nature materials

Article

https://doi.org/10.1038/s41563-026-02613-7

Ultralow-voltage electrochemical organic
light-emitting transistors with pinned and
widelateral recombination

Received: 7 March 2025

Accepted: 20 April 2026

Published online: 08 June 2026

W Check for updates

Kwan-Nyeong Kim®"’, Huanyu Zhou®'’, Dong-Yoon Kim®", Min-Jun Sung’,
Woo Jin Jeong ®', Dae-Gyo Seo', Jinwoo Park’, Seungbeom Lee ®?, Yilei Wu?,
Yeongjun Lee®, Kyun Kyu Kim®3, Jaeho Park?, Yanxiang Cheng®,

Hea-Lim Park®?2, Zhenan Bao ® ° & Tae-Woo Lee ® ¢

Light emission from organic transistors holds strong potential for

user-interactive functionality across applications ranging from wearable and
biointegrated systems to neuromorphic electronics. However, conventional
single-active-layer organic transistors suffer from inefficient charge carrier
injection, resulting in high drain voltages (>80 Vin field-effect devices and
>3.5Vinelectrochemical devices with p-i—njunctions) and narrow, spatially
dynamic recombination zones (<75 um). Here we report a single-active-layer
electrochemical organic light-emitting transistor with drain-side electric
double layer formation, achieving ultralow-voltage operation (<3.5 V)
together with awide, spatially pinned recombination zone. Anion transport
enhancer in the light-emitting polymer channel induces an electric double
layer at the drain electrode, overcoming limited electron injection without
n-type doping. This mechanism enables flexible, large-area devices with
arecombination zone width of 267 pm and amaximum luminance of

826 cd m™2at 3.5V, and operation with two 1.5-V batteries. This work advances
single-active-layer OLETs and paves the way for organic electronic systems
withintuitive, user-friendly visualization functions.

Organicelectronic devices are increasingly being developed to enable
user-friendly systems that caninterface with the humanbody, process
biosignals and provide direct feedback within a single platform. In
this context, organic transistors are attractive electronic building
blocks for wearable and biointegrated systems in which soft form fac-
tors and low-voltage operation are essential®. Beyond conventional
switching, organic transistors exhibiting threshold behaviour and ana-
logue memory enable neuromorphic systems for bio-hybrid artificial

nerves, neuro-inspired soft robots and neuromorphic computing’ .

Despite this promise, a critical challenge remains in presenting pro-
cessed signals in a direct visual form, which is essential for users to
immediately perceive real-time system feedback. Integrating such
visualization functionality without introducing other devices and
preserving the simplicity of the transistor architecture, therefore,
represents a compelling direction for interactive electronic systems
using organic transistors.
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Fig.1|Design of asingle-active-layer EOLET. a, In conventional electrolyte-
gated transistor with an LEP channel, electrolyte gating caninduce hole transport
through the p-channel induced by the electrochemical anion doping of the

LEP, but electroninjectionis absent; therefore, charge carrier recombination

is very limited even when LEPs are used as channels. Introducing ITE into the

LEP channel facilitates ion transport and forms the cation EDL at the LEP/drain

\/~/_/

electrode interface. Thisimproves electron injection at even lower voltage than
the energy-gap potential (|Vp| < |E,/el) and forms a PRZ. b, Schematics of flexible
and large-area emission in EOLET. The EDL-induced electron injection allows
large-area light emission in the p-channel organic transistor. In addition, the
flexible nature of LEP enables mechanical flexibility of EOLET suitable for on-skin
applications.

