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ABSTRACT 

Organic mixed ionic-electronic conductors, such as poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), are essential materials for the 

fabrication of bioelectronic devices due to their unique ability to couple and transport ionic and 

electronic charges.  The growing interest in bioelectronic devices has led to the development of 

organic electrochemical transistors (OECTs) which can operate in aqueous solutions and transduce 

ionic signals of biological origin into measurable electronic signals. A common challenge with 

OECTs is maintaining the stability and performance of the PEDOT:PSS films operating under 

aqueous conditions. Although the conventional approach of blending the PEDOT:PSS dispersions 

with a crosslinker such as (3-Glycidyloxypropyl)trimethoxysilane (GOPS)  helps to ensure strong 

adhesion of the films to device substrates, it also impacts the morphology and thus electrical 

properties of the PEDOT:PSS films which leads to a significant reduction in the performance of 

OECTs. In this study, we instead only functionalize the surface of the device substrates with GOPS 

to introduce a silane monolayer before spin-coating the PEDOT:PSS dispersion on the substrate.  

In all cases, having a GOPS monolayer instead of a blend leads to increased electronic performance 

metrics, such as three times higher electronic conductivity, volumetric capacitance, and mobility-

capacitance product  [μC*] value in OECT devices, ultimately leading to a record value of 406 ± 

39 F cm‒1 V‒1 s‒1 for amorphous PEDOT:PSS. This increased performance does not come at the 

expense of operational stability, as both the blend and surface functionalization show similar 

performance when subjected to pulsed gate bias stress, long-term electrochemical cycling tests, 
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and aging over 150 days. Overall, this study establishes a novel approach to using GOPS, as a 

surface monolayer instead of a blended crosslinker, for achieving high-performance organic mixed 

ionic-electronic conductors that are stable in water for bioelectronics.  

 

INTRODUCTION 

The increasing demand for advanced diagnostic and therapeutic systems has facilitated the 

development of wearable and implantable bioelectronics for personalized health monitoring and 

point-of-care diagnosis.  Amongst organic electronic devices used for bioelectronics, organic 

electrochemical transistors (OECTs) have shown significant promise due to their numerous 

advantages over other organic thin film transistors.1,2 OECTs can achieve over a 100-fold higher 

transconductance leading to higher sensitivity, decreased mechanical mismatch with biological 

tissues, and low operation voltage.2–5 Because of these features, OECTs have been used in 

bioelectronics for neuromorphic devices,6,7 to record physiological signals when interfacing 

biological tissues,8,9 and chemical sensing.10–13 In most cases, OECTs operate in aqueous 

electrolytes, such as body fluids or aqueous salt solutions, which means that the device and 

materials need to be mechanically and electronically stable in aqueous environments.14–17  

In the active channel of OECTs are organic materials that display mixed ionic-electronic 

conductivity, such as doped poly(3,4-ethylenedioxythiophene) complexed with poly(styrene 

sulfonate) (PEDOT:PSS) sold as a 1.3 wt% aqueous dispersion (e.g., Clevios PH1000). Owing to 

the ability of PEDOT:PSS to transport both ionic and electronic charges, its high capacitance and 

ease of processing via solution spin-coating or printing, it is the most commonly used active 

channel material in OECTs. While PEDOT:PSS is the material of choice for OECT channels, it 

cannot be used in its pristine form because PEDOT:PSS films are prone to redispersion and 

delamination from substrates in aqueous environments.18,19 To improve the water stability of 

PEDOT:PSS films for applications in optoelectronics and bioelectronics, several approaches have 

been reported, including blending with small molecule additives,20,21 nanoparticles and photo-

crosslinkers,22,23 and the use of polymeric adhesive layers.24,25 For OECTs, where PEDOT:PSS 

films are subjected to the stress of repetitive cation injection and extraction, due to electrochemical 

doping and de-doping, mechanical stability is even more challenging. Films that are not 

sufficiently stable result in reduced device performance over time, as measured by a decrease in 

transconductance in OECTs or charge storage capacity under repeated cyclic voltammetry (CV) 
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cycles.17,26 In most studies, this stability issue is addressed by blending chemical crosslinkers with 

the aqueous dispersions of PEDOT:PSS before the deposition of thin films. For example, blending 

with (3-Glycidyloxypropyl)trimethoxysilane (GOPS) (Figure 1a) at an optimal concentration of 

1 wt%27 has been widely used to enhance the operational stability of PEDOT:PSS films in OECT 

devices10,11,28–31 via the reaction of the epoxy ring moiety of GOPS with the sulfonate group of 

