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Abstract 

The ability to operate in aqueous environments makes poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS, based organic electrochemical 

transistors (OECTs) excellent candidates for a variety of biological applications. Current 

research in PEDOT:PSS based-OECTs is primarily focused on improving the conductivity of 

PEDOT:PSS film to achieve high transconductance (gm). The improved conductivity and 

electronic transport are attributed to the formation of enlarged PEDOT-rich domains and shorter 

PEDOT stacking, but such a change in morphology sacrifices the ionic transport and, therefore, 

the doping/de-doping process. Additionally, little is known about the effect of such morphology 

changes on the gate bias that makes the maximum gm (𝑉𝐺
𝑃𝑒𝑎𝑘), threshold voltage (VT), and 

transient behavior of PEDOT:PSS based OECTs. Here, we tune the molecular packing and 

nanostructure of PEDOT:PSS films using ionic liquids as additives, namely, 1-Ethyl-3-

methylimidazolium (EMIM) as cation and anions of chloride (Cl), trifluoromethanesulfonate 
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(OTF), bis(trifluoromethylsulfonyl)imide (TFSI), and tricyanomethanide (TCM). We 

demonstrate that an optimal morphology is realised using EMIM OTF ionic liquids that 

generate smaller fibril-like PEDOT-rich domains with relatively loose structures. Such optimal 

morphology improves ion accessibility, lowering the gate bias required to completely de-dope 

the channel, and thus enabling to achieve high transconductance, fast transient response and at 

lower gate bias window simultaneously.  

 

1. Introduction 

Organic electrochemical transistors (OECTs) with the capability of transducing biological 

and ionic signals to electronic output have attracted significant attention in various applications 

such as neuromorphics[1,2], biosensors[3–6], digital logic circuits[7], and chemical sensors[8,9]. The 

attractive features of OECTs for these applications are their low operating voltage (< 1 V), high 

transconductance (~mS) and enabling an amiable interface with cells and biological systems in 

water-based electrolytes.  

The fundamental mechanism of OECT operation relies on the injection of ions from the 

electrolyte into the bulk polymeric semiconductor layer, altering the redox state of the polymer 

and hence its conductivity. Thus, the performance of an OECT is mainly determined by the 

electrical and ionic transport properties of the active conjugated polymers, which heavily rely 

on their molecular packing and nanostructures.[10–12] The steady-state performance of an OECT 

can be evaluated by its transconductance (gm) that is expressed as: 

     𝑔𝑚 = 𝜕𝐼𝐷 𝜕𝑉𝐺⁄ = (𝑊𝑑 𝐿⁄ )µC∗(𝑉𝑇 − 𝑉𝐺)                         (1) 

where ID and VG are the drain current and gate bias, respectively, W, d, and L are the channel 

width, thickness, and length, respectively, µ is the carrier mobility, C* is the volumetric 

capacitance, and VT is the threshold voltage. The µC* figure of merit is related to electronic 

and ionic transport within the active channel. It has been reported that there is a trade-off 
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between µ and C* since high µ is associated with high degree of ordering among the conjugated 

polymer chains and more crystalline film morphology, while high C* requires open and loose 

packing of the polymer chains or amorphous film morphology.[10,11,13] It is therefore important 

to optimize the polymer crystallinity and film morphology that can simultaneously allow for 

ion movement/interaction within the polymeric semiconductor, while minimizing the adverse 

effects of molecular disorder on charge transport. Another important OECT parameter is the 

gate voltage magnitude which initiates doping or de-doping processes. Ideally a low VG is 

desirable to enable lower driving voltage and therefore the power consumption of the device, 

and this should be improved without changing the device geometry. In addition, a low VG can 

prevent the electrochemical breakdown of the aqueous electrolyte and over-oxidation/reduction 

of the conducting polymers.  Other than the steady-state device performance, the transient 

behavior (τ), which is determined by the ionic-electronic transport efficiency of the active 

material, is another critical figure-of-merit for OECTs.[14] Unfortunately, the effect of 

morphology on the transient characteristics of an OECT remains underexplored. Additionally, 

an OECT with both high amplification and fast transient speed is highly desirable to enable 

them to be effective transistors in biological environments.[15] 

The widely used active material for OECTs is poly(3,4-ethylenedioxythiophene) (PEDOT), 

which is commonly charge-compensated by the polymer anion, poly(styrenesulfonate) (PSS). 