To achieve such functional integration, organic light-emitting
materials canbe directly used as the transistor channel to form organic
light-emitting transistors (OLETs), which preserve a simple transistor
geometry and enable light emission”°, However, in conventional
field-effect OLETs, inefficient charge injection from metal electrodes
into the channel necessitates high drain voltages, typically exceeding
80V, andresultsin narrow and spatially dynamic recombination zones
withwidths below 45 pum (refs.13-16). Electrochemical OLETs (EOLETSs),
which use electrolytes as dielectric layers, can reduce operating volt-
agestoapproximately 3.5-5 Vby exploiting high interfacial capacitance
and electrochemical doping of the channel. Nevertheless, their light
emission originates from electrochemically induced dynamic p-i-n
junction formation in the channel, and the propagation of ionic dop-
ing fronts even without gate voltage leads to spatially unstable and
narrow recombination zones (<75 um)"?°, This intrinsic instability
of the recombination profile fundamentally limits controllable light
emission. Despite the conceptual simplicity of transistor architectures,
achieving the multifunctionality of neuromorphic processing and
light emission capability with alow operating voltage has remained a
long-standing fundamental challenge.

Here we present a single-active-layer electrochemical organic
light-emitting transistor (EOLET) that enables ultralow-voltage opera-
tion (<3.5V) together with a wide and spatially pinned recombination
zone (PRZ). This behaviour is achieved by incorporating anion trans-
portenhancer (ITE) into asingle light-emitting polymer (LEP) channel
layer, which facilitates controlled ionic transport without introducing
additional charge injection or transport layers. The enhanced ionic
mobility induces the formation of electric double layers (EDLs) at the
LEP/drain electrode interface under bias, thereby overcoming the
intrinsic electron injection barrier and preventing the formation of
ion-induced n-type doping fronts (Fig. 1a and Supplementary Fig. 1).
As aresult, light emission occurs at drain voltages (|Vps|) lower than
the bandgap potential (E,) of the LEP (|V,s| < |E,/el), and anon-moving
PRZ is formed irrespective of gate voltage. Using this strategy, the
EOLET achieves an unprecedented recombination zone width (RZW)

of up to 267 pum with amaximum luminance of 826 cd m2at3.5V, and
maintaining mechanical flexibility (Fig. 1b). Finally, we demonstrate
wearable display systems powered by two 1.5-V batteries, highlighting
their suitability as stand-alone platforms for wearable systems that
directly visualize electronic signal processing.

Improvingion transport of LEP channel by ITE
incorporation

We examined how ITE affected the structure and morphology of the
LEP poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) by controlling the ITE weight ratio (Methods).

Morphological changes in MEH-PPV films after introducing ITE
were first evaluated using atomic force microscopy (AFM). Following
ITE incorporation, a fibrillar structure developed (Supplementary
Fig.2). The non-polar group of ITE is interfaced with a non-polar alkyl
side chain of MEH-PPV, and the polar groups are interfaced with each
other, resulting in phase separation between the polar and non-polar
groups”. This separation induces morphological shifts from coiled to
linear chain conformations and may increase the persistence length of
the polymer chain (Supplementary Fig. 3)*.

The effect of ITE on the microstructure of the MEH-PPV was
further quantified using grazing-incidence X-ray diffraction (GIXD)
(Fig. 2a,b and Supplementary Table 1). The two-dimensional GIXD
profile revealed that the MEH-PPV film is amorphous and contains
crystallites that are oriented face-on along the out-of-plane direction
(Fig. 2a)*. With the addition of ITE, the (010) t-Tt spacing increases
slightly from3.94t04.03 A, whereas the in-plane (100) lamella stack-
ing distance expands substantially from 16.75 to 21.65 A. Given that
nanofibril structure was observed in MEH-PPV with the ITE film,
this substantial change in lamella stacking distance indicates that
the ITE molecules predominantly reside near the alkyl side chain,
causing a conformational transition of the LEP from a coiled to a
linear structure.

Photoluminescence (PL) properties of MEH-PPV were evaluated
with varying ITE content to further analyse the effect of structural
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Fig. 2 |Improvingion transport of LEP channel by ITEincorporation.

a,b, GIXD two-dimensional patterns (a) and one-dimensional diffractograms (b)
of pristine MEH-PPV and ITE-incorporated MEH-PPV. c,d, PL spectra of LEP films
according to the ITE contents and intensity ratio of /,_yand /,_;, calculated from

the PLspectra. e, Schematics of in situ UV-vis spectroscopy setup. f,g, Transition
inthe absorbance spectrum on voltage application. h, Normalized peak
intensity of the absorbance spectrum as a function of doping voltage. i, Cyclic
voltammetry curves of pristine and 20% ITE films.

