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Abstract

Organic electrochemical transistors (OECTs) have emerged as promising candidates for
bioelectronics because of their efficient ionic—electronic coupling. However, the realization
of balanced ionic—electronic transport with satisfactory stability is challenging. Herein, we
report a dual-solvent-assisted blade-coating strategy to modulate the morphology of
hydrophilic ethylene glycol-grafted polythiophene films. The effects of the film thickness
and crystallinity on OECT performance are systematically investigated. The well-ordered
and uniform edge-on morphology achieved with the dual-solvent system facilitates
efficient charge transport without impeding ion penetration, leading to efficient mixed
ionic—electronic transport. More importantly, the operational stability is substantially
enhanced compared with films processed using a single solvent, such that even thin films
with thicknesses below 20 nm maintain more than 90% of their on-current after thousands
of operational cycles. The optimized OECTs are successfully demonstrated for
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electrocardiogram (ECG) monitoring. This study provides an effective morphology engineering strategy for high-
performance OECTs in wearable bioelectronics.

INTRODUCTION

Organic electrochemical transistors (OECT's) have emerged as highly attractive devices in cutting-edge fields,
such as flexible bioelectronics, neural interfaces, and wearable sensing, because of their remarkable
ion-electron coupling capability, low operating voltage, and excellent biocompatibility! ). The high
performance of OECTs fundamentally relies on the efficiency of ion penetration and charge transport during
the electrochemical doping process within the organic semiconductor active layer”®. This efficiency depends
on the intrinsic material structure and the microscopic morphology of the thin film"**). While existing
research has focused primarily on chemical structure modulation, a systematic and in-depth understanding
of the relationship between film morphology and device performance remains lacking"**. Crucially, the
morphological requirements for efficient ion and charge transport present the following inherent trade-off:
ion penetration depends on continuous and accessible hydrophilic or amorphous regions, whereas efficient
charge transport necessitates highly ordered n-r stacking and extended crystalline domains"”'*!. Therefore,
synergistically optimizing ion and charge transport through morphology engineering constitutes a central
challenge in improving OECT performance. Furthermore, the film morphology is directly linked to device
operational stability”***!. During repeated electrochemical cycling, disordered or defect-rich structures
readily undergo degradation because of stress concentration induced by ion insertion/extraction. By contrast,
highly crystalline and continuous network structures can effectively mitigate morphological degradation and

26-29]

concomitant performance decay*.

In recent years, according to their primary optimization target, morphology-based strategies for improving
OECT performance can be broadly categorized as follows: enhancing ionic transport or electronic transport.
Ionic transport enhancement focuses on facilitating electrolyte penetration and maintaining the
electrochemical doping efficiency. This strategy includes the establishment of porous or nanostructured
morphologies (e.g., via humidity-induced phase separation or nanofiber networks)”°?!, additive

[33-35

engineering”>**, and solvent engineering to regulate the nanoscale porosity, such as the addition of
cosolvents to optimize the P-90 film morphology”**”.. Electronic (hole) transport enhancement aims to
increase charge carrier mobility by controlling crystallinity, improving molecular order via thermal annealing
or molecular orientation optimization”**, and constructing conductive percolation networks"*’. In addition,
film surface roughness constitutes a critical factor: rougher surfaces can introduce scattering centers and trap
states that impede charge transport, thereby reducing mobility"?. However, several limitations persist at the
current stage. On the one hand, the synergistic optimization of both ionic and electronic transport through
simple physical modulation remains challenging and often necessitates molecular design****. On the other
hand, morphological modulation frequently neglects the structural stability of the film under repeated
electrochemical cycling, resulting in performance degradation during long-term operation***/.
Consequently, the development of a morphology engineering strategy that can optimize both ion and charge
transport pathways while ensuring high structural stability remains a key challenge. Establishing a clear
relationship of morphology with mixed ionic-electronic and operation stability is also crucial.