This polymer blend has mixed electronic and ionic conductivity, where holes are transported 

along and hop between PEDOT chains while the PSS moiety accommodates solvated ion 

transport.[12,16] Nonetheless, a film of PEDOT:PSS is especially complex due to its 

heterogeneous nature consisting of the blend of two ionomers, giving rise to inherent disordered 

structures and poor interconnectivity within the conducting PEDOT-rich domains as compared 

to the homogeneous single-component conjugated polymers.[17–21] Several efforts using various 

additives such as ethylene glycol (EG), Triton X-100, dimethyl sulfoxide, and x-sorbitol[22–24], 
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post-treatment with acids or bases[11], and strain-engineering via uniaxial tension in fiber form[25] 

have been made to improve the electrical properties of PEDOT:PSS through the rearrangement 

of PEDOT:PSS chain conformation, or removal of excess PSS chains, building larger and more 

internally-connected PEDOT-rich structures or inducing anisotropic crystallite orientation in 

PEDOT:PSS domains to facilitate charge transport.[10,24,26–29] Among them, the additive 

ethylene glycol (EG) is the most commonly used, where the incorporation of EG facilitates the 

aggregation of PEDOT phase into larger PEDOT-rich domains with shorter π-π stacking.[10,30–

32] Another effective strategy is the use of sulfuric acid as post-treatment, which removes the 

excess insulating PSS segments while forming PEDOT nanofibril nanostructures with high 

crystallinity.[25,33] Our group has previously reported that modifying of PEDOT:PSS with ionic 

liquids (IL), specifically 1-ethyl-3-methylimidazolium tricyanomethanide (EMIM 

TCM), enables the formation of enlarged and highly ordered PEDOT-rich domains, giving rise 

to high transconductance and volumetric capacitance.[12,34,35] This is due to the counter-ion 

exchange between PEDOT:PSS and EMIM TCM, leading to a structural transformation of 

PEDOT:PSS with closer PEDOT π-π packing and highly ordered fibrillar structures. The IL 

additives generally have three effects on PEDOT:PSS: (a) inducing phase separation and the 

formation of distinctive PEDOT and PSS domains; (b) enhancing the crystallinity of the 

PEDOT domains; (c) plasticizing the amorphous regions of PEDOT and PSS.[27] Altering the 

introduced IL enable the modulation of counterion exchange and thus the structural 

transformation of PEDOT:PSS, making it possible to obtain desired film structures.  

Although high transconductance increased in EMIM TCM ionic liquid modified 

PEDOT:PSS based OECTs, it was found that relatively high gate bias and threshold voltage 

(VG > 0.8 V, VT~ 0.7 V) were required to fully switch-off these high conducting PEDOT:PSS 

channels.[12] Similarly, high VT (~ 0.6 V) was observed after the sulfuric acid post-treatment of 

PEDOT:PSS films.[11] A high VT and operating bias indicate that the ionic and the electronic 
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transport are not balanced, where the morphology tuning typically led to the dominance of 

better electronic transport from the enlarged PEDOT domains and shorter PEDOT stacking.[10] 

As a result, high electrical conductivity of the PEDOT:PSS channel, and thus higher ID or gm 

are obtained, but at the expense of high VT and slow τ. Furthermore, despite great progress in 

obtaining high gm or 𝜇C* value, there are limited studies to explain the role of such structural 

realignments on the performance of PEDOT:PSS OECTs including the transient response and 

threshold voltage.[10–12] The main challenge lies in the precise control and characterization of 

the PEDOT:PSS morphology and nanostructure. 

In this work, we successfully demonstrate that high performance PEDOT:PSS based OECTs 

can be developed using a library of ILs that enable a control over PEDOT:PSS molecular 

packing and nanostructure. Specifically, when PEDOT:PSS is modified with 1-ethyl-3-

methylimidazolium - trifluoromethanesulfonate (EMIM OTF), the resulting PEDOT:PSS 

OECTs exhibit excellent gm (normalized by channel geometry of dW/L) of 188 ± 32 S/cm and 

𝜇C* value of 354 ± 60 F cm-1 V-1 s-1, with a high ON/OFF ratio of 105. It is worth noting here 

that much lower VT and 𝑉𝐺
𝑃𝑒𝑎𝑘 (VG at maximum gm) values of 0.52 ± 0.02 V and -0.07 ± 0.02 

V were observed in PEDOT:PSS/EMIM OTF channel as compared to that of 

PEDOT:PSS/EMIM TCM channel (VT = 0.73 ± 0.03 V and 𝑉𝐺
𝑃𝑒𝑎𝑘 = 0. 16 ± 0.04 V), while 

exhibiting comparable maximum gm values (188 ± 32 - 218 ± 37 S/cm). The transient speed 

was determined to be 14.4 µs for EMIM OTF modified channel, which is around two times 

faster than that of EMIM TCM modified one (26.4 µs). Further, detailed materials 

characterization using atomic force microscopy (AFM), high resolution transmission electron 

microscopy (TEM), and grazing incidence wide-angle X-ray diffraction (GIWAXS) allowed 

the monitoring of the progressive structural and molecular packing evolution of the 

