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Boosting OECT Performance with PEGylated Gold
Nanoparticles in Hydrophobic Channels

Po Yuen Ho, Oliver Ditzer, Ali Solgi, Haoran Zhang, Ronja Thümmler,
Mahmoud Al-Hussein, Hans Kleemann, Ningwei Sun,* and Franziska S.-C. Lissel*

Organic electrochemical transistors (OECTs) require organic mixed
ion-electron conductors (OMIECs) (i.e., hydrophilic materials supporting
electron and ion transportation) as active materials. However,
high-performance OMIECs grafted with hydrophilic side chains are difficult to
synthesize and purify, and often suffer from swelling during operation. In
contrast, the synthetic pathways toward a broad range of hydrophobic
polymeric semiconductors used in classic organic-field-effect transistors are
well established, and several are even commercially available. Yet, these
hydrophobic materials do not intrinsically support ionic transport, limiting
their application in OECTs. Here, poly(ethyleneglycol) (PEG)-coated gold
nanoparticles (AuNP) are incorporated into conventional hydrophobic
polymeric semiconductors like poly-3-hexylthiophene (P3HT), improving not
only ionic but also electronic transport. The hydrophilic AuNPs modify P3HT
crystallite orientation, shorten lamellar and 𝝅–𝝅 distances, and create
pathways for ion penetration, as evidenced by GIWAXS and AFM studies.
With 5 wt% AuNP loading, OECTs achieve μC* of 98 F cm−1 V−1 s−1,
comparable to hydrophilic materials. The strategy also works for other
polymer systems, offering a facile method to utilize hydrophobic materials in
OECTs and boost their performance.

1. Introduction

Organic electrochemical transistors (OECTs) are promis-
ing candidates for applications such as physiological signal
monitoring[1,2] and neuromorphic computing.[3–7] Unlike
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conventional organic field-effect transis-
tors (OFETs), which rely on the forma-
tion of a conductive channel at the dielec-
tric/semiconductor interface, OECTs allow
for a volumetric doping/dedoping of the
channel by ion penetration. To achieve this,
OECTs rely on organic mixed ion-electron
conductors (OMIECs) as active materials.
OMIECs not only facilitate electron trans-
port but also interact efficiently with elec-
trolytic ions. The OECT figure of merit,
μC*, highlights the critical influence of
two major factors: μ, which governs elec-
tronic transport property, and C*, which
governs ionic interaction capability. This
results in much higher transconductance
compared to OFETs,[8] making OECTs suit-
able for recording weak biological signals.

Poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDOT:PSS) is
an extensively studied OMIEC among
others due to its satisfying OECT per-
formance and commercial availability.
However, PEDOT:PSS operates in de-
pletion mode, necessitating positive gate
voltage to turn off the transistor, which

complicates operation and potentially increases power consump-
tion. To increase power efficiency and long-term stability, con-
siderable effort has been directed toward enabling PEDOT:PSS
to operate in accumulation mode, including the introduction
of dedoping agents.[9,10] Additionally, the development of other
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OMIECs operating in accumulation mode has gained significant
interest. Various synthetic strategies have been explored towards
this end, including the use of ionic side chains to balance charges
during operation and the synthesis of block copolymers combin-
ing semiconducting polymers with polyelectrolytes to improve
ionic mobility within the materials.[11–14]

Among the various synthetic strategies, the most widely used
approach involves attaching polar ethylene glycol (EG) side
chains to monomers commonly used to obtain high-performance
semiconducting polymers (SCPs). The modification with EG side
chains allows good electron transport and at the same time im-
parts hydrophilicity to the polymers, leading to a significantly en-
hanced ionic interaction.

This strategy has been successfully used to develop state-of-
the-art OMIECs (e.g., p(g2T2-g4T2), μC* = 522 F cm−1 V−1

s−1, transconductance (gm) = 6.5 mS).[15] However, the ap-
proach requires complicated synthetic steps and often results in
monomers that are difficult to be purified, ultimately leading to a
low overall yield.[16–18] Also, the EG side chains in the hydrophilic
channel material tend to swell upon contact with the electrolyte,
weakening interaction between crystalline regions, and hinder-
ing efficient electron transport along the channel.[19] Most high-
performance SCPs feature alkylated side chains, rendering them
hydrophobic. While hydrophobicity reduces swelling[20] and may
lead to smaller changes in microstructure, these materials are
generally unsuitable for physiological environment since they
do not interact efficiently with an aqueous medium. Nonethe-
less, considering their established synthetic routes and com-
mercial availability, developing methods to enable the utiliza-
tion of conventional SCPs in OECTs would represent a signif-
icant advancement. To achieve this, different post-modification
methods were explored. For example, Huang et al. demonstrated
that using porous materials (both hydrophobic and hydrophilic)
in OECTs leads to an improved set of parameters including
transconductance, gm, and μC*.[21] However, achieving consis-
tent performance is challenging due to the poor reproducibility of
porosity.