Herein, we report a dual-solvent-mediated blade-coating method to modulate film morphology and
explicitly correlate crystalline quality with ionic-electronic transport and operational stability!****+7),
Controlled solvent evaporation facilitates the formation of films with well-ordered edge-on packing while
preserving efficient ion uptake capability, thereby achieving a balance among ionic doping, electronic
transport, and operational stability. Both transconductance and operational stability are considerably
enhanced compared with those of films processed with a single solvent or previously reported spin-coated
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films under identical geometric conditions. This improvement can be attributed mainly to the enhancement
in charge carrier mobility and mechanical stability due to the uniform and highly ordered morphology. This
study provides valuable insights into process optimization for high-performance OECTSs and advances the
understanding of morphology-performance relationships.

EXPERIMENTAL

Materials and film preparation
Poly[3,3'-bis[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]-2,2":5",2""-terthiophene-5,5"-diyl] [P(g2T-T)]
[molecular weight (Mw) > 10 kDa; polydispersity index (PDI) < 3] was purchased from Derthon
Optoelectronics Materials. Chloroform (purity > 99%) was sourced from Sinopharm Chemical Reagent Co.,
Ltd., and acetonitrile (purity > 99%) was acquired from Aladdin. P(g2T-T) was dissolved at a concentration
of 6 mg/mL in pure chloroform or a blended solution comprising 85% chloroform and 15% acetonitrile. The
solution was stirred at 60 °C and 1,100 rpm for 2 h. Finally, thin films were prepared using a custom-built
blade-coating instrument at rates of 0.3, 0.6, 0.9, 1.8, 3.0 and 6.0 mm/s. The nominal blade-coating
parameters included a blade height of 0.2 mm and a substrate temperature of 30 °C.

Device fabrication

Bottom-contact transistor devices were fabricated on heavily doped silicon substrates with a 300-nm
thermally grown SiO, layer (Si/SiO,). The substrates were cleaned through sequential ultrasonication in
acetone, ethanol, and deionized water, with each step lasting 10 min at room temperature. Photolithography
followed by electron-beam deposition was employed to pattern source and drain electrodes (3-nm Cr and
40-nm Au electrodes, respectively; purity: 99.99%) on the Si/SiO, substrates, with a deposition rate of 0.3 A-s™
to ensure high-quality films. After peeling, the patterned substrate is ready for blade coating. A similar
procedure was employed for devices fabricated on polyethylene naphthalate (PEN) substrates.

Characterization and testing

OECT measurements: OECT measurements were conducted using a semiconductor parameter analyzer
(model JJS-BE-150; Primarius Technologies Co., Ltd., China). All measurements were performed using
Ag/AgCl pellet gate electrodes. A KCl solution (0.1 M) was added on top of the OECTs as the electrolyte. All
transfer measurements were conducted at a scan rate of 20 mV/s. All the devices were tested at least 3 times.

Atomic force microscopy (AFM) and grazing incidence wide-angle X-ray scattering (GIWAXS)
characterization: AFM images were obtained using a Bruker Dimension Icon atomic force microscope
(Bruker, USA) operating in tapping mode with a silicon probe (model OETSPA-R3; cantilever spring
constant: 40 N-m™). Two-dimensional grazing incidence wide-angle X-ray scattering (2D-GIWAXS)
measurements were performed at beamline BL14B1 of the Shanghai Synchrotron Radiation Facility (SSRF,
China). The incidence angle was 0.12°, and the exposure time was 50 s. Samples were prepared on SiO,

substrates.

Electrochemical impedance spectroscopy (EIS): EIS was performed using an SP-150e potentiostat (Bio-Logic
SAS, France) with EC-Lab software. The sample preparation process involved coating the polymer materials
(all at a concentration of 6 mg/mL) onto indium tin oxide (ITO) substrates. Measurements were conducted
in a 0.1 M KCl solution using an EC-Lab device by applying a direct current (DC) offset of 1 V with small 5-
mV alternating current (AC) modulations at frequencies ranging from 1 Hz to 1 MHz.

Ultraviolet-visible (UV-Vis)-NIR absorption: UV-Vis spectra were recorded on a PerkinElmer Lambda 950
instrument (USA). All the polymer solutions were prepared at a concentration of 6 mg/mL. Films were
prepared through spin-coating on ITO substrates. In the testing process, the films were immersed ina 0.1 M
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KCl solution, and the measurement wavelengths ranged from 300 to 1,000 nm.