PEDOT:PSS films modified with EMIM OTF and EMIM TCM ionic liquids. An optimal 

microstructure and morphology is found in EMIM OTF modified PEDOT:PSS, where the 
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relatively smaller PEDOT domains improve ion accessibility and lead to high C*, low VT, and 

fast τ. Depth profiling measurements using X-ray photoelectron spectroscopy (XPS) and 

electrochemical quartz crystal microbalance with dissipation monitoring (EQCM-D) 

measurements monitored the changes in PEDOT:PSS components and the charges extraction 

during de-doping process. The lower amount of the PSS phase and the higher density of PEDOT 

component in the bulk of the ILs modified channel allow accumulation of a large electronic 

charges, thus boosting their volumetric capacitance. Optimized balancing of the electronic and 

ionic transport properties allowed us to achieve high 𝜇C* and gm values, low VT as well as fast 

transient response simultaneously.  

2. Results and Discussion 

In this work, we screened several ILs (including 1-Ethyl-3-methylimidazolium chloride 

(EMIM Cl), 1-Ethyl-3-methylimidazolium - trifluoromethanesulfonate (EMIM OTF), 1-Ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI), and 1-Ethyl-3-

methylimidazolium tricyanomethanide (EMIM TCM)) as the additives in PEDOT:PSS channel 

for OECTs. These ILs have the commonality of having electrochemically stable anions and 

[EMIM+] cation, see Figure 1a. The OECT device architecture is also presented in Figure 1b, 

full details on device fabrication can be found in the experimental section. It should be noted 

that all the transistors were initially prepared with comparable channel thickness of 102-111 

nm, thus assuring a fair comparison among these devices and excluding the effect of channel 

dimensions. To characterize the OECT devices, the channels were exposed to 0.1 M NaCl 

aqueous electrolyte, with a suspended Ag/AgCl pellet (2.0 × 2.0 mm2) as a non-polarizable gate 

electrode. Figure 1c-d shows typical transfer characteristics and the corresponding 

transconductance of the ILs modified PEDOT:PSS-based OECTs. All OECT devices exhibit  

depletion mode operation, whereby upon application of a positive gate bias, the cations (Na+) 

from the electrolyte are injected into the channel, initiating the de-doping process of PEDOT 
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(the conducting PEDOT is reduced to a neutral state) and leading to a decrease in the drain 

current. It is interesting to observe that the obtained electrical performances are distinctly 

diverse for each IL additive-modified channel. The highest transconductance (gm) of 21.4 mS 

was obtained for the composite film containing EMIM TCM similar to our previous report,[12] 

followed in descending order by 19.3 mS, 16.2 mS, 12.5 mS for the films containing EMIM 

OTF, EMIM TFSI, and EMIM Cl, respectively. In stark contrast, the pristine PEDOT:PSS 

channel only achieves a gm of ~ 4.3 𝜇S (See Figure S1) which is at least 3 orders of magnitude 

lower than the devices modified with these IL additives. It is worth to note that an obviously 

lower gate bias was required to complete the de-doping process for EMIM OTF modified 

devices as compared to that of EMIM TCM modified devices. The VG that makes the maximum 

gm  (𝑉𝐺
𝑃𝑒𝑎𝑘)  is determined to be -0.07 ± 0.02 V for EMIM OTF modified device and 0.16 ± 

0.04 V for EMIM TCM modified one, while showing similar peak gm value. The measured 

electrical conductivity (σ) values using four-point probe for these IL modified PEDOT:PSS are 

also significantly higher than pristine PEDOT:PSS (see Figure 1e). Further, high current 

ON/OFF ratios of ~ 105 were observed in all IL-modified channels, which is significantly higher 

than that of pristine PEDOT:PSS device (~102) due to the high ON-state current of the modified 

channels (Figure S2). In addition, the output characteristics for all IL-modified PEDOT:PSS 

OECTs exhibit typical pinch-off behavior while increasing the drain voltage under different 

constant gate biasing (Figure 1f). These standard transfer and output characteristics indicate 

that ionic-liquid modified films did not change their operation mode (depletion mode) for 

OECTs but exhibited enhancement in performance, in terms of transconductance and ON/OFF 

ratios. As mentioned before, the introduction of ILs with different anions into PEDOT:PSS 

brings about a series of changes in the molecular packing and nanostructure of  PEDOT:PSS 

films. In accordance to previous reports,[36,37] the weaker interaction of PEDOT and Cl anion 

leads to relatively small PEDOT-rich domains, which is the most likely reason for the observed 

lower σ and gm value, while the stronger molecular interactions occurs between PEDOT and 
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OTF/ TFSI/ TCM anions, leading to relatively larger PEDOT-rich domains and thus exhibiting 

much higher OECT performances.  