PSS, and anchoring to the substrate (e.g., glass) via a silane bond formation (Figure 1b).18 

However, the addition of GOPS significantly decreases the conductivity18 and volumetric 

capacitance32,33,15 of PEDOT:PSS due to the formation of insulating oligo/polysiloxane chains 

entangled with PEDOT:PSS chains. A similar effect was also reported for PEDOT:DBSA blended 

with GOPS.19 Alternative crosslinkers such as poly(ethylene glycol)diglycidyl ether (PEGDE)34,35 

and divinylsulfone (DVS)36 have been explored to attain water-stable PEDOT:PSS films while 

                            

 
 
Figure 1. Overview of the two approaches used in this study to enhance the water stability of 
PEDOT:PSS. (a) Chemical structures of 3-glycidoxy propyltrimethoxysilane (GOPS), 
PEDOT:PSS, dodecylbenzene sulfonic acid (DBSA), and ethylene glycol (EG) (Left to Right). 
Schematic illustration of the fabrication of PEDOT:PSS films and crosslinking mechanism via 
(b) blending PEDOT:PSS with GOPS (P:GOPS) and (c) surface functionalization with GOPS 
before deposition of PEDOT:PSS (P@GOPS) (inset: picture of a P@GOPS film immersed in 
water). 
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maintaining their electronic and ionic conductivity. However, in the absence of GOPS, PEGDE 

and DVS crosslinked PEDOT:PSS thin films were shown to delaminate from substrates.36,37 This 

lack of aqueous stability can be explained by the absence of silane anchoring groups to maintain 

adhesion onto the substrates. Sulfuric acid-assisted crystallization of PEDOT:PSS via the removal 

of large amounts of PSS/PSSH has also been used to enhance the stability of PEDOT:PSS utilized 

under aqueous conditions for 21 days.15 However, sulfuric acid is a strong acid that can cause 

damage to flexible substrates, thus it is not suitable for the fabrication of flexible bioelectronic 

devices.    

Herein, we report an approach to achieve PEDOT:PSS films stable in aqueous electrolytes 

without compromising their electronic and ionic conductivity, and overall electronic performance 

in OECTs. Instead of blending GOPS with PEDOT:PSS, only the surface of the substrate is 

functionalized with GOPS, to introduce a silane monolayer with epoxy groups before spin-coating 

PEDOT:PSS (Figure 1c). GOPS is commonly utilized in biomedical applications as an adhesive 

monolayer for the immobilization of proteins,38 DNA,39 and cervical exfoliative cells,40  but these 

monolayers had surprisingly never been explored for the deposition of PEDOT:PSS. Films 

obtained by surface functionalization were compared to those obtained by blending and showed 

similar operational stability in water under passive conditions and electrochemical cycling. But, 

the surface functionalization approach led to higher transconductance in OECT devices and larger 

volumetric capacitance. Similar to previous works which showed that interfacial interactions can 

improve the adhesion of conductive polymers,24,41,42 we demonstrated here that this effect extends 

to PEDOT:PSS films of up to 450 nm operating under aqueous conditions. Depth profiling 

measurements, using time-of-flight secondary ion mass spectrometry (ToF-SIMS) confirmed that 

the silane crosslinker formed an adhesive layer between the substrate and PEDOT:PSS, and was 

not present in the bulk. Further, detailed materials characterization using atomic force microscopy 

(AFM), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy were done to assess 

the effect of blending and surface functionalization with GOPS on the microstructure and 

molecular packing of the PEDOT:PSS films. This work provides an efficient method for the 

preparation of organic mixed ionic-electronic conductors films stable in aqueous environments 

which does not compromise the electronic properties. While this work focused on PEDOT:PSS on 

various substrates (glass, silicon wafer, gold), the same functionalization method could be 

extended to other organic semiconductors containing nucleophilic substituents that can react with 
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epoxides, such as carboxyl,43 and amine38,40 functional groups, to reduce substrate delamination 

and increase the mechanical stability of device for bioelectronics applications in aqueous 

environments.  

EXPERIMENTAL SECTION 

GOPS surface functionalization  

Before functionalization of the substrates (glass, Si wafer, and Au-sputtered glass) with 

GOPS, substrates were first cleaned by washing with soapy water, deionized water, acetone, and 

isopropanol for 10 min each in sequence followed by drying under N2 flow. The cleaned substrates 

were then activated using oxygen plasma for 1 min. After the oxygen plasma treatment, the 

substrates were immersed in an ethanol solution of 1.5% v/v GOPS for 1 h at room temperature to 

form a monolayer containing epoxy functional groups on the surface. The substrates were rinsed 

thoroughly with ethanol to remove any excess silane and dried at 80 °C in a vacuum oven.  