Electrocardiogram (ECG) testing: In ECG signal recording, commercially available disposable ECG
electrodes supplied by Kangshi Medical Devices Co., Ltd., were used and coated with medical conductive
paste to ensure effective contact with human skin. This noninvasive procedure posed no risk or discomfort
to the participants and was approved by the Ethics Committee of Soochow University (SUDA20250609H08).
The electrodes were connected to the source and gate of the OECT device to ensure the collection of ECG
signals through the gate voltage. Measurements and recordings were made using JJS-BE-150 and FS-ProwWs
instruments, respectively, from Primarius Technologies Co., Ltd., China.

RESULTS AND DISCUSSION

Film morphology and structure

The molecular structure of P(g2T-T) and a schematic image of blade coating are shown in Figure 1A and B,
respectively. For the single-solvent system, typical chloroform was adopted, while for the dual-solvent
system, chloroform with 15% acetonitrile was selected. The choice of acetonitrile as the second solvent lies in
its relatively high boiling point, high polarity, and high surface tension, which can induce solution
aggregation and extend the drying window for ensuring ordered packing. To compare morphologies, we
initially characterized P(g2T-T) films processed using single- (chloroform) and dual-solvent systems
(chloroform:acetonitrile = 85%:15%) through AFM. As shown in Figure 1C-F and Supplementary Figure 1,
the films processed with the single-solvent system (pure chloroform) were fibrous and exhibited a porous
structure. When the blade-coating speed was increased from 0.3 to 6.0 mm/s, the film uniformity, thickness,
and surface roughness notably changed. At low shear speeds (0.3-0.6 mm/s), relatively nonuniform films
with wrinkled structures were obtained [Supplementary Figure 2A]. As the speed was increased to
approximately 0.9-3.0 mm/s [Supplementary Figure 2B-D], the solvent evaporation rate achieved a balance
with the coating speed, and the produced film became relatively uniform and dense***'!. With increasing
shear speed, the surface roughness first decreased from 2.26 to 0.72 nm but then increased to more than
3 nm at a speed higher than 1.8 mm/s. This nonmonotonic roughness evolution originates from the
transition from an evaporation-dominated stick-slip regime at low speeds to a flow-balanced transitional
regime at intermediate speeds and finally to a Landau-Levich regime at high speeds where rapid drying
causes the freezing of polymer chains in a nonequilibrium state. Conversely, the surfaces of the films
processed with the dual-solvent system (chloroform:acetonitrile = 85%:15%) were consistently smooth and
dense across all the coating speeds (0.3-6.0 mm/s), with the roughness remaining stable between 0.71 and
0.85 nm [Figure 1G-J and Supplementary Figure 2E-H]. These films demonstrated a uniform and dense
fibrous structure without observable pores. This result may be attributed to the high boiling point of
acetonitrile prolonging solvent evaporation, thereby providing sufficient time for polymer chains to undergo
ordered self-assembly and minimize defects, enabling high-quality film fabrication across a wide range of
coating speeds. The thickness of films processed with both solvent systems first decreased but then increased
with increasing blade-coating speed, as shown in Supplementary Figure 3. This characteristic V-shaped trend
corresponds to well-established transitions in blade-coating regimes: at low speeds, solvent evaporation
controls the final thickness, and with increasing speed, the transitional regime is entered. Subsequently, the
system enters the Landau-Levich regime, where viscous forces dominate wet film formation, and the film
thickness increases again with increasing speed. However, owing to the distinct evaporation dynamics, the
thickness and transition point varied. The single-solvent system achieved the smallest thickness of 7.5 nm at
a speed of 0.9 mm/s, whereas the dual-solvent system attained the smallest thickness of 16 nm at a speed of
0.6 mm/s.

