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ABSTRACT

The rise of wearable and implantable bioelectronics necessitates stretchable electronic devices and systems to seamlessly integrate with soft
biological environments. Stretchable organic electrochemical transistors (OECTs), based on conducting polymer poly(3,4-
ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS), have emerged as a promising candidate because of their combined
high stability and high transconductance. However, a stretchable, enhancement-mode PEDOT:PSS OECT (SE-OECT) is still missing, limiting
the development of complementary and low-power integration systems. In this Letter, we report SE-OECTs. The devices showed typical
enhancement-mode transistor behaviors with standby power as low as 0.1 yW while maintaining stable performance after 1000 cyclic tests

within 50% strain.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0230947

The rise of wearable and implantable bioelectronics calls for
mechanically soft electronic devices and systems to blur the interface
between rigid electronics and soft biological environments." * In recent
years, organic electrochemical transistors (OECTs) have been
heavily researched due to their ability to obtain high sensitivity at low
power.” ” Despite many channel materials that have been proposed,
conducting polymer poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS) remains the first choice for
OECTs, due to its commercial availability, solution processability, water
stability, and wider conductivity range compared to the competing
materials.'” "* Making PEDOT:PSS OECTs mechanically stretchable
can facilitate their deployment at soft bioelectronic interfaces and pro-
mote the development of emerging soft neuro-electronics.'” '*
However, traditional stretchable PEDOT:PSS OECTSs only work in
depletion-mode, limiting the development of complementary wearable
or integration systems. Stretchable devices capable of working in
enhancement-mode can increase energy efficiency by reducing standby
power.'”” In addition, enhancement-mode devices can significantly
decrease the bus current, which is favorable for developing stretchable
bio-integrated circuits and systems. Recently, it has been proved that
amine-rich polymers can serve as dedopants for PEDOT:PSS by reduc-
ing PEDOT" to its neutral state, offering a possible route to develop
enhancement-mode OECTs [Fig. 1(a)].*"** Nevertheless, stretchable
enhancement-mode PEDOT:PSS devices have not been demonstrated
so far, necessitating further study on material mechanics after dedoping
and exploring more fabrication methods for stretchable devices.”” **

In this Letter, we report stretchable, enhancement-mode PEDOT:
PSS OECTs (SE-OECTs) [Figs. 1(b) and 1(c)]. The device is assembled
by developing (i) a facile solution-processable approach allowing effi-
cient dedoping of stretchable PEDOT:PSS thin films on elastomers
and (ii) a two-step annealing process to immobilize the dedopants
within the channel without affecting their functionality and stability.
The resulting devices could be stretched between 0% and 50% strain
and remain functional within 1000 cycles of the stability test.

For the fabrication of SE-OECTS, we started by investigating the
efficacy of dedopants for stretchable PEDOT:PSS thin films. To do so,
two widely used water-processable dedopants were used: N-(2-amino-
ethyl)-1,2-ethanediamine (DEMTA) and branched poly(ethylenei-
mine) (PEI). DEMTA (optimized at 30 v/v. %) was mixed with
PEDOT:PSS suspension in an ice bath to avoid gelation. Diluted PEI
solution in de-ionized water (optimized at 10 v/v. %) was cast on pre-
prepared PEDOT:PSS thin films. Annealing of the films (120°C,
20 min) was conducted in a nitrogen atmosphere to avoid oxidation of
DEMTA and PEI by ambient oxygen.”’

The dedoping efficiency of DEMTA and PEI for stretchable
PEDOT:PSS films prepared on thermoplastic polyurethane (TPU)
elastomer is compared in Fig. 2(a). Despite the concentration of PEI
being less than that of DEMTA (10 v/v. % vs 30 v/v. %), the conductiv-
ity of the resulting film is two orders of magnitude lower, indicating
its higher dedoping efficiency. This can be explained because PEI con-
tains a higher density of electron-rich amine/imine sites on each
molecule.
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FIG. 1. Stretchable, enhancement-mode PEDOT:PSS OECTs (SE-OECTs). (a) Structure of SE-OECTs (left). Dedoping process of PEDOT:PSS (right). (b) Schematic of SE-
OECTs. (c) Representative transfer curves of depletion-mode OECTs (pristine PEDOT:PSS) and enhancement-mode OECTs (dedoped PEDOT:PSS).

Additionally, PEI-dedoped stretchable PEDOT:PSS thin films
also showed better aqueous stability than DEMTA-dedoped ones
[Fig. 2(b)]. We attribute this to the difference in molecular size
between DEMTA and PEL The smaller DEMTA molecules, compared
to the long-chain PEI polymers, tend to leak easily from the porous
and stretchable PEDOT:PSS channel into water [Fig. 2(c)].

Despite PEI showing superior dedoping efficiency and better
aqueous stability, prolonged water immersion (up to 180h) can still
cause a two-order-of-magnitude decrease in resistance (10* to 10 k),
limiting the practicability to assemble a stretchable device. This issue
can be solved by using a crosslinker, such as (3-glycidyloxypropyl) tri-
methoxysilane (GOPS), to bond PEDOT:PSS and PEI. However,
directly mixing PEI and GOPS can result in a loss of functionality for
both during annealing process because the amine groups on PEI react
with epoxy groups on GOPS.