 

Figure 1. OECT device performance. (a) Molecular structures of PEDOT:PSS and the ionic 

liquids (ILs) used in this study to modify PEDOT:PSS. (b) A schematic illustration of the OECT 

device configuration. (c) Transfer curves of the IL modified PEDOT:PSS-based devices, and 

(d) their associated transconductance. (e) The electrical conductivity of pristine PEDOT:PSS 

film compared to IL modified PEDOT:PSS films. The conductivity values obtained for 

PEDOT:PSS films containing EMIM Cl, EMIM OTF, EMIM TFSI, and EMIM TCM films are 

0.5 ± 0.2, 192 ± 24, 694 ± 32, 864 ± 20 and 1082 ± 75 S/cm respectively. (f) Output 
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characteristics of the IL modified PEDOT:PSS-based devices. Note that all the channels used 

here were patterned with a width (W) of 100 𝜇m and a length (L) of 10 𝜇m for fair comparison. 

As summarised in Table 1 and Table S1, among the ILs used, we found that both EMIM 

OTF and EMIM TCM modified PEDOT:PSS channels exhibit superior gm and µC* values. 

Furthermore, higher normalized gm values of 188 ± 32 and 227 ± 33 mS/𝜇m were observed in 

the PEDOT:PSS device modified with EMIM OTF and EMIM TCM, respectively. µC* value 

was extracted from the √𝐼𝐷 vs VG curves at saturation region (Figure S3).[38] The calculated 

µC* value for PEDOT:PSS/EMIM OTF device is 354 ± 60 F cm-1 V-1 s-1, comparable to that 

of PEDOT:PSS/EMIM TCM (426 ± 65 F cm-1 V-1 s-1) (Figure 2a). Interestingly, the 

PEDOT:PSS/EMIM OTF channel can be fully switched-off at a much lower gate voltage; the 

VT is found to be 0.52 ± 0.02 V, and 0.73 ± 0.03 V for channels modified with EMIM OTF and 

EMIM TCM, respectively.  

Table 1. Comparison of the PEDOT:PSS based OECTs. 

Active material Peak gm/(dW/L) 

(S/cm) 

µC*  

(F cm-1 V-1 s-1) 

Ion/off VT
(i) 

(V) 

PEDOT:PSS/EMIM Cl 115 ± 11 235 ± 39 105 0.57 ± 0.01 

PEDOT:PSS/EMIM OTF 188 ± 32 354 ± 60 105 0.52 ± 0.02 

PEDOT:PSS/EMIM TFSI 162 ± 16 314 ± 43 105 0.80 ± 0.02 

PEDOT:PSS/EMIM TCM 218± 37 426 ± 65 105 0.73 ± 0.03 

(i) The threshold voltage (VT) was averaged from 6 devices with similar channel dimensions.  

We next compared the transient response of EMIM OTF and EMIM TCM modified 

PEDOT:PSS OECTs. Based on Bernards and Malliaras’ model, the transient response of an 

OECT can be calculated by fitting an exponential to the drain current change upon the 

application of a square gate voltage step.[14] As presented in Figure 2b, under similar channel 

thickness of ~105 nm, the device with EMIM OTF shows a faster transient response (14.4 𝜇s) 

than that of the device with EMIM TCM (26.4 𝜇s). This result indicates that the morphology 
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and molecular packing of PEDOT:PSS films play critical roles on the transient response 

behavior of an OECT. Interestingly, a bias-dependent transient response behavior was observed 

(Figure 2c) in these devices, wherein a higher gate bias gave rise to faster transient response. 

Comparing with state-of-the-art EG-functionalized conjugated polymer based OECTs,[38–43] our 

ILs doped PEDOT:PSS devices yield high transconductances while simultaneously exhibiting 

fast transient response times (Figure 2d and Table S1). Both high transconductance and high 

speed in an OECT are particularly useful for various applications such as implantable brain 

signal recording devices and biochemical sensors.[15] We also studied the operational stability 

of these transistors (See Figure S4-S5). At low and moderate gate voltage biases, i.e., VG = −0.4 

to 0.4, 0.6, or 0.7 V and VD = -0.5 V, no apparent current degradation was observed, where all 

the transistors maintained over 92 % of their initial current after 10000 cycles of pulse 

measurement. 