changes. In the PL spectra, the 0-0 vibronic band near 590 nm cor-
responds to intrachain emission, whereas the 0-1 vibronic band
near 630 nm corresponds to interchain emission?*** (Fig. 2c and
Supplementary Fig. 4). By ITE blending, both peaks gradually red-
shifted, indicating anincrease in the m-conjugation lengthinafibrillar
structure (Fig. 2c)***. This result aligns with structural analysis using
AFM and GIXD. Furthermore, the ratio of the intensity /,_, of the 0-0

band to the intensity /,_; of the 0-1band increased as the ITE content
increased; this changeimplies anincrease inintrachain emission com-
pared withinterchain emission, and occurs because theincreaseinITE
content causes the expansion of lamella (Fig. 2d)***. We further evalu-
ated the effects of increasing the ITE content on the absorbance spectra
and Tauc plots with varying ITE contents (Supplementary Fig. 5). The
redshifts in the 0-0 peak near 500 nm and the decrease in E, were
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observedasthelTE contentincreased. Thisresultalsoindicates thatthe
overall T conjugation of the LEP film increases through ITE blending.

Theinfluence of ITEoniontransportinthe LEP, depending onthe
type of doping ions, was evaluated using an in situ ultraviolet visible
(UV-vis) spectroscopy setup, and the electrolyte and MEH-PPV with
theITE films were sandwiched between two transparent ITO electrodes
(Fig. 2e). On voltage application, ions drift from the electrolyte into
the LEP filmandinduce the electrochemical doping of MEH-PPV, gen-
erating polaronand bipolaron states that appear as absorption peaks
near 800 and 2,000 nm, respectively, instead of the neutral-state
peak near 500 nm, simultaneously driving a benzoid-to-quinoid con-
formational transition that reduces the bandgap (E,)*. This change
results in the bleaching of the absorbance spectrum in the neutral
states (Fig. 2f,g). To monitor this absorbance transition, we applied
doping voltages from -2.5V to 2.5V for 30 s to the electrolyte film
(Fig.2f-hand Supplementary Fig. 6). On anioninjection under a posi-
tive voltage, the absorbance intensity of the neutral state decreases as
the applied voltage increases, whereas the intensities of polaron and
bipolaronstatesincrease. By contrast, during cationinjections by nega-
tive voltages, only slight changes in the neutral state were observed,
and the polaron formation was hardly detected. This indicates that
n-type doping by EMIM" is more restricted than p-type doping by
TFSI™ in p-type-dominant MEH-PPV, this assymetry is a crucial factor
for stable cationic EDL formation in device operation. Additionally,
consistent with the observed absorbance transition results, cation
injection induced significantly fewer charges than anion injections,
indicatingthe morerestricted electrochemical doping of MEH-PPV by
EMIM® cations compared with TFSI” anions (Supplementary Fig. 7).
Thisinherent asymmetry in doping efficiency within the LEP canbe a
critical characteristic that suppresses n-type doping and promotes
cationtransport, thereby enabling more stable and efficient electron
injectionin device operation.

We further evaluated the influence of ITE on the electro-
chemical doping rate in LEP as a function of the ITE content
(Supplementary Fig. 8). As the ITE content increased from 0% to 10%,
20% and 30%, the rate of this absorbance transition increases, con-
firming that ion transport within the LEP film without ITE is highly
restricted. This facilitation ofion transport was also confirmed by cyclic
voltammetry results in which the addition of ITE led to an increased
current density and the clear appearance of oxidation and reduction
peaks (Fig. 2i)*"*®. Therefore, ITE blending emerges as a promising strat-
egy forenhancingiontransportandaccelerating the electrochemical
dopingratein LEP.

Operating mechanisms of EOLETs with drain-side
EDL

To elucidate the operating mechanism of EOLET, we fabricated
top-emitting p-channel organic transistor with bottom-contact and
lateral-gated transistor architecture (Fig. 3aand Supplementary Figs. 9
and 10). Effective light emission requires efficient hole and electron
injectionfrombothsourceand drainelectrodes, respectively. The hole
injection barrier can be compensated by p-type doping in p-channel
organic transistors®>*’; therefore, the primary bottleneck for light
emission is electron injection from the drain electrode.