We solved the above dilemma by developing a two-step annealing
method (soft-hard annealing) [Figs. 3(a) and 3(b)]. In the first step,
only GOPS (optimized at 2 v/v. %) was mixed with the PEDOT:PSS
solution. A soft annealing process (80 °C, 5 min) was performed to, on
the one hand, dry the PEDOT:PSS and partially crosslink it through
GOPS and, on the other hand, allow a portion of GOPS to remain
reactive. In the second step, PEI (10 v/v. %) was coated on the film, fol-
lowed by a hard annealing process (120 °C, 20 min). During the hard
annealing process, the remaining reactive GOPS molecules crosslink
PEDOT:PSS and PEI, preventing mobilization of the latter, thus

improving aqueous stability. The efficacy of this method is illustrated
in Fig. 3(c). The hard-hard annealing process refers to a two-step
annealing with both steps performed at high temperatures (120°C,
5min; 120°C, 20 min). Stretchable films prepared with the soft-hard
annealing method remained highly dedoped (10° kQ) and showed
improved stability after water immersion for 180 h.

Having addressed the stability issues, we then investigated the
stretchability of the dedoped film. We found that the dedopant PEI
can simultaneously increase the film’s stretchability. As shown in Figs.
4(a) and 4(b), PEI-dedoped films lost only 35% of the initial current
under 50% strain, while the reference film lost 70%. The increased
stretchability could benefit in the following ways: (i) PEI itself, in addi-
tion to being a dedopant, can serve as a plasticizer in the PEDOT:PSS
film; and (ii) electron-rich PEI could weaken the ionic interaction
between PEDOT™" and PSS, promoting the release and elongation of
PEDOT" and PSS~ chains. Atomic force microscope (AFM) analysis
[Fig. 4(c)] confirmed our hypothesis, in which the dedoped PEDOT:
PSS film contains more nanofibrous structures (beneficial for stretch-
ability) compared to the pristine PEDOT:PSS film.”’

The SE-OECTs were then fabricated using inkjet printing and
soft-hard annealing method. Stretchable, doped PEDOT:PSS thin
films (high conductivity) were used as electrodes (source, drain, and
gate). Then, PEI was inkjet-printed on the defined channel area (chan-
nel width W = 2000 pim, length L = 200 pm, thickness d =80 nm). An
ion-gel was used as the stretchable electrolyte to bridge the channel
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FIG. 2. Comparison of aqueous stability of the dedoped PEDOT:PSS films on elastomers. (a) |-V curves of pristine PEDOT:PSS, PEDOT:PSS/DEMTA, and PEDOT:PSS/PEI.
(b) Comparison of aqueous stability of PEDOT:PSS/DEMTA and PEDOT:PSS/PEI thin films (1500 rpm x 60 s). (c) lllustration of leaking tendency of PEDOT:PSS/DEMTA and

PEDOT:PSS/PEI channels.

and the gate [Fig. 1(b)]. The resulting stretchable SE-OECTs showed
typical transistor behaviors working in enhancement-mode and
remained functional under a strain range of 0%-50% [Figs. 5(a) and
5(b)]. As shown in the transfer curves (V4s= —0.6 V), a low Iy, value
of 0.1 A was recorded at V=0V, which increased to 67 uA at
Vgs= —1.5V. The transfer curves were reversible and repeatable when
Vs Was swept between 0.8 and —1.5 V. In all conditions, the gate cur-
rent Iz was below 0.1 pA. The maximum transconductance (gmay)
under 0 and 50% strain was 0.15 and 0.12 mS, respectively. Threshold
voltages (Vy,) of the devices were calculated to be —0.18 V (0% strain)
and —0.15V (50% strain) [Fig. 5(c)]. Hole mobilities (1,) were calcu-
lated to be 0.55cm?V's™! (0% strain) and 0.40cm?V ‘s~ (50%
strain) [Fig. 5(c)]. Both values were extracted from the following
formula:

wd

8m = TMC*(Vth - Vgs)7 (1)

where 1 is the hole mobility and C" is the volumetric capacitance.

To gain insight into the electrochemical and electromechanical sta-
bility of the SE-OECTS, we performed transient response [Fig. 5(d)] and
cyclic stability tests [Fig. 5(¢)]. Stable responses were recorded for 1000
cycles between 0% and 50% strain. Because of the low operation voltage
and the relatively small Iy, the SE-OECTs operated at low power

[Fig. 5(f)]. The on-state power consumptions (P) were calculated at a low
value of 39 uW (0% strain) and 36 uW (50% strain) (Vgi=—15V,
Vas= —0.6 V), which were extracted from the following formula:

P = Vg X Ljg + Vs X I 2)

Accordingly, the standby power is as low as 0.06 uW (0% strain) and
0.1 uW (50% strain) compared to 25uW of stretchable depletion-
mode PEDOT:PSS OECT (SD-OECT) (Vg=0V, Va=—06V),
thanks to the relatively small standby Iy (~0.1 A) when a Vg is not
applied.

In conclusion, we report stretchable, enhancement-mode
PEDOT:PSS OECTs. A specific PEDOT:PSS formulation was identi-
fied to simultaneously achieve high dedoping efficiency, long-term
aqueous stability, and interface stability. In particular, a soft-hard
annealing method was developed to prevent leaking of the dedopant
for enhanced device robustness. The SE-OECTs showed typical
enhancement-mode transistor behaviors with standby power as low as
0.1 #W. The device showed stable performance after 1000 cyclic tests
within 50% strain, thanks to the improved stretchability of the
dedoped channel and the robustness of the interfaces. The SE-OECTs
enrich the device toolbox for developing low-power and soft organic
biosensing and bioelectronic systems.
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See the supplementary material for details on the preparation of
PEDOT:PSS and PEI inks for inkjet printing.
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