Another approach involves introducing an interlayer, typically
composed of an ionic liquid (e.g., 1-ethyl-3-methylimidazolium-
bis(trifluoromethylsulfonyl)imide, [EMIM][TFSI]) and a gel
matrix (e.g., poly(vinyliden fluoride-co-hexafluorpropylene),
PVDF-HFP)) between the hydrophobic channel and aqueous
electrolyte.[22,23] During operation, ion exchange within this in-
terlayer injects [TFSI] anions into the channel, enabling efficient
volumetric doping and thereby enhancing OECT performance.
However, ionic liquids are highly miscible with polar solvents
such as water. This affects not only the device performance, but
also can lead to a release of potentially harmful substances when
used in physiological environments.

Here, we present a new strategy to enable the utilization of
hydrophobic SCPs in OECTs by incorporating PEGylated gold
nanoparticles (AuNPs) into the polymers. We envision that the in-
corporation of AuNPs can significantly improve μC* by enhanc-
ing both key parameters:

i. Increasing electronic charge carrier mobility: AuNPs
have been shown to enhance charge carrier mobility of
composites,[24,25] making them promising fillers to boost μ;
and

ii. Enabling ionic transport: AuNPs offer remarkable flexibil-
ity for surface modification.[26,27] Looking at the existing
OMIECs, tethering polar poly(ethylene glycol) (PEG) side
chains is so far the most effective and most widely used strat-
egy, as it can greatly enhance a material’s ionic conductiv-
ity. This approach, while synthetically challenging for conju-
gated polymers, is easily implemented for AuNP using, e.g.,
ligand exchange. The AuNPs with PEG shell can then en-
able ionic transport by providing hydrophilic sites in the hy-
drophobic polymer matrix, facilitating efficient ion penetra-
tion into the channel. Also, the particulate filler is expected to
perturb the polymer chain packing, leaving spaces and chan-
nels for ion penetration to further strengthen its ionic inter-
action. Finally, for polymer thin films with thicknesses below
the diameter of the nanoparticles, the AuNPs could be partly
exposed to the electrolyte, leading to hydrophilic spots on the
channel surface, which might act as interlayer, and uniformly
sized and distributed PEG/SCP interfaces could enable effi-
cient ion transportation and enhanced electrolytic ion channel
interaction.

Therefore, in this study, PEGylated AuNP is synthesized
and mixed with commercially available poly(3-hexyl-thiophene)
(P3HT) and poly(2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-
alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene) (PDPP-TT).
Subsequently, OECT devices with films containing different
AuNP weight ratios are fabricated and the critical performance
parameters such as transconductance (gm) and μC* are evaluated.
Electrical impedance spectroscopy (EIS), spectro-electrochemical
(SEC) analysis and grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurement are employed to understand the role
of AuNP in enhancing ionic and electrical performance.

2. Results and Discussion

In our study, we integrated AuNPs with hydrophilic PEG shells as
nanoparticulate fillers into high-performance hydrophobic SCPs
(Figure 1).

Citrate stabilized AuNPs with a size of 45 nm were synthesized
using a step-growth method,[28] followed by a ligand exchange
with thiol-PEG to afford the PEGylated AuNPs. After the ligand
exchange, the AuNPs were transferred to chloroform, which can
be readily used to blend with hydrophobic polymers. Two com-
mercially available SCPs (i.e., P3HT and PDPP-TT) with thor-
oughly studied electrical properties were selected as polymer ma-
trix. Prior to use, the SCPs were purified by Soxhlet extraction
(details on the purification procedure are given the experimen-
tal section). Transmission electron microscopy (TEM) images
(Figure 2a) show a 2 nm PEG shell on the AuNPs. This shell likely
serves as a hydrophilic interfacial layer between the hydropho-
bic SCP and AuNP, enabling the formation of an ion-permeable
interface between P3HT and AuNP as indicated by the reduced
contact angle upon mixing the AuNP (Figure S1 and Table S1,
Supporting Information). Also, from the TEM and AFM images,
we observed that the PEGylated AuNPs are evenly distributed in
the P3HT matrix with no significant aggregation (Figure 2b).