To directly visualize the mechanism of recombination zone
formation and transistor operation, in situ optical microscopy was
measured with constant Vs =-2.50 V by varying V. In our strategy,
cation-induced EDLs at the interface between the ITE-incorporated
LEP (ITE-LEP) channel and the drain electrode facilitate electron
injection without n-type doping. By controlling spontaneous cat-
ion migration into the channel in the OFF state (Vp,s<OV, V;s=0V)
(Extended Data Fig. 1), the application of a negative gate bias in the
ON state (Vps< 0V, V<0 V) forms a p-channel from the source to
the drain without n-type doping near the drain, thereby pinning the
recombination zone without the propagation of doping fronts, unlike

conventional dynamic p-i-n junction formation (Supplementary
Figs.1and 11)".

The electroluminescence (EL) properties of EOLET were further
measured by forward and subsequent backward sweeps from V,s;=0V
to -2.5V with fixed V;s=-1.0 V according to 0%-30% ITE contents
(Fig.3c). During the forward sweep, the devices thathad 0% and 10% ITE
didnotemitlightat V,s>-3.0V,and V,,increased from-2.74 Vat 20%to
-2.02Vat30%.In MEH-PPV, holes are more mobile than electrons, and
electroninjectionis much slower than hole injection, even with cation
EDLs and low-work-function cathodes®**. Therefore, this facilitation
of turn-ON behaviour with increasing ITE content is primarily attrib-
uted to improved electron injection for radiative recombinationina
single-active-layer device. Furthermore, the EOLETs that had 20% and
30% ITE content emitted light even at Vs lower than the energy-gap
potential (|Vyps| < |E,/e| = 2.17 V); this result also confirms that EDL forma-
tionat thedrainelectrode by cation migration overcomes the electron
injectionbarrier®**,

The spatial distribution of injected cations was measured using
ex situ time-of-flight secondary ion mass spectrometry for pristine
and ITE20% films (Fig. 3d). In the EOLET device, we maintained opera-
tion for 30 s under specific conditions (‘As fabricated’ without volt-
age application versus ‘OFF state’ with V,s=-2.5V and V;s=0V) and
then removed the electrolyte layer to fix the migrated cations in the
LEP films. For pristine MEH-PPV, the cation (EMIM®) signal intensity
within the LEP film remained unchanged across the as-fabricated and
OFF states, indicating minimal changes in cation distribution under
Vs application. By contrast, the 20% ITE film exhibited a substantial
increasein cation signalintensity under Vs application. These results
confirm cation migration towards the drain electrode at the OFF state
and suggest that a spatial cation distribution through the LEP film on
the drain electrode can be maintained.

The absence of n-type doping during p-channel formation and
PRZ formation at the drain electrode were verified using the in situ
Raman spectroscopy analysis of EOLET with the 20% ITE film (Fig. 3e
and Supplementary Fig.12). The Raman peaks were assigned at vibra-
tional modes of MEH-PPV at 1,623 cm™ (vinyl v(C=C)), 1,581 cm™ (phenyl
ring v(C=C)), 1,310 cm™ (vinyl v(C=C) + §(C=C-H)), 1,283 cm™ (ring
v(C=C) + §(C=C-H)), and 967 and 1,110 cm™ (8(C=C-H))*. Under
constant Vgg=0Vand Vs=-2.5V, the peak positions did not change
from those of the as-fabricated samples without voltage application;
this result implies that only EDLs were formed without electrochemi-
cal doping that typically causes significant peak shifts in the Raman
spectrum®**, The application of constant Vs =-2.5V induced a sig-
nificant peak shift from 1,581 cm™ (phenyl ring v(C=C)) to 1,546 cm™
near the source electrode. This substantial peak shiftin the vibrational
mode at the phenyl ring of the MEH-PPV backbone is evidence of a
conformational transition from benzoid to quinoid with polaron for-
mation due to electrochemical p-type doping®**. By contrast, LEP on
thedrainelectrode showed Raman signals withincreased background;
this change implies that the background overlaps with luminescence
signals generated by charge carrier recombination®. Additionally,
the redshiftin the Raman peak of MEH-PPV at the drain electrode was
also observed. When electrochemical p-type doping occurs, exciton
quenchingin LEPs can simultaneously occur; therefore, light emission
hardly occur at the electrochemically doped regions*. Therefore, this
resultimplies that a p-channelis formed at the top of the channel, and
simultaneously, charge carrier recombination occurs near the drain
electrode at the bottom of the channel. Consequently, Raman analysis
supports the mechanisms of PRZ formation without n-type doping.