 

Figure 2. (a) Transconductance as a function of channel dimensions and operating parameters 

for PEDOT:PSS/EMIM OTF and PEDOT:PSS/EMIM TCM OECTs, at saturation region, to 
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extract the associated µC*. Transient response of PEDOT:PSS/EMIM OTF and 

PEDOT:PSS/EMIM TCM devices (b) at a square gate voltage (VG) pulse of 0.8 V with a pulse 

width of 0.5 ms, and (c) at different values of VG square pulse, at VD = -0.5 V. A total of 6 

devices with the same channel width/length (10 𝜇m/5 𝜇m) and channel thickness (d= ~ 105 nm) 

were measured to calculate the average rise time. (d) Normalized response time (𝜏/(d(WL)1/2)) 

as a function of normalized peak gm (gm/(dW/L)). 

 

The intriguing characteristics of the EMIM OTF modified PEDOT:PSS based devices 

showing comparable normalized gm value to that of the EMIM TCM counterparts, yet with a 

shorter response time and a relatively lower VT value, warrant further investigation into the 

structure or molecular packing variations.  We first measured their colloidal particle sizes in 

solution states to evaluate the influence of ILs, using dynamic light scattering analysis. Due to 

the counter-ion exchange between PEDOT:PSS and IL, incorporation of ILs with different 

anions into the PEDOT:PSS solution led to different degree of aggregation, with colloidal 

particle sizes of 120 ± 28, 324 ± 46, and 447 ± 22 nm for pristine, EMIM OTF, and EMIM 

TCM modified PEDOT:PSS solutions, respectively (see Figure S6). This is further verified by 

the solid film state morphology as shown by atomic force microscopy (AFM) images (Figure 

3a), where distinct features are visible across the PEDOT:PSS films. For pristine PEDOT:PSS 

film, a more homogeneous but smaller and disconnected PEDOT-rich domains are observed.[44] 

By contrast, we observed a more pronounced phase separation with fibrillar-like structures in 

both modified PEDOT:PSS films containing EMIM OTF and EMIM TCM (Figure 3a and 

Figure S7). The ILs modified films exhibit larger PEDOT domains with more interconnected 

nanostructures. Specifically, the film with EMIM TCM shows the largest PEDOT domains. 

The bright-field transmission electron microscopy (TEM) images also corroborate our findings 

in the structural changes induced by the ILs (Figure 3b), in which the dark area represents the 
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crystalline PEDOT-rich phase and the bright area was assigned to the PSS segments. The 

pristine film showed poor contrast with few dark-regions, indicative of a uniform PEDOT phase 

distribution in the PSS matrix. Meanwhile, for PEDOT:PSS/EMIM OTF and 

PEDOT:PSS/EMIM TCM films, clear fibrillar structures appeared. More specifically, the 

addition of EMIM OTF induced fibril structures with widths ranging from ~4 to ~9 nm, while 

thicker fibrils (range from ~8 to ~20 nm) with denser state were observed in the film modified 

by EMIM TCM. The difference in the nanostructures can be correlated with their corresponding 

colloidal particle size. As previously mentioned, the PEDOT chains transport holes and the PSS 

part provides transport pathway for cations. We postulate that the poor OECT performance 

using pristine PEDOT:PSS is due to the relatively small and more isolated PEDOT domains, 

while the higher gm values in EMIM OTF and EMIM TCM modified PEDOT:PSS is attributed 

to the larger PEDOT-rich domains with improved interconnectivity (Figure 3c). Furthermore, 

grazing incidence wide-angle X-ray diffraction (GIWAXS) was employed to investigate the 

molecular packing of the modified PEDOT:PSS films. As shown in Figure 4a, hierarchical 

crystalline structures were seen across the PEDOT:PSS films. Specifically, the (010) d-spacing, 

which is assigned to the π-π stacking of PEDOT, decreases with the addition of ILs (from ~3.64 

Å for pristine PEDOT:PSS, to 3.56 and 3.51 Å for PEDOT:PSS/EMIM OTF and 

PEDOT:PSS/EMIM TCM films, respectively). In EMIM TCM modified film, the shortest 

PEDOT π-π stacking observed indicates the strongest counter-ion-exchange and the appearance 

of narrower peak width indicates an increase in the coherence length, which is attributed to the 

increase in grain size and crystallinity.[45] This result further verifies the size variation of 

PEDOT-rich domains observed across the IL-treated PEDOT:PSS films. The morphology 

evolution upon ionic-liquid modification, evident in the thicker PEDOT phase with smaller π-

π stacking, leads to an increase of at least 3 orders of magnitude in gm and 𝜇C* value as 

compared to pristine devices. 
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Figure 3. (a) Topography images of the PEDOT:PSS films with and without additives 

modification. (b) Bright-field transmission electron microscopy images of PEDOT:PSS with 

and without IL modification. (c) Schematics that represent molecular packing of PEDOT:PSS 

with and without ILs (EMIM TCM and EMIM OTF) modification. 