Preparation of PEDOT:PSS thin films  

The GOPS-blended sample (P:GOPS) was prepared by blending 1% v/v GOPS with 

PEDOT:PSS solution (Clevios PH1000) mixed with 5% v/v ethylene glycol (EG) and 0.1% v/v 

dodecylbenzene sulfonic acid (DBSA), filtered using a 0.45 µm polytetrafluoroethylene filter, 

spin-cast onto the pre-cleaned pristine substrates and annealed at 120 °C for 30 min. To prepare 

the PEDOT:PSS films on GOPS-functionalized substrates (P@GOPS), the PEDOT:PSS solution 

(Clevios PH1000) was mixed with 5% v/v EG and 0.1% v/v DBSA, filtered using a 0.45 µm 

polytetrafluoroethylene filter, spin-cast onto the GOPS-functionalized substrates, and annealed at 

120 °C for 30 min. 

RESULTS AND DISCUSSION 

The goal of the surface functionalization with GOPS before spin-coating instead of 

blending GOPS with the PEDOT:PSS dispersion, is to ensure the stability of PEDOT:PSS thin 

films in devices operating in water (e.g., OECTs), without compromising on their electronic 

performance. We hypothesized that the re-dispersion of PEDOT:PSS films in water in the absence 

of GOPS is mainly due to the interfacial delamination from the substrate (adhesive failure over 

cohesive failure), as seen by the large flakes of PEDOT:PSS floating in water when films are 

immersed in water (Figure S1a). Therefore, by covalently anchoring PEDOT:PSS only at the 

substrate interface (with a GOPS monolayer), similar stability in water should be achieved without 
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introducing large amounts of insulator within the bulk of the films. To test this surface-

functionalization approach, we prepared PEDOT:PSS films by spin-coating PEDOT:PSS 

dispersion onto GOPS-functionalized substrates (P@GOPS) (Figure 1c) and compared them with 

PEDOT:PSS films obtained by blending with 1% v/v GOPS before spin-coating (P:GOPS) 

(Figure 1b). This latter formulation for P:GOPS was chosen as it is the most commonly used ratio 

of GOPS in PEDOT:PSS to ensure water stability while maintaining reasonable 

conductivity.10,11,28–30 P@GOPS was immersed in water and the films remained stable without 

delamination or redispersion (Figure 1c inset). The P@GOPS film stability in water was further 

assessed over a period of 20 days and it showed no sign of delamination or redispersion 

(Figure S1b). This result is similar to the water stability of the PEDOT:PSS films prepared via 

blending for P:GOPS.18 The water stability of P@GOPS was further validated as the average 

thickness of its thin films increased linearly with the number of spin coatings, ranging from 

∼100 nm to ∼420 nm despite the absence of GOPS in the PEDOT:PSS solution (Figure 2a). We 

also assessed the change in film thickness of both P@GOPS and P:GOPS thin films over a period 

of 22 days in deionized water (Figure S2a). We observed a ~10% reduction in thickness between 

day 0 and the next analysis day (day 3) in both P@GOPS and P:GOPS after which the thickness 

remained fairly constant for the remaining period of the analysis. We attribute this reduction to the 

removal of excess PSS in agreement with our XPS result after washing the films in deionized water 

(see sections below).  

To examine the effect of GOPS on the electrical properties of PEDOT:PSS thin films, we 

determined the electronic conductivity of the thin films using four probe measurements. As shown 

in Figure 2b, the conductivity of P:GOPS (0.06 ± 0.01 S cm−1) was lower than pristine 

PEDOT:PSS (Pr-P) (0.7 ± 0.1 S cm−1) which is consistent with the effect of GOPS on PEDOT:PSS 

as previously reported.18,27,44 In contrast, P@GOPS showed a comparable electronic conductivity 

(1.1 ± 0.1 S cm−1) to Pr-P (0.7 ± 0.1 S cm−1), similar to past reports on PH1000 films without 

secondary additives,45 thus indicating that the surface functionalization approach did not 

compromise the electronic conductivity of PEDOT:PSS. It should be noted that even at loadings 

as low as 0.1 wt% GOPS in blends, the conductivity typically drops by one order of magnitude 

compared with Pr-P.18 To further validate our approach, the conductivity of P:GOPS and 