Composite systems with different AuNP weight ratios (0, 5,
10, and 20 wt%) were fabricated to implement our proposed
strategy. To confirm the stability of AuNPs in the P3HT matrix
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Figure 1. Schematic illustration of mixing PEGylated AuNP into high-performance hydrophobic SCPs to boost ionic and electronic transportation in the
channel.

during operation and evaluate their potential as an interlayer
between the channel and the electrolyte, AFM images of pristine
5 wt% AuNP/P3HT film and 5 wt% AuNP/P3HT film after ten
cycles of 4 s potential pulses (2 s at -0.8 V followed by 2 s at 0 V,
vs Ag/AgCl) were compared (Figure 2c,d). Following the cycling
experiments, the sample was soaked in Millipore water for 30

minutes and then thoroughly rinsed with fresh Millipore water.
No loss of AuNPs is detected, indicating a robust embodiment of
the particulate filler into the P3HT channel matrix. For further
clarification, the same procedure was performed on the 50
wt% AuNP/ P3HT (Figure S2, Supporting Information). At the
same time, the presence of a porous structure, which could also

Figure 2. a) A zoomed-in image of a AuNP (diameter ≈ 45 nm, shell thickness ≈ 2 nm) and b) TEM image of drop-casted 5 wt% AuNP/P3HT film. c)
Pristine 5 wt% AuNP/P3HT and d) 5 wt% AuNP/P3HT after 10 gate pulses (amplitude = −0.8 V, frequency = 0.25 Hz, duty cycle = 50%).

Adv. Funct. Mater. 2024, 2412559 2412559 (3 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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contribute to the improvement of OECT performance,[21] is ex-
cluded, confirming that the enhancement in OECT performance
stems from the composites rather than the formation of a porous
structure. The results suggest that the pegylated AuNPs serve as
an interlayer between the SCP channel and the electrolyte.

To optimize the electrical performance and ionic interaction
of the OECT channel, composite films with varying AuNP/P3HT
weight ratios were used as the channel materials. Various elec-
trical characterizations (i.e., transfer and output characteriza-
tions, operational stability) were carried out, and relevant de-
vice and material performance parameters (e.g., transconduc-
tance (gm), μC* and turn-on time) were determined. Transfer
curves of OECT devices using pure P3HT, 5 wt% AuNP in
P3HT (i.e., 5 wt% AuNP/P3HT), 10 wt% AuNP in P3HT (i.e.,
10 wt% AuNP/P3HT) and 20 wt% AuNP in P3HT (i.e., 20 wt%
AuNP/P3HT) were measured within a gate potential range of 0.2
to -0.8 V versus Ag/AgCl. A 0.1 m NaCl(aq) solution was used
as the electrolyte and -0.6 V was applied across the source-drain
channel, so that the channel operates in saturation regime (please
see Figure S3, Supporting Information, for the output curves).
Equation 1 was used to estimate the transconductance gm:[29]

gm = (Wd∕L)𝜇C∗ (Vth − Vg

)
(1)

where W, d, and L are channel width, thickness and length, re-
spectively. μ represents the hole carrier mobility, C* the volumet-
ric capacitance, Vth the threshold voltage, and Vg the gate voltage.

For all composites, the Vth as well as maximum gm values were
obtained from 10 to 16 devices. In case of the 5 wt% AuNP/P3HT
composite, an increase in on-current is observed compared with
OECTs fabricated with pure P3HT (Figure 3a–d), while only a
slight decrease in Vth was noted (Figure S4, Supporting Infor-
mation). This indicates that the influence of the AuNP filler on
the HOMO energy level of P3HT is negligible.[10] Additionally,
a significant increase in both transconductance and on-off ratio
of 5 wt% AuNP/P3HT OECTs compared to pure P3HT was ob-
served (i.e., from 0.3 mS for pure P3HT to >0.7 mS for 5 wt%
AuNP/P3HT). For a better comparison, the gm values are normal-
ized by the channel volume (i.e., gm,n). As illustrated in Figure S5
(Supporting Information), the gm,n peaks for 5 wt% AuNP/P3HT
OECT, demonstrating a 2 to 3-fold increase compared to that of
pure P3HT OECT (from 7 to 17 S cm−1). This indicates a sig-
nificant enhancement in the ion/electron transport properties of
the 5 wt% composite thin film. Meanwhile, increasing the AuNP
weight ratios further to 10 wt% and 20 wt% does not improve
transconductance (8.5 and 5 S cm−1, respectively).