The electrical and optical transfer characteristics of EOLETs
were also measured by forward and subsequent backward
sweeps from V=0V to —2.5V with constant V,s=-2.5V (Fig. 3f,
Supplementary Fig. 13 and Supplementary Table 2). In the electrical
transfer curves, maximum /s changed fromITE 0% to ITE10% but then
greatlyincreased to ITE20% and decreased again at ITE30%. This trend
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Fig. 3| Operating mechanisms of EOLETs with drain-side EDL. a, Schematics
of EOLET with alateral gate. b, Operating mechanisms and in situ optical
microscopicimages of EOLET in operation with constant Vs =-2.5 V.Due to
stable EDL formation without electrochemical doping, the position of the
recombination zone does not change with V. Scale bar, 100 um. ¢, Forward
and subsequent backward sweeps from Vs =0 Vto 2.5V with fixed Vs =-1.0 V
according to the ITE content. EOLET devices with 20% or 30% ITE emitted light
at|Vys| lower than the energy-gap potential (|Vps| < |E,/e|) of MEH-PPV.d, Ex situ
time-of-flight secondary ion mass spectrometry doping profile of pristine and
ITE20% films. e, In situ Raman spectroscopy measurements of LEP channel on

source and drain electrodes for the verification of operating mechanism. During
the OFF state, astable EDL forms without electrochemical doping. During

the ON state, electrochemical doping occurs at the source electrode to form
p-channels, and radiative recombination occurs at the drain electrode. f, Optical
transfer curves of EOLET with constant Vs = -2.5 V according to the ITE content.
g, ELimage of a4 x 4 EOLET array with line-shaped channel electrodes, showing
uniform emission and geometric flexibility. Scale bars, 1 cm (inset). h, ELimage
ofa10 x 10 EOLET array with the surrounding electrode channel, confirming
large-areaintegration and high device density. Both array formats highlight the
universality of the solution-based fabrication process. Scale bars, 1 cm (inset).

confirmedthatapolar polyethylene glycol group of ITEimprovedion
transport withinthe channel, and therefore, the maximum /sincreased
up to ITE 20% due to improved electrochemical p-type doping effi-
ciency of the LEP. Inthe optical characteristics, initially, the device with

0%ITE did not emit light, but the devices thathad10%,20% and 30%ITE
emitted light; the maximum /,,increased as the ITE contentincreased
from 10% to 20%, but the device with 30% showed decreased I, with
unstable always-ON operation (Fig. 3f). This instability also caused the

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-026-02613-7

lower Is relative to 20% ITE, owing to excessive ITE that disrupts stable
EDL formation without n-type doping. These results show that stable
ON/OFF EOLET operationis achieved at 10%-20% ITE.

To further verify the role of cation migrationin electroninjection,
we examined the effects of drain-side cation accumulation and ITE
molecular structure (Supplementary Fig. 14 and Extended DataFig.2).
Inthe 0% ITE device, positive Vsincreased the cation population near
thedrainelectrode and enhanced /;;,, confirming that cation accumu-
lation facilitates electron injection (Supplementary Fig. 14). We also
found that increasing the glycol-chain length of the ITE increased /;;,
and lowered V,,, consistent with the effect of increasing ITE content
(Extended DataFig. 2). These results show that stable EOLET operation
with a PRZ requires controlled cation migration to form a drain-side
cation EDL without electrochemical n-type doping.