To evaluate the quality of thin films, 2D-GIWAXS measurements were conducted. The GIWAXS patterns of
films fabricated using single- and dual-solvent systems under varying coating speeds are shown in Figure 2A-
H. All the patterns exhibited distinct out-of-plane (gq,) diffraction signals corresponding to the (00l) plane,
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Figure 1. (A) Chemical structure of P(g2T-T); (B) Schematic diagram of blade coating; (C-F) AFM height images of single-solvent system-
processed blade-coating films at rates of (C) 0.3 mm/s, (D) 0.9 mm/s, (E) 1.8 mm/s, and (F) 3.0 mm/s; (G-J) AFM height images of
dual-solvent system-processed blade-coating films at rates of (G) 0.3 mm/s, (H) 0.9 mm/s, (1) 1.8 mm/s, and (J) 3.0 mm/s. P(g2T-T):
Poly[3,3"-bis[2-[2-(2-methoxyethoxy)ethoxyJethoxy]-2,2":5',2"-terthiophene-5,5""-diyl]; AFM: atomic force microscopy; RMS: root mean
square.

indicating a predominant edge-on molecular orientation with the polymer backbone aligned parallel to the
substrate. Notably, compared with those processed with the single-solvent system, the films processed with
the dual-solvent system exhibited greater diffraction, as indicated by the more intense (001) diffraction spots
and the emergence of well-ordered reflections from the (002) and (003) planes. The direct comparisons in
Figure 2I-L revealed that the diffraction signal intensity for the (001) plane was obviously higher for the dual-
solvent system-processed film than for the single-solvent system-processed film, demonstrating greater
crystallinity for the dual-solvent system at an identical coating speed. The calculated lamellar spacing
distance of the films processed with the single-solvent system was 14.87 A, which was slightly shorter than
that of the films processed with the dual-solvent system (14.96 A) at speeds greater than 0.6 mm/s. These
values were lower than that of the spin-coated film (spacing = 17.2 A)"'l. These lower values can be attributed
to the slow evaporation and controlled assembly during shear processing, which allow more uniform and
dense edge-on packing. At a low shear rate (0.3 mm/s) with the single-solvent system, the lamellar spacing
became similar to that of the spin-coated film. Overall, the results suggest that dual-solvent system
processing produces films with greater uniformity and better molecular assembly structures, which may
facilitate charge carrier transport.

52,53

According to previous reports”**), during solution processing of organic semiconductor films, single-solvent
systems suffer from rapid evaporation of the solvent, which induces intense outward capillary flow. This flow

drives solute transport toward the contact line, causes premature freezing of polymer chains, and produces a
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Figure 2. (A-D) GIWAXS characterization of thin-film samples processed with a single-solvent system at speeds of 0.3, 0.9, 1.8 and
3.0 mm/s; (E-H) GIWAXS characterization of thin-film samples processed with a dual-solvent system at speeds of 0.3, 0.9, 1.8 and
3.0 mm/s; (I-L) GIWAXS diffraction signal intensity diagrams for blade-coating rates of 0.3, 0.9, 1.8 and 3.0 mm/s along the out-of-plane
direction; (M) Schematic illustration of the single-solvent scraping process; (N) Schematic illustration of the dual-solvent scraping
process. GIWAXS: Grazing incidence wide-angle X-ray scattering.

notable coffee-ring effect, ultimately yielding rough, defect-rich films with low crystallinity®***. By contrast,
dual-solvent systems with a high-boiling component, such as the acetonitrile employed herein, can extend
the effective drying time and simultaneously establish a persistent surface tension gradient, thereby
enhancing Marangoni backflow, which counteracts the outward capillary flow. The resulting balance of
internal flow fields, combined with a more moderate evaporation rate, effectively suppresses uncontrolled
edge accumulation of the solute and provides polymer chains with sufficient time to relax and

[57-59

reorganize” .. Consequently, ordered interfacial self-assembly and == stacking are promoted, leading to the
formation of large-area, continuous, and dense films with high crystallinity">***". The different mechanisms

of film formation are shown in Figure 2M and N.