μC* values were extracted from the slopes of gm versus
Wd/L(Vth - Vg) plots (Figure 3e). μC* increased from 38 F cm−1

V−1 s−1 (pure P3HT) to 98 F cm−1 V−1 s−1 (5 wt% AuNP/P3HT),
followed by a slight decrease to 74 F cm−1 V−1 s−1 (both 10 wt%
and 20 wt% AuNP/P3HT). To determine whether this increase
of μC* in the presence of 5 wt% AuNP can be attributed to
an increase of charge carrier mobility (μ) or volumetric capaci-
tance (C*), electrochemical impedance spectroscopy (EIS) mea-
surements were performed. This technique allows to elucidate
the change of the ionic interaction of P3HT upon mixing AuNP.
The capacitance evaluation was done by fitting Randles circuit in
impedance measurements (Figures S6 and S7, Supporting In-
formation). As shown in Figure 3f, the C* values experienced

an increase from 74.59 F cm−3 for pure P3HT to 87.20 F cm−3

for 5 wt% AuNP/P3HT (the thickness of channel is estimated by
AFM measurements as shown in Table S2, Supporting Informa-
tion). Further increasing the AuNP weight ratio in the compos-
ite films resulted in higher C* values compared to pure P3HT
film (i.e., 92.17 F cm−3 and 87.58 F cm−3 for 10 wt% and 20 wt%
AuNP/P3HT films, respectively), indicating that the AuNP filler
indeed contributes to the ionic interaction between the chan-
nel material and electrolyte, allowing for the generation of more
charges in the composite thin films compared to pure P3HT.

The hole charge carrier mobilities were calculated using the
Bernards and Malliaras model for steady-state OECT behavior[30]

(as shown in Table 1 and Equation S1, Supporting Informa-
tion), and all the values are of the same order of magnitude as
the non-thermally annealed P3HT.[31] Overall, a significant in-
crease in hole charge carrier mobility was observed for the 5 wt%
AuNP/P3HT composite OECT (i.e., 9.69 × 10−3 vs 5.35 × 10−3

cm2 V−1 s−1 for pure P3HT OECT), demonstrating the role of
AuNP in enhancing both the channel/ion interaction and the
electron transport in the channel. With higher AuNP loadings
(i.e., 10 wt% and 20 wt%), a decrease in mobility was observed.
Although shrinkage of both lamellae and 𝜋–𝜋 distances in P3HT
domain was still observed in 10 wt% and 20 wt% AuNP/P3HT
thin films (as shown later in the GIWAXS measurements sec-
tion), which is beneficial to electronic transport,[32] the larger
amount of AuNP in these thin films could presumably increase
the probability of charge trapping,[33] leading to the observed de-
crease in mobility values.

The operational stability of OECTs with different composites
was investigated. Devices were switched between their on-state
(Vg = -0.8 V) and off-state (Vg = 0.2 V) for 22 s each, and the
change in Id over 40 cycles was recorded. Figure 4a shows that a
pure P3HT channel required around 30 cycles until the on-state
Id reaches a plateau. In contrast, the 5 wt% AuNP/P3HT chan-
nel exhibited consistent on/off switching throughout all 40 cycles
(Figure 4b), indicating more efficient ion transport in the 5 wt%
AuNP/P3HT channel compared to the pure P3HT channel. This
enhanced performance is likely due to the hydrophilic PEG inter-
layer provided by the AuNPs, enabling faster and more complete
doping. In pure P3HT, ion penetration through the hydropho-
bic channel may be slower, necessitating more cycles to reach a
similar level of doping. OECT devices with 10 wt% and 20 wt%
AuNP/P3HT composite channels were also studied (Figure S8,
Supporting Information), with both showing more stable cyclic
performance than the pure P3HT device, highlighting the im-
proved operational stability achieved by incorporating AuNPs. By
fitting the data to an exponential decay function, the turn-on time
(𝜏on) and the turn-off time (𝜏off) for both P3HT and composite
devices were extracted (Figure S9, Supporting Information). The
composite OECT devices exhibited significantly shorter 𝜏on and
𝜏off values (4.5−5.6 s and 1.1−1.8 s, respectively) compared to the
pure P3HT device (15.5 and 2.3 s, respectively), further demon-
strating the ability of AuNPs to enhance ion transport in the chan-
nel.

To evaluate the broader applicability of our strategy to other
polymer systems, OECT devices with pure PDPP-TT and 2 wt%
AuNP/PDPP-TT channels were fabricated, and gm,n and μC*
were measured. The incorporation of AuNP resulted in a sig-
nificant increase in gm,n from 9.09 to 22.68 S cm−1 (Figure S10,

Adv. Funct. Mater. 2024, 2412559 2412559 (4 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202412559 by T
echnische U

niversität H
am

burg U
niversitätsbibliothek, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. a–d) Transfer characteristic of different composites (solid lines = drain current (Id), dotted lines = gm. Condition: 0.1 m NaCl electrolyte, scan
rate = 0.24 V s−1). e) gm versus W dL−1(Vth - Vg) plot of different composite films for the extraction of material parameter μC*. f) volumetric capacitance,
C*, of different composite films.