To demonstrate the scalability and geometric adaptabil-
ity of our approach, we fabricated two types of EOLET array using
solution-processed LEP films containing 20% ITE. A 4 x 4 array with
line-shaped channels was fabricated on a 2.5 x 2.5-cm? area (Fig. 3g),
resulting in a resolution of approximately 2.88 pixels per inch (ppi).
Additionally, a10 x 10 array using surrounding electrode channels was
fabricated ona?7 x 7-cm?substrate (Fig. 3h and Supplementary Fig. 15),
corresponding to a resolution of 2.56 ppi. This array demonstrated
the simultaneous operation of 100 pixels with stable and uniform
EL. These array demonstrations show that each device maintained
spatially pinned emission during operation, confirming robust PRZ
formation and highlighting the geometric versatility, large-area scal-
ability and array-level uniformity of the material system for practical
display applications.

Flexible and large-area EOLETs

We next fabricated flexible and large-area EOLETSs for practical wear-
abledisplay applications (Fig. 4a). The large-area EOLET was composed
of a polyethylene terephthalate substrate, a silver nanowire (AgNW)
lateral gate electrode, 20% ITE-LEP and Au source/drain electrodes.
The EOLET, designed with centimetre-scale interdigitated channel
electrodes, achieves stronger light emission and a wider RZW com-
pared with the small EOLET, making it well suited for practical display
applications. Thisenhancementis attributed to the higher [V 4| =3.5V
inthelarge EOLET compared with |V,s| =2.5 V for the small EOLET. To
maintain a stable OFF state despite the increased |V, we designed
the channel length to be 500 um, effectively preventing unintended
light emissioninthe OFF state and ensuringreliable device operation
(Extended dataFig. 3a).

To clarify the EOLET geometry and operating mechanism, we
analysed the lateral AgNW gate structure and gate coupling behav-
iour (Extended Data Fig. 3). Electrochemical impedance spectros-
copy showed a gate capacitance of 5.2 uF cm™for the poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) electrolyte, which
arises predominantly from EDLs formed at the electrode/electro-
lyte interfaces rather than from bulk polarization, consistent with
the Poisson-Boltzmann prediction that the potential drops within
a few nanometres of the interface and the electric field in the bulk
electrolyte becomes negligible owing to efficient ionic screening
(Extended Data Fig. 3b)**°. Consistent with this interfacial gating
mechanism, the AgNW electrode exhibited a much larger interfacial
capacitance than the LEP channel, allowing most of the gate voltage
to be effectively dropped across the channel and, therefore, ena-
bling efficient electrochemical modulation (Extended Data Fig. 3c).
In addition, ITE incorporation increased the channel capacitance
and volumetric capacitance C* of the LEP, indicating enhanced ion
penetration and doping, which further strengthened electrochemical
gating efficiency. Thus, the EOLET can efficiently modulate the chan-
nelusing AgNW gate electrodes, and the incorporation of ITE further
enhances this modulation by increasing C*, thereby improving the
OLET performance under reduced V.

We next evaluated the electrical and optical transfer character-
istics of large-area EOLETs to validate the transistor operation and
light emission controllability (Supplementary Fig.16). The electrical
transfer curves revealed an ON/OFF ratio exceeding 10*, and negligible
gate leakage /sin the ONstate, which remained approximately three
orders of magnitude lower than /g at Vs = -3.5 V, validating stable and
efficient operation. The maximum luminance of the large-area EOLET
reached 536 cd m2 with a stable emission profile. The turn-ON Vg,
defined as the Vs at which luminance exceeds 1 cd m™ (ref. 41), was
observed at -2.0 V. Additionally, the devices showed a large hyster-
esis window of ~0.65 V in the transfer curve, suggesting ion-induced
memory characteristics. The electrical output characteristics fur-
ther support the robust transistor operation of EOLET with PRZ
(Supplementary Fig.17). Furthermore, EOLET with ITE 20% achieved
a maximum external quantum efficiency of 0.50% during transfer
curve measurements, whereas the device without ITE exhibited no
optical turn-ON (Supplementary Fig. 18). These results highlight the
robustness of the PRZ mechanismin ensuring gate-controllable light
emission and demonstrate the feasibility of using this platform for
low-voltage OLET applications.