To elucidate the electrochemical doping process of the films obtained under these two processing conditions,
we characterized the UV-Vis-NIR absorption spectra of the dry film and 0.1 M KCl electrolyte under various
bias voltages, as shown in Supplementary Figure 4. The absorption of the dry P(g2T-T) film was centered
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Figure 3. (A) Schematic illustration of the device structure; (B) Transfer curves for films formed with the single-solvent system at different
coating speeds; (C) Transfer curves for films formed with the dual-solvent system at different coating speeds; (D) Output curve of the film
formed with the single-solvent system at a velocity of 1.8 mm/s; (E) Output curve of the film formed with the dual-solvent system at a
velocity of 1.8 mm/s; (F) Comparison of peak transconductance between the single- and dual-solvent devices at different blade-coating
speeds. The error bars indicate the standard deviation (each point represents n 210 independent devices). The channel width (W) is
1,340 um, the length (L) is 10 um, and the electrode shape is an interdigital electrode.

primarily between approximately 600 and 700 nm, with peaks at approximately 620 and 670 nm
[Supplementary Figure 4A and B]. The shoulder peak at 670 nm for the dual-solvent system-processed films
was clearer, indicating better packing ordering. Under electrolyte conditions, as the voltage was swept from 0
to -0.4 V, rapid bleaching (a decrease) of the neutral-state absorption band between 600 and 700 nm was
observed, accompanied by an obvious increase in the polaron absorption band from 850 to 1,000 nm,
indicating the occurrence of ion doping [Supplementary Figure 4C and D]. Notably, at a bias voltage of
-0.1 V, the attenuation of the main absorption peak of the dual-solvent system-processed film was greater
than that of the single-solvent system-processed film. This phenomenon suggests that at the same voltage,
the dual-solvent system achieved relatively deep electrochemical doping. With increasing voltage, both
systems reached a fully doped state, indicating efficient ion doping for both types of films. Interestingly,
although the crystallinity of the dual-solvent system-processed film was notably greater than that of the
single-solvent system-processed film, its ion uptake ability remained high, which is distinct from that of
hydrophobic materials, where high crystallinity generally restricts ion doping.

OECT performance

To evaluate the electrochemical properties of films formed using the two solvent systems, OECT devices with
the structure shown in Figure 3A were fabricated across a range of blade-coating speeds. Ag/AgCl pellets
were employed as the gate, and 0.1 M KCl was adopted as the electrolyte. At least 3 batches of 10
independent devices were manufactured and measured under each condition, with a yield rate greater than
85%, thereby ensuring the repeatability of electrical characteristics (the error bars in the figure indicate the
standard deviation of multiple devices).

The transfer characteristics of devices obtained with both single- and dual-solvent systems at speeds ranging
from 0.3 to 6.0 mm/s are shown in Figure 3B and C. The devices obtained with the dual-solvent system
demonstrated higher drain currents at the same speed, suggesting better performance. Moreover, compared
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Table 1. Electrical properties of the OECTs (W = 1,340 um; L = 10 um) obtained through single- and dual-solvent system processing at
different shear rates

Solvent V(mm/s) d(nm) g, ,(mS) uC*(F-em™V*'s™) C*(F-em?) u(cm>V's?) V. (V)
0.3 55+5 15.21+£1.12 47.99 +£3.40 204.50 0.23 -0.44
0.6 13+£2 10.83+0.94 135.15+10.50 200.00 0.67 -0.60
0.9 75+2 9.08+0.55 151.76 £6.40 173.90 0.87 -0.60

Single solvent
1.8 16+3 1M.40+0.56 130.88+5.50 233.80 0.56 -0.56
3.0 25+3 1276 +0.75 103.5+6.80 238.70 0.43 -0.48
6.0 48+3 14.67+0.96 49.58+4.30 201.80 0.25 -0.46
0.3 27+2 1543+£225 10.12+534 220.78 0.50 -0.42
0.6 16+2 15.99+£0.99 1829 +8.66 174.74 1.05 -0.42
0.9 20+2 1630+1.03 160.39+5.45 236.20 0.68 -0.38