P@GOPS were measured after the addition of ethylene glycol (EG) and dodecylbenzene sulfonic 

acid (DBSA) to their respective aqueous dispersions. The additives were added to enhance the 
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conductivity of PEDOT:PSS and improve the quality of the thin films, respectively.44 The 

additives improved the electronic conductivity of P:GOPS+EG by two orders of magnitude (826 

± 148 S cm−1) compared to Pr-P (0.7 ± 0.1 S cm−1) while a higher increase (three orders of 

magnitude) was obtained for P@GOPS+EG (2650 ± 467 S cm−1) compared to Pr-P (0.7 ± 0.1 S 

cm−1). We left the P@GOPS and P:GOPS films immersed in water over a period of 22 days and 

took regular conductivity measurements after drying them (Figure S2b). For both approaches, we 

observed a comparable reduction in conductivity from day 1 to 22 of approximately 30%, similar 

to past reports.46,47  

To investigate the applicability of our surface-functionalization approach as an alternative 

to blending for use in bioelectronics, OECT devices were fabricated with P:GOPS and P@GOPS 

films containing EG and DBSA additives. The OECTs were fabricated using the films as the 

 
Figure 2. Electronic properties of P@GOPS and P:GOPS. (a) Film thickness as a function of 
the number of spin-coated layers for P@GOPS. (b) Electronic conductivity of Pr-P, P:GOPS, 
and P@GOPS with and without secondary dopant (EG) and DBSA. The error bars represent 
the standard deviation for n = 3 thin films. (c) Transconductance of P:GOPS and P@GOPS 
with EG as a function of applied gate potential and channel geometry. (d) Mobility-capacitance 
product [μC*] calculated from the slopes of the plots in Figure 2c. (e) Capacitance (C) as a 
function of film volume. (f) Volumetric capacitance (C*) calculated from the slopes of the plots 
in Figure 2e.  
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channel, Au as the source and drain electrodes, 0.1 M NaCl as the aqueous electrolyte, and 

Ag/AgCl pellet as the gate electrode. A detailed fabrication procedure is given in the 

supplementary information. The output characteristics (Figure S3a and S3b) and transfer curves 

(Figure S3c and S3d) at drain voltage, VD = −0.6 V for P@GOPS and P:GOPS show that the drain 

current, ID decreases with gate voltage, VG, due to the injection of cations from the electrolyte 

which compensates the sulfonate counterions leading to a decrease in hole density in the PEDOT. 

This result is consistent with the common operating mechanism of OECTs.48,49 The transfer curve 

also showed that both devices exhibited a similar ON/OFF ratio of ~70 for P@GOPS and ~77 for 

P:GOPS. The figure-of-merit that measures the effective signal amplification of an OECT is the 

transconductance, defined as 𝑔𝑔𝑚𝑚 = 𝜕𝜕𝐼𝐼𝐷𝐷/𝜕𝜕𝜕𝜕𝐺𝐺 .29 Hence, to examine the efficiency of the P@GOPS 

current modulation at a given gate bias, the differential transconductance (gm) was extracted and 

the geometry-normalized transconductance (gm,norm) is reported to ensure a fair comparison 

between devices of different channel geometries.50–52 P@GOPS showed a gm,norm near VG = 0 V of 

24 ± 4 mS μm−1 (n = 6) which exceeded that of P:GOPS (10 ± 1 mS μm−1, n = 6). Note that the 

gm,norm of P@GOPS was also higher than the gm,norm of PEDOT:PSS blended with a very low 

concentration of GOPS (0.05 wt%) previously reported by ElMahmoudy et al.27 To further assess 

the influence of surface functionalization, the product of the charge carrier mobility and volumetric 

capacitance [μC*] of P:GOPS and P@GOPS (Figure 2c) were calculated as it is widely accepted 

as the benchmark for the characterization of organic mixed conductors for OECTs and guides the 

design strategies for channel materials.33 We obtained a [μC*] of 406 ± 39 F cm−1 V−1 s−1 for 

P@GOPS and 124 ± 18 F cm−1 V−1 s−1   for P:GOPS (Figure 2d). The three times higher value of 

μC* suggests that GOPS surface functionalization was superior to GOPS blending for obtaining 

high-performance OECTs. Next, volumetric capacitance (C*) was extracted using electrochemical 

impedance spectroscopy (EIS) to examine the effect of surface functionalization and blending on 

the magnitude of the ionic-electronic coupling per unit volume in PEDOT:PSS.50,53 The 

capacitance (C) was extracted from the EIS data (Figure S4a-d) at the low-frequency region of 

the spectrum (0.1 to 1 Hz), where the applied alternating current amplitude modulation is slow 

enough for the ions to populate the film. As shown in Figure 2e, C scaled linearly with the film 

volume of varying geometries, and the C* was extracted from the slope of the curve, yielding a 

value of 109 ± 5 F cm−3 for P@GOPS which was about three times higher than P:GOPS (30 ± 1 F 

cm−3, Figure 2f). Since the origin of the volumetric capacitance of PEDOT:PSS is linked to the 



