavelength of x-ray, sample-to-detector distance, and exposure time 365 

were set to be 1.12 Å, 215 mm, and 10 sec, respectively. Strain-engineered PEDOT:PSS microfibers 366 

were loaded at the in-vacuum chamber to obtain a clear 2D diffraction pattern without background noises 367 

from air and window scattering. The diffraction angle was calibrated using the pre-calibrated sucrose 368 

sample.[40]  369 

X-ray diffraction measurement was conducted with Empyrean from Panalytical with Cu-radiation 370 

source. Wet as-prepared SA-treated PEDOT:PSS microfiber bundles were loaded on a silicon wafer, and 371 

XRD spectra were acquired (i) before drying, (ii) after drying, and (iii) after immersing with deionized 372 

water.  373 
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X-ray photoelectron spectroscopy (XPS) analysis was conducted with K-Alpha XPS instrument 374 

(Thermo Fisher Scientific). All samples were prepared by pulverizing microfibers (frozen with liquid 375 

nitrogen) using mortar and pestle. All spectra were normalized with S 2p peak of thiophene in PEDOT, 376 

and fitted with asymmetric/symmetric models.  377 

Characterization of swelling behavior of microfibers 378 

 The swelling measurement was conducted as described in the following. First, the fluidic channel 379 

(width = 1.6 mm, length = 25.4 mm) was defined on a glass slide using a dicing saw (Disco, DAD320) 380 

followed by cleaning with acetone, isopropanol and deionized water. Next, after one end of an as-381 

prepared PEDOT:PSS microfiber (length: 2-3 mm) was attached onto the surface of fluid channel, the 382 

glass slide is covered with the cover slip glass (Paul Marienfeld) using Kapton tape (Figure S5a). Finally, 383 

the change in microfiber dimension was monitored with optical microscopy in the dry state (upper) and 384 

~10 min after water injection into the channel (lower) using strain-engineered (i) ACE- and (ii) SA-385 

treated microfibers. Then, the microscope images were taken and processed using ImageJ software to 386 

extract the length (L) and diameter (D) of a given fiber at each state and the radial, axial, and volume 387 

swelling ratios (i.e., Dwet/Ddry, Lwet/Ldry and Vwet/Vdry, respectively) were calculated (Figure S5c-e).  388 

Fiber dimension measurements and electrical characterizations  389 

The lengths of PEDOT:PSS microfibers used for organic electrochemical transistor fabrication and 390 

electrochemical impedance spectroscopy were measured by optical microscopy (Sunny optical 391 

technology, SZMN). To measure the cross-sectional areas, PEDOT:PSS microfibers were fixed with 392 

cold-mount resin (R&B Inc., CM-ERH-Thin), and one end of a given microfiber was exposed by 393 

grinding/polishing (R&B Inc., RB 209 Minipol). The optical images of cross-sectional areas were 394 

acquired with bright-field optical microscopy (Olympus, BX51) and analyzed by an image processing 395 

program (ImageJ).  396 
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Four metal pad patterns with the separation of 200 μm were defined by photolithography and 397 

thermal evaporation (Cr (5 nm)/Au (45nm)). Next, the PEDOT:PSS microfibers were carefully laid on 398 

the four metal pad pattern, and the close physical contact was induced using a manipulator. Conductivity 399 

was extracted/calculated from the 4-probe measurement with microfiber dimensions considered by 400 

applying 100 μA current through two outer metal pads, and measuring voltage between two inner metal 401 

pads with a source-measure unit (Keithley, 2400). 402 

Electrochemical impedance spectroscopy 403 

Electrochemical impedance spectroscopy was conducted with electrochemical workstation 404 

(Metrohm-autolab, PGSTAT 302N), using aqueous NaCl solution (100 mM) with silver/silver chloride 405 

reference electrode and platinum mesh counter electrode with single sinusoidal signal from 0.1 to 100 406 

kHz with Eac = 25 mV at Edc = 0 V. The spectrum was analyzed by Nova software using the equivalent 407 

circuit model consisting of one series resistor (Rs), one parallel resistor (Rp), and one capacitor (Cp). C* 408 

was calculated by normalizing the extracted Cp with the corresponding microfiber volume.  409 

OECT fabrication and characterization 410 

Two Cu tapes were adhered on the glass slide (Paul Marienfeld, Microscope slides) with the 411 

separation of 10 mm, and each end of strain-engineered microfibers was electrically connected onto Cu 412 

tapes using silver paste (CANS, Elcoat P-100). The exposed metallic parts except the PEDOT:PSS 413 

microfiber channel area (L ~ 0.3 – 0.4 cm) was passivated with Kapton tape and dielectric epoxy (Alteco, 414 

F-301). While the microfiber channel was in contact with aqueous NaCl solution (100 mM) where the 415 

silver wire chlorinated with 4% sodium hypochlorite solution for 10 min is immersed for gate electrode, 416 

the characterization of OECT devices was conducted with two source-measure units (Keithley, 2400) 417 

using the custom MATLAB code. VG was swept from -0.4 to 0.8 V with VD fixed at -0.8V for transfer 418 

curve measurement, and VD was swept from 0 to -0.8 V with VG stepped from -0.4 to 0.8V with an 419 
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interval of 0.2 V for output curve measurement. VP was determined from the x-axis intercept of linearly 420 

fitted curve at the saturation regime of VG vs. ID1/2 plot (i.e., ID1/2 ∝ (VG - VP)), and p was calculated by 421 

using VP and C* (i.e., C* = p/Vp). μOECT was determined from the slope of the first differentiated transfer 422 

curve (e.g., gm) at the saturation regime (i.e. dID/dVG  = gm = μOECT·C*·A/L(VG - VP). Transconductance 423 

as a function of frequency was measured in ambient using a National Instruments PXIe-1082 system 424 

with two NI PXIe-4143 source-measure units, two NI PXIe-4081 digital multimeters, and a PIXe-6363 425 