Dual solvent
1.8 25+3 16.81+130 137.48+7.44 321.76 0.43 -0.40
3.0 48+4 19.50+0.52 94.07+6.09 238.98 0.39 -0.36
6.0 58+4 19.28+1.32 50.42+4.89 1741 0.29 -0.35

g, ,is the peak transconductance, W is the channel width, d is the thickness of the active layer, L is the channel length, x is the charge carrier
mobility, C*is the volumetric capacitance, V.., is the gate voltage corresponding to the peak transconductance. uC* is obtained according to
Equation (1) on the basis of the transfer curves. C* is derived from EIS, and x is calculated from uC*/C*. OECTs: Organic electrochemical transistors;
EIS: electrochemical impedance spectroscopy.

with the single-solvent devices (V, -0.44~-0.60 V; Table 1), the dual-solvent devices reached peak

transconductance at a lower gate voltage (V,

peak —
peak = ~0.35~-0.42 V). Typical output curves at a speed of
1.8 mm/s are compared in Figure 3D and E. Under the same high V, value, the dual-solvent channel was
more readily saturated because of ion incorporation, leaving few available doping sites for further injection.
Consequently, the increase in the drain current decreased, leading to the observed crowding of output curves
at high V,, values [Figure 3E]. Under both conditions, the devices demonstrated typical p-channel properties
with a threshold voltage (V) of approximately 0 V, of which the dual-solvent device revealed a smaller V,
value of 0.003 V, whereas the V. value of the single-solvent device was approximately -0.05 V. Notably, the
single-solvent devices exhibited higher off-currents at the lowest speeds (0.3 and 0.6 mm/s). This result can
likely be attributed to film inhomogeneity resulting from the solvent evaporation-dominated regime at these
low speeds. The peak transconductance values of films obtained with single- and dual-solvent systems at
different coating speeds is compared in Figure 3F. Owing to speed-dependent thickness variation, peak
transconductance generally increased with increasing thickness. Because of speed-dependent thickness
variation, the peak transconductance (g,, ,) followed a similar trend [Table 1]. With respect to the single-
solvent system, with increasing coating speed, the film thickness first decreased from 55 to 7.5 nm and then
increased to 48 nm. Correspondingly, the peak transconductance first decreased from 15.21 to 9.08 mS and
then increased to 14.67 mS. The device fabricated with the dual-solvent system achieved g, , values ranging
from 15.4 to 19.5 mS, while the film thickness first decreased from 27 to 16 nm but then increased to 58 nm.
According to Equation (1)"", ideally, a proportional relationship exists between g, and Wd/L for OECTs:

w
gm = IdllC*(VT -Vi) (D

where g, is the transconductance (mS), W is the channel width (um), d is the thickness of the active layer
(nm), L is the channel length (um), « is the charge-carrier mobility (cm*V.s*), C*is the volumetric
capacitance (F-cm™), V, is the threshold voltage (V), and V; is the gate voltage (V).

According to Figure 3F, g, tends to saturate when the thickness is > 50 nm. Several previous reports have
demonstrated geometry-dependent performance, particularly for interdigital electrodes. For a clear
performance comparison, we also fabricated devices with W = 100 um and L = 10 um, which are typically
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employed by researchers [Supplementary Table 1]. The peak transconductance values ranged from 9.73 to
12.61 mS for the dual-solvent approach, which were higher than those for the single-solvent devices. The
normalized transconductance of the 48-nm film (3.0 mm/s) reached 263 S-cm™ for our devices, which also
outperformed reported P(g2T-T) OECTSs with similar geometries (refer to Supplementary Figure 5 and
Supplementary Table 2 for details), suggesting satisfactory mixed ionic-electronic performance of the dual-
solvent films.

Furthermore, the xC* product was extracted from the transfer curves according to Equation (1). With this
method, thinner films typically achieved higher xC* values. Nevertheless, under a similar thickness range (d <
40 nm), the xC* values of the dual-solvent devices were approximately 30% greater than those of their single-
solvent counterparts. A reduced xC* was observed at a larger thickness. To more objectively assess the
differences in xC*, we also measured the peak transconductance of a series of devices with varying Wand d
values and extracted xC* values using the linear fitting method, as shown in Supplementary Figure 6. The
extracted uC* reached 117.2 F-cm™- Vs for the dual-solvent system, which was greater than that for the
single-solvent system (77.1 F-cm™-V™':s") and comparable to that of high-performance OECTs.