 

To further support this hypothesis, we also investigated the morphology of the EMIM Cl and 

EMIM TFSI modified PEDOT:PSS films (Figure S7). Obviously enlarged domains were seen 

in both films proving their associated electrical property enhancement. As discussed, enlarged 

PEDOT-rich domains facilitate charge transport, however, they impede or sacrifice the ion 
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transport and accessibility into these “big” domains to complete the de-doping process for 

OECTs. On this account, even though EMIM TFSI modified PEDOT:PSS film has larger 

nanofibrillar-like PEDOT domains (with higher σ value compared to EMIM OTF modified 

film), it shows lower gm value than that of EMIM OTF modified device. This morphology 

evolution also explains the significant VT value shift across these IL modified devices (Table 

1) – a specifically higher VT value of 0.80 ± 0.02 V was seen in EMIM TFSI modified device 

as compared to EMIM Cl modified one (0.57 ± 0.01V). These observations provide insight into 

mechanisms leading to much faster transient behavior seen in PEDOT:PSS/Cl and 

PEDOT:PSS/OTF devices, as compared to PEDOT:PSS/TFSI and PEDOT:PSS/EMIM TCM 

devices (Figure S8).  

Based on these results above, we postulate that the ion transport in the film is regulated by 

the size of nanofibrils, which then affects the transient characteristics of the OECT and the VT. 

To explore the influence of the nanostructure and molecular packing of IL modified 

PEDOT:PSS on ionic charge transport and thus the OECT characteristics, we employed time-

resolved UV-Vis electrochemical measurements. We recorded the spectral changes at 650 nm, 

corresponding to the PEDOT π-π stacking, under a continuous gate bias from 0 to 1 V. Figure 

4b and Figure S9 show the normalized absorption bleach at 650 nm over time following the 

application of a gate bias sweep. Upon the application of a positive bias at the gate, the 

absorption of the PEDOT:PSS film at 650 nm increased, indicative of the de-doping process 

with the bipolaron and polaron PEDOT reduced to neutral PEDOT, corresponding to the 

changes from highly conducting state (ON state) to semiconducting state (OFF state). The 

pristine film showed a much more rapid bleaching behavior, attributed to the relatively loose 

molecular packing, followed by PEDOT:PSS/EMIM OTF and PEDOT:PSS/EMIM TCM films. 

We believe that enlarged PEDOT-rich domains and dense molecular packing in 

PEDOT:PSS/EMIM TCM impede the ion transport and thus yield slower bleaching kinetics 
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and consequently, a higher gate bias is needed to complete bleaching the films, in good 

agreement with the device performance. This result is further verified by the absorption spectra 

under different biasing conditions (Figure 4c-d and Figure S10). Progressive increment of the 

bias, at a step of +0.2 V, led to the appearance of a new absorption feature at around 650 nm 

attributed to the π-π transition for neutral PEDOT with the concurrent depression of absorption 

feature at IR region, attributable to the polaronic/bipolaronic states of PEDOT. Significant 

differences were observed between the PEDOT:PSS/EMIM TCM film and 

PEDOT:PSS/EMIM OTF film. Upon application of +1 V, the EMIM TCM-modified film did 

not fully bleach with a clear absorption feature observed at the IR region. By contrast, the 

EMIM OTF modified film and the pristine film were completely de-doped. The differences in 

electrochemical doping efficiency suggest that optimal morphology was obtained using EMIM 

OTF ionic liquid additive, where smaller fibril-like PEDOT-rich domains with relatively loose 

structures are formed which are more preferred for ion penetration and transport, and therefore 

the doping process. As a result, lower gate bias window is sufficient to drive the 

PEDOT:PSS/EMIM OTF channel, giving rise to high transconductance and faster transient 

response simultaneously. We therefore believe that smaller fibril width and relatively smaller 

PEDOT domains in PEDOT:PSS/EMIM OTF film improve the accessibility of ions and thus a 

lower gate bias is required to complete the de-doping process as compared to that of 

PEDOT:PSS/EMIM TCM devices. 