Table 1. OECT parameters of different AuNP/P3HT composites.

AuNP weight
ratio [wt%]

On-off ratio Vth [V] 𝜏on [s] 𝜏off [s] gm,n [S cm−1] C* [F cm−3] μC* [F cm−1 V−1 s−1] μ [× 10−3 cm2

V−1 s−1]

0 800 −0.62 15.46 ± 0.81 2.31 ± 0.07 6.97 74.59 37.57 ± 10.87 5.35 ± 1.95

5 1600 −0.61 4.50 ± 0.11 1.81 ± 0.07 17.15 87.20 97.55 ± 10.21 9.69 ± 2.02

10 1100 −0.62 5.56 ± 0.25 1.35 ± 0.09 8.27 92.17 74.02 ± 8.55 4.80 ± 1.04

20 1400 −0.62 4.49 ± 0.17 1.13 ± 0.06 4.81 87.58 74.07 ± 9.04 3.12 ± 1.69

Adv. Funct. Mater. 2024, 2412559 2412559 (5 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Operational stability characterization of OECTs with a) pure P3HT and b) 5 wt% AuNP/P3HT channels. The devices are switched on with Vg
= -0.8 V (duration = 22 s) and switched off with Vg = 0.2 V (22 s) (condition: 0.1 m NaCl as electrolyte).

Supporting Information), demonstrating that the composite for-
mation approach can be effectively extended to different SCPs.
Additionally, the μC* values increase from 42.90 F cm−1 V−1 s−1

(pure PDPP-TT) to 173.81 F cm−1 V−1 s−1 (2 wt% AuNP/PDPP-
TT) (Figure S11, Supporting Information).

To understand the influence of AuNPs on the electrochemical
doping of P3HT during operation, spectro-electrochemical (SEC)
analysis of pure P3HT and 5 wt% AuNP/P3HT thin films was
carried out. The UV-vis absorption spectra of the composite thin
films with different AuNP/P3HT weight ratios were recorded.
No significant changes in absorption pattern and intensity were
observed from pure P3HT to 10 wt% AuNP/P3HT thin films
(Figure S12, Supporting Information). However, when a gate po-
tential was applied to pure P3HT and the 5 wt% AuNP/P3HT film
in the presence of a 0.1 m NaCl electrolyte solution, a significant
difference was observed (Figure 5): For pure P3HT, the absorp-
tion intensity at 520 nm (i.e., 𝜋–𝜋*) decreased from 1 to 0.7 upon
application of 0.8 V versus Ag/AgCl to the ITO working elec-
trode. Concurrently, the absorption intensity at approximately

800 nm (i.e., polaron absorption) increased from 0.15 to 0.36.
These changes indicate the occurrence of P3HT oxidation.[34,35]

When the same potential is applied to the 5 wt% AuNP/P3HT
film on an ITO electrode, the 𝜋–𝜋* absorption intensity decreases
from 1 to 0.55, while the polaron absorption intensity increases
from 0.05 to 0.41. At 0.8 V, the absorbance ratio of the 𝜋–𝜋*
transition to polaron absorption in the 5 wt% AuNP/P3HT film
(0.55 and 0.41, respectively) is significantly smaller than that of
the pure P3HT film (0.7 and 0.36, respectively). The significantly
higher proportion of polarons generated in the composite thin
film under gate potential suggests that the P3HT domain in the
presence of 5 wt% AuNP undergoes more thorough oxidation
compared to pure P3HT under identical bias conditions. This ob-
servation supports the conclusion that AuNPs enhance the effi-
ciency of volumetric doping in P3HT, consistent with the previ-
ously noted increase in C* values and faster response speed for
the composite thin films.

While an enhancement of ionic performance in all composite
OECTs is demonstrated by electrical impedance measurements,

Figure 5. Spectro-electrochemical analysis of a) pure P3HT and b) 5 wt% AuNP/P3HT thin films. Condition: working electrode = ITO; counter electrode
= platinum wire; reference electrode = Ag/AgCl pallet; electrolyte = 0.1 m NaCl(aq).