9 
 

displacement of holes by cations,53 the capacitance is correlated with the charge carrier 

concentration.54,55 The hole densities can thus be estimated as the amount of charge stored per unit 

volume, at a potential where the volumetric capacitance of PEDOT:PSS is approximately constant, 

in an approach previously used by Salleo and coworkers (Equation S4).54 Using the potential 

difference between the direct current potential from EIS measurements (Edc, 0 V vs. Ag/AgCl) and 

the oxidation onset of PEDOT:PSS (~ −0.9 V vs. Ag/AgCl),28 the estimated hole density of 

P@GOPS (6.1 × 1020 cm-3) was found to be about three times higher than the hole density of 

P:GOPS (1.9 × 1020 cm-3). However, the comparable saturation mobility (µOECT, sat) of P@GOPS 

(2.5 ± 0.9 cm2 V−1 s−1, n = 5) and P:GOPS (3.1 ± 0.4 cm2 V−1 s−1, n = 5) extracted from the slope 

of ID1/2 vs VG plots (Figure S4e and S4f) suggested that hole mobility was not influenced by GOPS 

crosslinking in the PEDOT:PSS thin films. This observation is similar to that of Stavrinidou et 

al.56 who concluded that the hole mobility of PEDOT:PSS is not affected by the presence of GOPS 

in the films; which they determined by directly measuring the transient drift current dominated by 

hole transport at t = 0 s and by analyzing the response of OECTs at constant gate current. Overall, 

we found that the absence of crosslinked GOPS in the bulk of the PEDOT:PSS films in P@GOPS 

OECTs mainly resulted in an increase in the volumetric capacitance (~3x C*) and in the mobility 

capacitance-product (~3x [𝜇𝜇𝐶𝐶∗]).  In the dry state, we also saw a ~3x increase in conductivity, but 

in OECTs the charge carrier mobility remained essentially the same. Since conductivity is the 

product of charge carrier mobility, density and elemental charge (𝜎𝜎 = 𝜇𝜇𝜇𝜇𝜇𝜇), our results suggest 

that the charge carrier density plays the dominant role in explaining differences in conductivity 

and OECT performance between P:GOPS and P@GOPS, similar to what others have observed.32,57 

To determine the origin of the difference between P:GOPS and P@GOPS observed during 

the electronic measurements, we analyzed the chemical composition and morphology of the films. 

The interaction between GOPS and PEDOT:PSS as well as the chemical composition of P:GOPS 

and P@GOPS was determined using  X-ray photoelectron spectroscopy (XPS) measurements. The 

S2p core-level spectra of PEDOT:PSS (Figure 3a and S5a) in the range of 162–172 eV were fitted 

with the Lorentzian-Gaussian function to account for the S2p1/2 and S2p3/2 contributions of each 

S2p peak. The spectral signature of PEDOT (162–167 eV) is represented by S2p doublets with a 

broad asymmetric tail that extends to higher binding energies due to the positive charge of 

PEDOT+ delocalized over several adjacent chains.58 The PSS S2p core level (167–172 eV) showed 

a broader peak as it accounts for the sulfur atoms in neutral PSSH and in charged PSS−.58 The peak 
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deconvolution showed a shift (1 eV) toward high binding energies in the S2p core level of PSS for 

P:GOPS thin films which indicates that there was a significant interaction between GOPS and the 

sulfonate groups of PSS. In contrast, the S2p core level position of PSS in P@GOPS remained 

unchanged compared to the Pr:P thin films. Furthermore, P@GOPS film had a lower PSS:PEDOT 

ratio (~2.2:1) compared to P:GOPS films (~2.9:1). As the films were not immersed in water before 

the measurements, we believe that some excess PSS was removed from P@GOPS during the spin-

coating process due to the absence of GOPS crosslinker in its formulation.59 But, since the devices 

operate in water and were washed by immersion in water before electronic characterization, we 

also performed XPS measurements after immersing the films for 2 h in deionized water (Figure 3a 

and S5b). After washing, we obtained a highly reduced PSS:PEDOT ratio of ~1.5:1 for P@GOPS 

compared to P:GOPS (~2.4:1). Note that the pristine PEDOT:PSS (Clevios PH1000) used in this 

study is known to have a PSS:PEDOT ratio of 2.5:1 and we obtained an experimental value of 