To better understand the structure-property relations across the PEDOT:PSS films, we also 

independently compared the mobility (µ) and volumetric capacitance (C*) for EMIM OTF or 

EMIM TCM modified PEDOT:PSS devices. The µ value that reflects the electronic transport 

was measured by driving the channel with constant gate current (IG).[14] The hole transit time 

(𝜏e) was calculated based on the equation of 𝑑𝐼𝐷 ⁄ 𝑑𝑡 = − 𝐼𝐺 𝜏𝑒⁄  (Figure S11a-b), yielding a 

hole drift mobility ( 𝜇 = 𝐿2/𝑉𝐷𝜏𝑒 ) of 3.55 ± 1.68 and 4.17 ± 2.35 cm2V-1s-1 for 
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PEDOT:PSS/EMIM OTF and PEDOT:PSS/EMIM TCM devices respectively (See Figure S11c 

and Table 1). The higher hole mobility of EMIM TCM modified PEDOT:PSS can be explained 

by the larger PEDOT-rich domains and shorter PEDOT π-π packing (Figure 3 and Figure 4a). 

On the other hand, the C* value was extracted from electrochemical impedance spectroscopy 

(EIS) (Figure S12), yielding a C* value of 78 ± 7 F cm-3 for PEDOT:PSS/EMIM OTF film, 

which is around two times higher than pristine PEDOT:PSS film (43 ± 5 F cm-3) and similar to 

the PEDOT:PSS/EMIM TCM film (89 ± 8 F cm-3). The bulk capacitance of the PEDOT:PSS 

film can be understood by electrical double layers formed along the interfaces between 

sulfonate anions and the holes of PEDOT,[46–48] which means the volume fraction of PEDOT 

governs the volumetric capacitance. To explore the potential reasons for the C* improvement 

of EMIM OTF and EMIM TCM modified films as compared to pristine film, we therefore 

employed X-ray photoelectron spectroscopy (XPS) sputtering experiments to investigate the 

PEDOT and PSS component and distribution in the bulk film (See Figure 4f). The peaks around 

162 – 165 eV and 166 – 171 eV correspond to PEDOT and PSS phase, respectively. Specifically, 

the pristine film was found to contain more PSS phase (or higher PSS/PEDOT ratio) as 

compared to the IL modified films. Note that the devices were immersed in DI water for an 

hour and rigorously rinsed prior to the measurements. We believe that the ion exchange reaction 

in PEDOT:PSS/IL composite films promotes the removal of excess PSS during this step (Figure 

4g). As a result, PEDOT domains are closer in the resulting film thereby improving the 

electronic transport while having a balanced ionic penetration at the same time. The lower 

amount of the PSS phase and the higher density of PEDOT component in the bulk of the ILs 

modified channel allow the accumulation of a large amount of electronic charges, thus boosting 

their volumetric capacitance. The resulting morphology is favourable for a simultaneous 

enhancement in ionic penetration and electronic transport, resulting in remarkable C* values. 

Notably, the film with EMIM TCM has the lowest PSS/PEDOT ratio, indicative of the highest 

PEDOT component and yielding the highest C* value across the films. The higher volume 
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fraction of PEDOT in both PEDOT:PSS/EMIM OTF and PEDOT:PSS/EMIM TCM films 

enable higher hole density in the bulk film (injects more cations to compensate for the sulfonate 

anion/hole pairs), giving rise to higher C* value.  

 

Figure 4. (a) Grazing incidence wide angle X-ray diffraction (GIWAXS) of PEDOT:PSS with 

and without ionic liquid (IL) modification. (b) Time-resolved absorption at 650 nm as a function 

of  gate bias for pristine, PEDOT:PSS/EMIM OTF, and PEDOT:PSS/EMIM TCM films. (c-d) 

Normalized U.V-visible absorption for the films of PEDOT:PSS/EMIM TCM and 

PEDOT:PSS/EMIM OTF  at varying applied voltages from -0.4 to 1 V, with a bias step of 0.2 

V. (e) Schematic of X-ray photoelectron spectroscopy (XPS) sputtering experiments. (f) Depth 

profile of PEDOT:PSS films modified with ILs,  using the XPS ion gun sputtering, showing S 

(2p) core-levels measured as a function of etch cycle ( n = 0 corresponds to surface scan), and 

(g) the corresponding ratio of the PEDOT:PSS components in the bulk films. 