Adv. Funct. Mater. 2024, 2412559 2412559 (6 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. GIWAXS reflection patterns of a) pure P3HT, b) 5 wt% AuNP/P3HT, c) 10 wt% AuNP/P3HT and d) 20 wt% AuNP/P3HT.

response time characterizations, and SEC analysis, the reason for
the enhanced electrical performance of the composite thin films
remains ambiguous. Therefore, grazing-incidence wide-angle X-
ray scattering (GIWAXS) measurements were performed. The
2D GIWAXS patterns of pure P3HT, 5 wt% AuNP/P3HT, 10 wt%
AuNP/P3HT and 20 wt% AuNP/P3HT are shown in Figure 6. For
pure P3HT, 10 wt% AuNP/P3HT and 20 wt% AuNP/P3HT thin
films, the (100) and (200) lamellar stacking reflections of P3HT
crystallites could be seen in both in-plane and out-of-plane direc-
tions relative to the substrate, while the (010) 𝜋–𝜋 stacking re-
flection appeared mainly in the out-of-plane direction. This indi-
cates that the P3HT crystallites in these samples predominantly
adopt a face-on orientation. To assess the orientation of the P3HT
lamellae relative to the substrate, tube cut of the (010) reflection
with an azimuthal range 𝜒 (0° to -90°) were extracted from the
2D GIWAXS patterns of all films, as shown in Figure S13 (Sup-
porting Information). The (010) 𝜋–𝜋 stacking reflection of the 5
wt% AuNP/P3HT thin film appeared more isotropic, indicating
a more random orientation of the P3HT crystallites in this sam-
ple. This less preferential orientation of P3HT crystallites likely
enhances ion interactions within the channel material,[36] which
may account for the highest C* value observed in the 5 wt%
AuNP/P3HT thin film among all composite films. Additionally,
the (111) reflection was detected at AuNP contents above 10 wt%
(Figure S14, Supporting Information). To further elucidate the
distribution of AuNPs within the P3HT matrix, we performed
AFM measurements. As shown in Figure S15 (Supporting Infor-
mation), the 5 wt% AuNP/P3HT thin film exhibited a minimal
amount of AuNP islands, whereas more pronounced island for-
mation was observed at 10 wt% and 20 wt% AuNP loadings. This
might explain the small decrease in C* values from 10 wt% to 20
wt% AuNP/P3HT composite films as the reduced AuNP/P3HT
interfacial area diminishes ion transport efficiency. Moreover, all
AuNP composite films exhibited smaller 𝜋–𝜋 (3.77 to 3.79 Å) and
lamellar (16.61 to 16.69 Å) distances compared to the pure P3HT

thin film (3.88 Å and 17.26 Å respectively). Therefore, at the opti-
mal AuNP ratio (5 wt%), this could contribute to the increase in
hole carrier mobility[37] and thus the μC* values in all compos-
ite films at different AuNP ratios. While the exact mechanism
behind the reduction in 𝜋–𝜋 stacking and lamellar distances re-
mains unclear, we hypothesize that this crystallite contraction
may be driven by interfacial stress. This stress could arise at the
interface between the hydrophilic AuNPs and the hydrophobic
P3HT domains, likely due to differences in surface tension, as in-
dicated by our contact angle measurements.[38,39] This interfacial
stress might play a key role in altering the structural arrangement
within the composite film.

3. Conclusion

This study demonstrates integrating gold nanoparticles (AuNPs)
with semiconducting polymers (SCPs) as a simple and effec-
tive strategy to enhance both the ionic and electrical properties
of hydrophobic channels in organic electrochemical transistors
(OECTs). The incorporation of AuNPs in both P3HT and PDPP-
TT channels results in significant OECT performance improve-
ments. Comprehensive characterizations of the AuNP/P3HT
composites—including contact angle measurements, GIWAXS,
electrical impedance spectroscopy, response time analyses, and
SEC evaluations—demonstrate that the incorporated AuNPs not
only provide hydrophilicity to the composite channels, but also
modify the thin film morphology based on their concentration,
allowing for more efficient ion transport and more thorough dop-
ing of P3HT domain. In all composite films, the incorporation
of AuNPs also causes a contraction of the P3HT crystalline do-
mains. At the optimal AuNP/P3HT ratio (5 wt%), the film ex-
hibits the shortest 𝜋–𝜋 stacking and lamellar distances, which
contributes to improved hole mobility. These combined effects
result in a substantial enhancement in transconductance and
μC*, leading to significantly improved device performance.
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Consequently, this work expands the range of accessible semi-
conducting materials for OECT applications without necessitat-
ing complex synthetic modifications, simplifying the search for
new OECT materials. Ongoing research in our lab aims to fur-
ther functionalize AuNPs to optimize ion and electron transport
in OECTs.