~2.4:1 for Pr-P which supports the accuracy of our measurement. From XPS, we also measured 

the degree of PEDOT oxidation in  P:GOPS and P@GOPS, by quantifying the ratio of PEDOT to 

PSS− counter ions based on their S2p contributions.60,61 We found that the level of oxidation was 

28.5% in P:GOPS and 39.9% in P@GOPS. This result supports our electronic measurements 

indicating that the charge carrier density is higher in P@GOPS than in P:GOPS. To further confirm 

this difference in oxidation level, Raman spectra of P:GOPS and P@GOPS were recorded 

(Figure 3b). The broad band between 1370 and 1490 cm−1 corresponds to the Cα=Cβ symmetric 

stretching of the five-membered thiophene ring on the PEDOT chains.62 In P:GOPS, this band was 

narrower and shifted by 6 cm−1 toward higher wavenumbers compared with Pr-P and P@GOPS. 

This shift is indicative of a transition from a more linear quinoid (oxidized PEDOT+) conformation 

to a more coiled benzoid (neutral PEDOT0) conformation, i.e.,  a decreased concentration of 

PEDOT+ charge carriers.63–65,28,62 This result implies that blending PEDOT:PSS with GOPS 

reduces the oxidation level of PEDOT in agreement with our XPS data and previously published 

results.65 Combined results from XPS and Raman spectroscopy point towards the presence of a 

significant fraction of dedoped PEDOT in P:GOPS which explains the decrease in charge carrier 

concentration and reduced electronic performance in P:GOPS blends compared to P@GOPS. 
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The relative distribution of PEDOT:PSS and GOPS across the depths of the thin films were 

also investigated via depth-profiling studies with a time-of-flight secondary ion mass spectrometry 

(ToF-SIMS). We used the PSS fragment (C8H7SO3−) as the marker for identifying the PEDOT:PSS 

component. Due to the similarities in the secondary ion fragments from GOPS and PEDOT:PSS, 

we used the Si− ion for the identification of GOPS as well as the Si substrate. The depth profile in 

sputter time (Figure S5c) was transformed to a depth scale (Figure 3c) using the sputtering rates 

of each sample calculated from the sputter time and film thickness. ToF-SIMS showed that 

PEDOT:PSS was evenly distributed across the depth of all three films up to the film-Si substrate 

interface of P:GOPS (1 layer ~110 nm), P@GOPS (3 layers ~130 nm) and Pr-P (1 layer ~61 nm) 

where the intensity of PEDOT:PSS (C8H7SO3−) fell while that of Si− rose and later stabilized due 

to continued sputtering into the silicon wafer substrate. The depth profile of P@GOPS showed 

that, in contrast with P:GOPS, the intensity of PEDOT:PSS remained higher than GOPS across 

 
 
Figure 3. Surface and bulk chemical composition of the PEDOT:PSS films. (a) XPS S(2p) 
spectra of P:GOPS (top) and P@GOPS (bottom) before and after washing with deionized 
water. (b) Raman spectra in the PEDOT regio. (c) Depth profiles and 3D view obtained by 
ToF-SIMS of C8H7SO3− (dark blue) and Si− (orange) ions for P:GOPS, P@GOPS, and Pr-P. 
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the depth of the film. It is interesting to note that the layer closest to the silicon wafer (first spin-

coated and showing between (~90 nm and ~130 nm) had a slightly higher intensity of Si−. Then, 

the intensity dropped to similar levels as in Pr-P. This results implies that there may be a slight 

diffusion of GOPS in the layer closest to the interface, but essentially none for subsequent layers. 

Similar to what was observed with the profilometer, these depth profiles also showed that the 

P:GOPS films were significantly thicker than the P@GOPS thin films as it required three layers 

of spin coating to reach a similar thickness of P:GOPS; simply due to the presence of added 

materials (i.e., oligo/polysiloxane chains from crosslinked GOPS) in the P:GOPS film. The results 

from the ToF-SIMS analysis are noteworthy when considering that the formulation of pristine 

PEDOT:PSS (Clevios PH1000) has a solid content of 1.0 to 1.3 wt% in water. Thus, blending 

pristine PEDOT:PSS with 1% v/v GOPS results in a film formulation with an almost equal amount 

of PEDOT:PSS and GOPS (~double the film thickness). In other words, the concentration of 