DAQ all controlled by custom LabView code, while VD was fixed at -0.8 V and VG was set with the DC 426 

offset of -0.2 V and the superimposed sine wave of 10 mV amplitude.  427 

  428 
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 509 

Figure 1. Preparation and basic characterizations of strain-engineered PEDOT:PSS microfibers. 510 

(a) Schematic illustration of wet-spinning, solvent-mediated crystallization (SA treatment), rinsing, and 511 

drying under tensile stress. Note that unlike the preparation of SA-treated microfibers (red arrow; lower 512 

row), that of ACE-treated microfibers (blue arrow; upper row) does not involve the SA treatment step. 513 

(b) A schematic of gravitational load-induced stress (T/A) during the drying process of an as-prepared 514 

fiber. (c) A representative SEM image of strain-engineered SA-treated PEDOT:PSS microfiber (the scale 515 

bar denotes 10 μm). (d) Stress-strain curves of SA-treated PEDOT:PSS microfibers. (e) Plots of 516 

conductivities of SA-treated (red) and ACE-treated (blue) microfibers as a function of the applied T/A.  517 
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 518 

Figure 2. Anisotropically-ordered microstructures in strain-engineered PEDOT:PSS microfibers. 519 

(a) AFM surface topography images (1.2 μm × 1.2 μm) of and (b) TR-WAXD patterns of strain-520 

engineered SA-treated microfibers (T/A: (i) 42 kPa, (ii) 380 kPa, (iii) 2.1 MPa, and (iv) 61 MPa). Red 521 

arrows indicate the fiber direction, and insets in (b) illustrate the peak orientations along the direction of 522 

crystallized stacks. Line profiles of TR-WAXD along (c) the vertical (ψ = 90°) and (d) parallel (ψ = 0°) 523 

axes of SA-treated microfiber. (e) Plots of grain size (L020) and d-spacing (d020) extracted from π-π 524 

stacking TR-WAXD peaks of SA-treated (red) and ACE-treated (blue) microfibers as a function of the 525 

applied T/A. (f) Plots of full width at half maximum (FWHM) values which were extracted from the 526 

azimuthal line cuts of TR-WAXD peaks (i.e., (100; closed circles) and (020; open circles)) of SA-treated 527 

(red) and ACE-treated (blue) microfibers.  528 
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 529 

Figure 3. Strain-engineered PEDOT:PSS microfiber-based organic electrochemical transistors. (a) 530 

A schematic of microfiber organic electrochemical transistor. (b) Plots of representative transfer curves 531 

(VG: -0.4 ~ 0.8, VD: -0.8 V) and (c) output curves (VD: 0 ~ -0.8V, VG: -0.4 ~ 0.8V with 0.2 V step) from 532 

the strain-engineered microfiber OECT based on SA-treated PEDOT:PSS (T/A= 61 MPa, L/A= 0.33 533 

cm/8.1 × 10-7 cm2). (d) Plots of transfer curves using effective drain currents (ID*) which are normalized 534 

by microfiber dimensions for fair comparison (ID*= ID · L/A). Red and blue curves denote OECT transfer 535 

characteristics from strain-engineered SA-treated and ACE-treated microfibers, respectively, at various 536 

applied T/A coded with color gradient. Plots of representative electrical/electrochemical characteristics 537 

as a function of the applied T/A: (e) volumetric capacitance (C*), (f) hole density (p), (g) pinch-off voltage 538 

(VP), and (h) carrier mobility (μOECT) extracted from strain-engineered SA-treated (red) and ACE-treated 539 

(blue) PEDOT:PSS microfiber OECTs. Dotted lines indicate upper and lower standard deviation limits.  540 
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 541 

Figure 4. Benchmarking mixed conductor figure-of-merit (μC*) and carrier mobility. (a) Plots of 542 

μC* product of strain-engineered SA-treated (red) and ACE-treated (blue) PEDOT:PSS microfibers as a 543 

function of applied T/A. and (b) μ-C* map for benchmarking organic mixed conductors including strain-544 

engineered SA-treated (red) and ACE-treated (blue) PEDOT:PSS microfibers. Note that the μ(μOECT) and 545 

C* values of previously-reported organic mixed conductors are referenced from the previous literature[1] 546 

. The detailed information is described in Table S1. 547 

  548 
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 549 

Figure 5. Proposed comparative mechanisms of anisotropic polymeric crystallite ordering and 550 

carrier mobility enhancement in strain-engineered crystalline PEDOT:PSS microfibers. Schematic 551 

illustration of structural evolution of wet PEDOT/PSS chains during the drying process (a) without and 552 

(b) with applied stress (T/A). Note that in the presence of uniaxial tension during the drying process, the 553 

constituent polymeric chains are gradually crystallized, and the resultant crystalline domains are aligned 554 

along the fiber direction. (c) A schematic of potential gradient applied between two ends of PEDOT:PSS 555 

microfiber. Proposed microstructures of (d) randomly-oriented polymeric crystallites in PEDOT:PSS 556 

microfiber prepared without applied T/A, and (e) preferentially-oriented polymeric crystallites along the 557 

fiber direction in strain-engineered PEDOT:PSS microfiber.  558 