To better understand the difference between the ion and electron transport abilities of the dual-solvent films,
we extracted the volumetric capacitance (C*) through EIS characterization (details are shown in
Supplementary Figures 7 and 8) and subsequently calculated the charge carrier mobility (x) using uC*/C*, as
summarized in Table 1. The C* values ranged mainly from 174 to 240 F-cm” for single-solvent devices,
whereas the values ranged from 174 to 321 F-cm™ for dual-solvent devices as the coating speed varied,
suggesting that the two types of films exhibit similar ion-doping capabilities. However, the calculated
mobility values ranged from 0.23 to 0.87 cm*V '-s™ for single-solvent devices but ranged from 0.29 to
1.05 cm™V"s™ for dual-solvent devices as the coating speed was adjusted.

As discussed above, the strong correlation between the blade-coating speed and the film thickness indicates
that the performance comparisons at different rates do not fully isolate the thickness factor. To better
understand the performance differences resulting from the two processing conditions, we systematically
compared key OECT electrical parameters for P(g2T-T) films obtained using the single- and dual-solvent
systems at identical average thicknesses (16, 25, and 48 nm). Comparisons of g, . g, ,» #C*, u and C* are
shown in Figure 4A-E. The analysis results demonstrated that the dual-solvent strategy delivers a consistent
and significant increase in performance across all thicknesses (Student’s ¢ test, P < 0.05). The peak g, value
increased by approximately 1-fold, from ~11 to ~19 mS. Notably, the normalized transconductance of the
16-nm dual-solvent film reached a high value of 640 S-cm™ (W/L = 10), surpassing previously reported
values™'*>*". This high g, value of thinner films can be attributed to the higher effective gate potential and
more uniform ion doping!*>*>**/. Furthermore, at the same thickness, the figure of merit (xC*) was
consistently greater for the dual-solvent films. While the volumetric capacitance C* values remained similar,
the charge carrier mobility (u) notably improved in the dual-solvent films. Hence, the main reason for the
higher mixed ionic—electronic transport performance of the dual-solvent films lies in the improved charge
transport, which originates from the uniform edge-on ordering of the films.

The dynamic response was also analyzed, and the device turn-on times (the time at which 90% of the peak
current is reached during switching on) were compared (Supplementary Figure 9 and Figure 4F,
respectively). With respect to the single-solvent system, thinner films were turned on faster'® %, as expected.
Intriguingly, with respect to the dual-solvent system, all the films demonstrated slightly faster on-switching
under identical thicknesses, indicating that efficient ion uptake and doping capabilities are maintained.
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Figure 4. Comparison of the performance levels of single/dual-solvent devices at the same thicknesses of 16, 25, and 48 nm: (A) Peak
transconductance; (B) Normalized transconductance; (C) Quality factor uC*; (D) Carrier mobility; (E) Volumetric capacitance; (F) Turn-
on time. The error bars indicate the standard deviation (n 210 independent devices).

Crucially, ion transport channels do not severely compromise charge transport pathways, thereby
maximizing the efficiency and speed of ion transport within the channels. This result confirms that for an
identical ion penetration distance, ions penetrate and are transported faster within the dual-solvent film,
which is a direct consequence of its morphologically optimized structure achieved through modified solvent
kinetics.

Generally, according to the performance and key parameters comparison results, the dual-solvent treatment
yields increased u values without compromising C*. This finding is closely related to the morphology and
packing of the films. The uniform edge-on orientation together with the better/smooth crystallinity of the
dual-solvent films contributes to enhanced charge transport, while the films can still maintain fast ion
doping, thus enabling efficient mixed ionic-electronic transport performance.