 

We proceeded to investigate the differences in mass uptake and the amount of charge 

depleted during the electrochemical de-doping between the EMIM OTF and EMIM TCM 

modified films, using the Electrochemical Quartz Crystal Microbalance with Dissipation 
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monitoring (EQCM-D) set-up. Upon exposure to electrolyte (0.1 M aqueous NaCl solution, 

absence of bias), both films exhibited swelling, where the film with EMIM TCM swelled more 

than double as compared to the one with EMIM OTF (61.4 % versus 27.6 %) (Figure S13). 

Doping and de-doping potentials (versus Ag/AgCl) were then applied to both films (Figure 5a) 

while monitoring the changes in swelling/mass uptake (ions and water), and charging of the 

films during the electrochemical doping and de-doping (Figure 5b-d). EMIM TCM modified 

PEDOT:PSS film showed higher swelling and mass uptake (13.4 % and 0.134 g/cm3)  than the 

EMIM OTF modified film (4.6 % and 0.046 g/cm3) as the films were biased to their de-doped 

state (at 0.4 V). It was also found that the EMIM TCM modified PEDOT:PSS film showed a 

slightly higher charge extraction (312 C/cm3) compared to that of EMIM OTF modified film 

(272 C/cm3), in line with the values calculated from the EIS measurements. On the basis of 

these findings, we believe that the degree of swelling in the film with EMIM TCM may be too 

high, which correlates well with the longer time it takes to fully de-dope this film as well as its 

higher capacitance[49] as compared to the EMIM OTF modified film. In contrast, the EMIM 

OTF modified film is swollen enough to be electrochemically modulated for high gm value 

achieved at a lower gate bias and accompanied with a faster transient behavior. 
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Figure 5. Electrochemical Quartz Crystal Microbalance with Dissipation monitoring (EQCM-

D). (a) Doping and de-doping potential profile applied to the EMIM OTF and EMIM TCM 

modified PEDOT:PSS films, vs Ag/AgCl. (b) Swelling percentage of the casted films upon the 

application of doping and de-doping potentials. (c) Mass change and (d) the associated charge 

recorded during electrochemical de-doping and doping. 

 

3. Conclusion 

In summary, we systematically study the effect of morphology on the mixed ionic-electronic 

conduction properties of PEDOT:PSS based OECTs. A series of morphology modulation over 

the PEDOT:PSS, using a library of ionic liquids, indicate larger PEDOT-rich domains for holes 

transport play the predominant role in the development of high performance PEDOT:PSS based 

OECTs. Furthermore, morphological changes in PEDOT:PSS channels (e.g. the shape and size 

of PEDOT-rich domain) initiate the alteration of ionic-electronic conduction properties, leading 

to significantly diverse device performance (including transconductance, response time, 

threshold voltage, and gate bias window). Enlarged PEDOT-rich domains with highly ordered 

structures facilitate the hole transport (enabling high transconductance, high mobility, and great 

ON/OFF ratio), but compromised the ion transport and the de-doping process (high threshold 

voltage, and lower transient behavior). We found that smaller fibril-like PEDOT-rich domains 

with relatively loose structures reduce the adverse effect of such morphology changes on ion 

transport and the de-doping process. The smaller fibril-like structures have high aspect ratios 

that improve ion accessibility, reducing the ion transport and penetration barriers to complete 

the electrochemical redox process (inducing larger conductivity/drain current changes upon an 

input gate bias), thus lowering the gate bias required to completely de-dope the channel. As a 

result, high 𝜇C* and gm values, low VT as well as fast transient response can be achieved 

simultaneously. Specifically, when the PEDOT:PSS is modified with EMIM OTF, the obtained 
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OECTs exhibit excellent gm (normalized by channel geometry of dW/L) of 188 ± 32 S/cm and 

𝜇C* value of 354 ± 60 F cm-1 V-1 s-1, high ON/OFF ratio of 105, low VT of 0.52 ± 0.02 V and 

fast transient response as low as 14.4 µs. Overall, our results emphasize the crucial role of 

PEDOT molecular packing and nanostructures on the mixed ionic-electronic conduction 

properties of PEDOT:PSS composite toward high-performance OECTs.  
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Short Summary and ToC 

 

A series of morphology modulation on poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS) using a library of ionic liquids as additives is carried out. 

We demonstrate that an optimal morphology is realised using EMIM OTF ionic liquids that 

generate smaller fibril-like PEDOT-rich domains with relatively loose structures. Such optimal 

morphology improves ion accessibility, lowering the gate bias required to completely de-dope 

the channel, and thus enabling to achieve high transconductance, fast transient response and at 

lower gate bias window simultaneously.  
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