4. Experimental Section
Materials: Regioregular P3HT was purchased from Sigma Aldrich and

used after Soxhlet purification with methanol, acetone, and extraction with
chloroform, followed by. All other chemicals and solvents were used with-
out further purification after purchase unless stated otherwise.[6]

Synthesis: PEGylated-AuNP citrate stabilized AuNPs were first synthe-
sized by a step-growth method. Before the start of the synthesis, all glass-
ware and stir bars were cleaned with aqua regia and rinsed three times
with Millipore water. The procedure began with the preparation of seeds.
First, 150 mL of 2.2 × 10−3 m sodium citrate solution was heated to boiling
(100 °C) in a 1 L conical flask under stirring. 1 mL of 25 × 10−3 m HAuCl4
was quickly added. After 10 min, the solution changed to a pink color, in-
dicating seed formation. The solution was cooled to 90 °C, and 1 mL of
25 × 10−3 m HAuCl4 was added. After stirring for 30 min at 90 °C, another
1 mL of 25 × 10−3 m HAuCl4 was added and stirred for 30 min. 82.8 mL
of Millipore water and 3.12 mL of 60 × 10−3 m sodium citrate solution
were added to the flask. The temperature was maintained at 90 °C, and
1.56 mL of 25 × 10−3 m HAuCl4 was added and stirred for 30 min. Then,
another 1.56 mL of the HAuCl4 solution was added and stirred at 90 °C
for 30 min. For Step 3, 130.9 mL of Millipore water and 4.94 mL of 60 ×
10−3 m sodium citrate solution were added, and the solution was kept
at 90 °C. Then, 2.47 mL of 25 × 10−3 m HAuCl4 was added and stirred
for 30 min, and this operation was repeated once. In Step 4, 207 mL of
Millipore water and 7.8 mL of 60 × 10−3 m sodium citrate solution were
added to the flask, and the solution was maintained at 90 °C, followed by
the addition of 3.9 mL of 25 × 10−3 m HAuCl4. After stirring for 30 min,
another 3.9 mL of 25 × 10−3 m HAuCl4 was added, and the solution was
stirred for an additional 30 min. Finally, in Step 5, 327.4 mL of Millipore
water and 12.36 mL of 60 × 10−3 m sodium citrate solution were added.
The solution was kept at 90 °C, and 6.18 mL of 25 × 10−3 m HAuCl4 was
added and stirred for 30 min. Another 6.18 mL of 25 × 10−3 m HAuCl4
was then added, and the solution was stirred for another 30 min, result-
ing in a final volume of 957.53 mL and around 50 nm gold nanoparticles.
After obtaining the desired size of citrate-AuNPs, a ligand exchange was
carried out by using thiol-PEG (6 kDa). 1 mL of chloroform with 10 mg
mL−1 thiol-PEG was added to 10 mL of aqueous AuNP solution (2.0 mg
mL−1 Au), followed by vented for 2 min. After adding 5 mL of methanol
and another 1 mL chloroform, the mixture was shaken and vented again
for 2 min. Subsequent shaking overnight secured the complete ligand ex-
change. Then the PEGylated-AuNPs in chloroform phase were purified by
three centrifugation–redispersion cycles (500 rcf for 1 h, redispersion in
chloroform).

Atomic Force Microscopy: Polymer solutions with different weight ra-
tios of AuNP were spin-coated on hexamethyldisilizane (HMDS)-treated
silicon substrates at 2000 rpm for 120 s. The substrates were treated by
air-plasma, followed by immediate transfer into a petri dish with 200 μL
of HMDS. After 15 min, the substrates were heated at 100 °C for an-
other 15 min. The surface morphology of the films was examined using
ScanAsyst mode on a Bruker FastScan AFM equipped with a ScanAsyst
Air Probe. Nanoscope analysis 2.0 software was used for analysis. To de-
termine the thickness of the films, areas of the samples were removed by
scratching, and the step height of the scratches was measured at three
different locations on the film and averaged

OECT Fabrication: Quartz-coated glass substrates were sonicated in
acetone and isopropanol for 10 min each. After that, source-drain elec-
trodes (i.e., Ti = 5 nm, Au = 30 nm) were defined by E-beam evaporation
through a shadow mask. Photolithography was performed with the use of

SU-8 2002 so that only the contact pads of the source/drain electrodes
and a defined area at the channel were exposed. The photolithography
procedure and parameters are adopted from the data sheet provided by
the company. Finally, 50 μL of 5 mg mL− composite solutions were spin-
coated on the patterned substrates at 2000 rpm for 120 s and the devices
were physically separated from each other by scratching.