PEDOT, and by extension the density of possible charge carriers, in P:GOPS blended films is 

approximately half that of Pr-P and P@GOPS. Combined, the XPS, Raman and ToF-SIMS 

experiments point towards a higher concentration of PEDOT in the P@GOPS films than in 

P:GOPS, and a higher density of charge carriers (quinoidal PEDOT+), which explain the larger 

volumetric capacitance and conductivity observed.15,32,33  

We were also interested in seeing whether the GOPS in the P:GOPS films made them more 

hydrophobic by dynamic water contact angle measurements with the sessile drop technique 

(Figure S6). These measurements showed that the film surfaces of P@GOPS and P:GOPS were 

similar in hydrophilicity. P:GOPS had a receding and an advancing contact angle of (19°-33°) ± 

3° (n = 5) while P@GOPS had a receding and an advancing contact angle of (24°-38°) ± 3° (n = 

5). The similar surface energy indicates that the film composition at the surface, by contact angle, 

is similar which suggests that both films have a similar degree of heterogeneity on their surfaces.66 
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  We therefore studied the difference in surface morphology between P:GOPS and 

P@GOPS films by atomic force microscopy (AFM). The height images of the films revealed a 

fiber-like surface roughness with a similar root mean square surface roughness of 1.3 ± 0.1 nm (n 

= 5) for P:GOPS (Figure 4a) and 1.7 ± 0.1 nm (n = 5) for P@GOPS (Figure 4c). The fibril-like 

morphology is consistent with that of PEDOT:PSS mixed with EG as a co-solvent.67,68 In phase 

images, the bright regions are typically associated with PEDOT-rich domains (stiffer) and the 

darker regions to PSS-rich domains (softer).67 The AFM phase image of P:GOPS (Figure 4b) 

showed a poor phase separation in which the hard PEDOT-rich domains (bright area) are mixed 

with the soft PSS-rich domains (dark area) and the image appears dark because of the higher 

PSS:PEDOT ratio in the film microstructure. This observation is in contrast to the AFM phase 

image of P@GOPS (Figure 4d) which showed a clear phase separation between the PEDOT-rich 

domains and the PSS-rich domains which led to the formation of enlarged and interconnected 

PEDOT domains. In addition, the enhanced phase separation between the PEDOT-rich domains 

and the PSS-rich domains in P@GOPS induced a higher phase shift (58o) due to the interaction 

between the AFM tip and the hard PEDOT-rich domains.69–71 In comparison, the poor phase 

separation in P:GOPS led to a low phase shift (16o) which indicates that the interaction was 

 
                             

 
Figure 4. AFM and TUNA images of P:GOPS (top: a-d) and P@GOPS (bottom: e-h). (a and 
e) Height images. (b and f) Phase images. (c and g) Height images in TUNA mode. (d and h) 
Electrical current maps.  
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predominantly between the AFM tip and soft PSS/GOPS-rich domains due to the high 

PSS:PEDOT ratio. These morphological features suggest that the absence of GOPS in the 

microstructure of P@GOPS promoted the removal of insulating PSS chains and enhanced the close 

packing/density of PEDOT domains. The results shown here are consistent with the data obtained 

in the ToF-SIMS analysis and further support the idea that the lower electronic properties of 

P:GOPS are due to the presence of a substantial amount of GOPS in the microstructure of the 

PEDOT:PSS films which promotes the random distribution and isolation of the PEDOT 

nanofibrils leading to a decrease in the volume density of charge carriers.15 The higher electronic 

properties of P@GOPS are attributed to more densely packed PEDOT-rich domains,33,15 and the 

absence of hydrophobic and insulating GOPS chains in the microstructure which would facilitate 

ionic-electronic coupling. This effect was also confirmed by tunneling AFM (TUNA) to measure 

currents through the P:GOPS (Figure 4c and 4d) and P@GOPS films (Figure 4g and 4h) 

deposited on ITO substrates. P@GOPS showed a higher density of conductive particles with peak 

currents of a five orders of magnitude higher amplitude (1.5 µA for P@GOPS versus 1.5x10−5 µA 

for P:GOPS). For comparison, Pr-P (not washed) showed peak currents of 3.7x10−5 µA 

(Figure S7). 