Operational stability

Beyond static electrical performance, operational stability is another critical metric for assessing the viability
of OECTs in long-term monitoring-related applications. We systematically investigated the stability of
P(g2T-T) films of identical thicknesses prepared with the single- and dual-solvent systems after 5,000
consecutive switching cycles in 0.1 M KCl electrolyte. The stability of the 16-, 25-, and 48-nm films during
cycling is shown in Figure 5A-F, where the gate voltage was swept from 0.2 to -0.6 V over each cycle. The
results revealed a stark contrast in stability behavior. Notably, the stability of the dual-solvent films
significantly increased across the tested thickness range (Student’s ¢ test, P < 0.05). With respect to single-
solvent devices, the stability greatly depends on their thickness: thinner films are more severely degraded.
After nearly 3 h of repeated cycling, the device with the 16-nm film retained only 35.8% of its initial
performance, while the initial performance of the device with the 48-nm film was maintained at 79.2%.
Furthermore, the off-state current of the single-solvent devices became unstable after prolonged cycling. By
contrast, the dual-solvent devices demonstrated excellent and consistent stability across all thicknesses, with
a performance decay of less than 10%. This notable difference in stability can be attributed to the distinct
microstructural morphologies of the films, as suggested by the AFM and GIWAXS characterization results.
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Figure 5. Stability test comprising 5,000 cycles for single-solvent devices (left) and dual-solvent devices (right ) at the same thicknesses:
(A and B) 16 nm, (C and D) 25 nm, (E and F) 48 nm.

The single-solvent films possess rougher, more porous morphologies with lower crystallinity. During
repeated electrochemical doping and dedoping cycles, the insertion and extraction of ions cause volumetric
swelling and contraction of the polymer backbone!® 7", In structurally less robust films, these repetitive
volume changes readily disrupt charge transport pathways, leading to rapid performance degradation. This
effect is exacerbated in thinner films, where structural defects more notably affect the limited number of
percolation paths. Conversely, dual-solvent films exhibit lower surface roughness, a denser morphology, and
a more ordered, tightly stacked structure. The enhanced intermolecular interactions originating from tighter
n—n stacking enable the film to better withstand the mechanical stress induced by repeated volumetric
changes. Consequently, the polymer framework remains stable during swelling, thereby preserving efficient
transport networks.

In summary, the uniform and well-ordered edge-on packing achieved through the dual-solvent strategy
considerably enhances device operational stability, which provides valuable insights for developing flexible
electronic devices capable of long-term, stable operation.

On the basis of the high-performance OECT devices achieved, we subsequently used them for ECG signal
monitoring. As shown in Figure 6A and B, the gate electrode of the OECTs is connected to the heart, while
the source electrode is connected to the left thigh (grounded). The potential difference on the body surface
generated by the beating heart served as the gate voltage, and the output drain current of the OECTs was
employed to monitor ECG signals in real time. A flexible device was also fabricated and placed on the wrist
area to record ECG signals in real time. The recorded ECG signals [Figure 6B] exhibited a higher
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Figure 6. (A) ECG schematic illustration; (B) Corresponding ECG signal. The hand photograph is taken by the authors. ECG:
Electrocardiogram.

signal-to-noise ratio and increased stability. Overall, owing to its rapid current response and long-term
operational stability, the morphologically optimized P(g2T-T) device provides a pathway for achieving high-
quality and stable signals in ECG monitoring, thereby markedly expanding the potential future applications
of wearable electronic devices.

CONCLUSIONS

In summary, in this this study, mixed ionic-electronic transport is optimized synergistically, and a
satisfactory stability is achieved using a dual-solvent-mediated blade-coating strategy. Moreover, the
influences of the film thickness and crystalline ordering on the performance of hydrophilic polymer films in
OECTs are elucidated. The results reveal the existence of an optimal thickness window that balances ion
doping efficiency with charge transport. The chloroform/acetonitrile dual-solvent system effectively
modulates solution evaporation and film solidification kinetics, thereby successfully inducing the formation
of a highly crystalline, edge-on oriented fibrous network structure. This structural optimization remarkably
enhances both the charge carrier mobility and mechanical stability, which facilitates the simultaneous
realization of efficient mixed ionic-electronic transport and excellent device stability. This study provides an
effective physical pathway for the precise control of the morphology—performance relationship in organic
semiconductor films, thereby offering crucial insights for the development of high-performance and stable
OECTs.
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