OECT Characterization: Transfer, output and operational stability
characterizations were evaluated under ambient condition on a probe sta-
tion (MPI) connected to a Keithley 2612b SMU (Keithley Instruments,
USA). An Ag/AgCl pallet with silver wire (Science Products GmbH) was
used as the gate electrode. 0.1 m NaCl(aq) was used as the supporting
electrolyte. The SMU was controlled by the SweepMe! software (sweep-
me.net). For all transfer measurements, the source–drain voltage was
maintained at −0.6 V and each gate voltage step was set to 0.01 V with
a software delay time of 0.1 s. The range of gate voltage applied was be-
tween 0.2 and −0.8 V for the P3HT-based composite OECTs and between
0.1 and−1 V for the PDPP-TT-based composite OECTs. For all output mea-
surements, drain voltage step was set to 0.002 V with a software delay time
of 0.1 s. The range of applied drain voltage was between 0.5 and −0.5 V
while the gate voltage was constant. For all operational stability measure-
ments, Vg was alternating between -0.8 V and 0.2 (22 s each) in order to
achieve on and off states, respectively. A constant Vd (i.e., -0.4 V) was ap-
plied to the channel.

Electrical Impedance Measurement: Impedance measurements were
conducted using a Metrohm Autolab PGSTAT302N (Filderstadt, Germany)
in the potentiostatic mode. The measurements were performed with an
RMS amplitude of 25 mV and DC offset of 0.8 V. The scan range for the
measurements spanned from 105 to 10−1 Hz.

SEC Analysis: ITO-coated glass substrates were cleaned by sonicating
in acetone and isopropanol for 10 min each. After that, the 5 mg mL−1

pure P3HT and 5 wt% AuNP/P3HT solutions were diluted 50 times and
drop-casted onto the ITO substrates. The as-cast films were dried under
vacuum for 1 h. 0.1 m NaCl(aq) solution was used as the supporting elec-
trolyte. The SEC characterization was carried out with Metrohm Autolab
PGSTAT204. The working electrode was connected to the ITO substrates
with polymer thin film. The counter was connected to a platinum wire. The
reference electrode was connected to a Ag/AgCl pallet via silver wire. UV–
vis–NIR spectra of the devices after the application of different potentials
were recorded on Cary 7000.

GIWAXS Measurement: Silicon substrates were sonicated in acetone
and isopropanol for 10 min each. After that, the substrates were treated
with plasma, followed by immediate transfer into a petri dish with 200 μL
of HMDS. After 15 min, the substrates were heated at around 100 °C
for another 15 min. 50 μL of 5 mg mL−1 P3HT, 5 wt% AuNP/P3HT,
10 wt% AuNP/P3HT and 20 wt% thin films were prepared by spin-
coating at 2000 rpm for 120 s. The as-cast thin film samples were used
for the measurements without thermal annealing. GIWAXS experiments
were performed using GANESHA 300XL+ system (SAXSLAB ApS, Lyn-
gby/Denmark). The instrument is equipped with a Pilatus 300K detector,
Cu X-ray source operated at 50 kV/0.6 mA (𝜆 = 1.5408 Å), and a three-slit
collimation system. An incident angle of 0.2° and a sample-to-detector dis-
tance of 102.2 mm were used. The data were analyzed using GIXSGUI pro-
gram. The radially integrated line profiles of the GIWAXS patterns were fit-
ted using individual Gaussian functions. The lamellar spacing and coher-
ence length were then calculated from the (100) peak position, q100, and
full width at half maximum, ∆q100, according to the following equations:
2𝜋/(q100) and 2𝜋/(∆q100), respectively. For in-plane and out-of-plane line
cuts, the intensity was averaged over an azimuthal range of 0°−17°, and
71°−88°, respectively.

Contact Angle Measurement: The thin film samples were spin-coated
on HMDS-treated quartz-coated glass substrates with the aforementioned
spin-coating parameters. Contact angle measurement was performed on
an OCA 40 Micro Automatic Contact Angle Meter and analyzed with SCA
20 (DataPhysics Instruments GmbH, Filderstadt, Germany). The device
was equipped with a 7-fold zoom lens with integrated fine focus (± 4 mm),
a microscopic lens (20-fold with 7.5 to 55 magnifications; field of view with
1/2 in. standard camera 0.85 × 0.64 to 0.116 × 0.087 mm) and an image
processing system (CCD camera with a resolution of 768 × 576 pixels,
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frame grabber compatible with Euronorm CCIR, 60 images per second).
Every 13th frame was used for analysis. Milli-Q grade water was used. Dy-
namic contact angle measurements were performed by first predispens-
ing a volume of 5 μL of water droplet, followed by dispensing another 5 μL
(0.25 μL s−1) and withdrawing 5 μL (0.25 μL s−1). Frames used for calcula-
tions were selected according to the droplet movement periods. Advanc-
ing and receding contact angle were calculated using averages ranges of
leaning tangents.
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Supporting Information is available from the Wiley Online Library or from
the author.
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