To assess the suitability of P@GOPS films for practical bioelectronic applications, we 

evaluated the long-term performance of OECT devices made with P:GOPS or P@GOPS under 

several stress conditions including long-term storage in water, and repeated cation stress under 

OECT operation and CV. We performed an aging test by immersing the devices in 0.1 M NaCl at 

room temperature for 150 days and measured the transfer characteristics (VD = −0.6 V) during this 

period. The geometry-normalized transconductance, gm,norm, of the devices (Figure 5a) was 

calculated from the transfer curves and showed a 56% reduction in the gm,norm of P@GOPS 

compared to a 76% reduction in the gm,norm  of P:GOPS after 150 days. While the OECT 

performance of both formulations degraded over time, the gm,norm of P@GOPS OECT devices after 

150 days (11 ± 2 mS μm−1, n = 4) in 0.1 M NaCl remained higher than the gm,norm of P:GOPS 

devices at day 1 (10 ± 1 mS μm−1, n = 4). We postulated that the significant reduction in the 

performance of P:GOPS is due to excessive water uptake facilitated by the higher PSS-to-PEDOT 

ratio in the films. This result is consistent with that of Menezes et al. who reported that absorbed 

water molecules can act as plasticizers which can affect the electrochemical properties of hydrated 

PEDOT:PSS.72 The current generated upon successive gate voltage pulses of +0.4 and 0 V (VD = 
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−0.6 V, Δt = 1 s) was also stable for both samples over 1000 on/off cycles (2000 s) (Figures 5c 

and 5d). Lastly, we investigated the electrochemical stability of the devices based on CV in 0.1 M 

NaCl. The CV curves (Figure S8) showed no change in charge storage capacity (CSC) of 

P@GOPS after 10,000 CV cycles (~ 39 h), demonstrating excellent electrochemical stability 

(Figure 5b). Furthermore, P@GOPS films remained intact without any observable interfacial 

failure after 10,000 charging and discharging cycles. P:GOPS films are also stable over the same 

range of electrochemical cycling, however, its CSC of 6 mC cm−2 is only approximately half that 

of P@GOPS (11 mC cm−2). These results emphasize that surface functionalization of substrates is 

sufficient to improve the aqueous stability of PEDOT:PSS films whilst also providing a higher 

electronic performance under several operational conditions.  

 
 
Figure 5. Stability of P@GOPS and P:GOPS films in water and under electrochemical cycling. 
(a) Geometry normalized transconductance as a function of aging time in an aqueous 0.1 M 
NaCl solutions. Error bars represent standard deviation (n = 4). (b) Charge storage capacity 
(CSC) over 10,000 electrochemical cycles. (c) Pulse measurements (VG varied from 0 to 0.4 V, 
with a pulse length = 0.05 s, at VD = − 0.6 V) with over 1000 cycles of continuous operation in 
0.1 M NaCl electrolyte for P:GOPS and (d) P@GOPS. 
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CONCLUSIONS 

 We demonstrated that functionalizing the surface of substrates with (3-

glycidyloxypropyl)trimethoxysilane (GOPS) instead of blending could be used to design high-

performance and water-stable PEDOT:PSS films. The absence of GOPS in the bulk of the surface 

functionalized films led to a lower PSS:PEDOT ratio and enhanced phase separation between 

PEDOT and PSS domains, resulting in a higher charge carrier density. This microstructure in the 

surface-functionalized PEDOT:PSS films resulted in a larger volumetric capacitance (109 ± 5 F 

cm−3) compared to the films made from PEDOT:PSS blended with 1 wt%  GOPS (30 ± 1 F cm−3). 

In addition, OECT devices fabricated with the surface functionalized PEDOT:PSS films showed 

a larger geometry-normalized transconductance (10 ± 1 mS μm−1) and higher benchmark [μC*] 

value of 406 ± 39 F cm−1 V−1 s−1 compared to GOPS-blended PEDOT:PSS. Furthermore, the 

surface-functionalized films exhibited a comparable performance to the blended films when 

subjected to pulsed gate bias stress and long-term electrochemical cycling tests. However, the 

long-term aging test showed that the OECT devices fabricated with the surface functionalized 

PEDOT:PSS films have a better tolerance for storage in water as evidenced by the lower 

degradation (56%) in transconductance compared to 76% degradation recorded in the blended 

films after 150 days. We expect that this study will contribute to a further understanding of the 

fundamental aspects of ionic-electronic coupling and transport in organic mixed conductors. It also 

strengthens the case for the functionalization of substrates with GOPS instead of the conventional 

blending approach to minimize the content of the crosslinker in the bulk of the films, which enables 

water-stable films and high-performance organic mixed ionic-electronic conductors for biological 

interfaces.  

Supporting Information 

Supplementary information is available and includes the origin and purification of the materials 

used in this study, the OECT device fabrication and characterization, CV, EIS, four-point probe, 

and pulse measurement studies, and details on the acquisition of water contact angle, XPS, ToF-

SIMS, Raman, AFM, and TUNA. 
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