To further understand the formation and tunability of the recom-
bination zone in the PRZ-based EOLET, we analysed the dependence
of RZW on both Vg and V¢ (Fig. 4c and Supplementary Fig. 19). In
lateral-channel EOLETSs, charge transport proceeds horizontally, and
holesand electrons meet for radiative recombinationatspecificregions
withinthe channel; therefore, increasing the RZW is the main challenge
for practical applications of EOLETs*%. The greyscale-processed images
were used to extract RZW under two different biasing conditions
(Supplementary Fig. 19). When sweeping Vs from -1.5V to -3.5V
at a fixed gate voltage (Vg =-1.5V), the RZW broadened from O pm
to 267 um, indicating enhanced electron injection due to increased
voltage between the LEP channel and Au electrodes. In particular,
the observable light emission was detected at V,3=-2.0 V, which is
below the bandgap potential (|Vys| < E,/e = 2.17 V), confirming that
the cationic EDL at the drain electrode effectively facilitates electron
injection even at sub-bandgap voltages. In a separate Vs sweep with
fixed Vs =-3.5V,the RZW also broadened withincreasing | V|, reach-
ingamaximum of 264 pumat -3.5 V. This trend suggests enhanced hole
transport from the source electrode under stronger gate-induced
p-type doping. Interestingly, whereas both biasing conditions resulted
in abroad PRZ formation, the RZW under the V5 sweep begins at
approximately 176 pm, whereas the RZW under the Vs sweep starts
near O um. This difference arises because Vs fixed at 3.5V during
the Vs sweep, ensuring sufficient electron injection from the drain
electrode throughout the measurement. These results confirm that
both electronand holeinjection processes play essential rolesin PRZ
formationand demonstrate that our material system enables spatially
extended and voltage-tunable recombination zones by effectively
controlling the charge injection and transport mechanismsin OLETs.
This drain-side EDL-based charge injection mechanism enabled an
unprecedentedly wide RZW compared with both field-effect and
electrochemical p-i-n junction mechanisms, which typically show
dynamicrecombination zones and for which the absolute luminance
values haverarely beenreported (Fig. 4d and Supplementary Table 3).
Thus, our strategy represents a significant advance towards practical
single-active-layer EOLETs that combine ultralow-voltage operation
and multifunctionality in asimple device structure.

We further evaluated the environmental and operational sta-
bilities of the EOLET platform. The current-voltage characteristics
of Au/AgNW/Au and Au/AgNW/electrolyte/Au structures remained
essentially unchanged after 21 days in ambient air, confirming the
stability of both AgNW network and electrode-electrolyte inter-
face (Supplementary Fig. 20). Under continuous bias stress, the
EOLET maintained a stable current flow and EL for over 23,000 s,
with an L, value 0f 13,300 s from an initial luminance of 230 cd m,
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Fig.4|Flexible and large-area EOLETs. a, Photographs of large-area EOLET in ON
states (Vg5 = Vps =—3.5 V). b, Schematics of the operating mechanism of large-area
EOLET. ¢, RZW depending on Vsand Vs, indicating the enhancement of electron
injection and hole transport, respectively. d, Comparison of EOLET performance
with reported single-active-layer OLETs. e, Photographs of flexible EOLET being
bentand twisted, and of different patterns and colours. f, Schematic of the SAND
system: flexible touch sensor, flexible ring oscillator, flexible EOLET and two 1.5-V

Time (s) Time (s) Time (s) Stimulation time (s)

batteries. This system has an intrinsic threshold for response to weak stimuli (for
example, touch by ablunt object, brief touch by asharp object), as do biological
nerves. g, Visual spike responses of SAND versus simulation duration. Stimuli
are encoded to spike signals and induce visual responses due to the synaptic
plasticity of EOLET. h, Maximum /,, of SAND versus stimulation duration. i,
Retentive I, at 30 s after stimulation. Ing-i, the grey dashed lines represent the
noise levels.

demonstrating substantially improved operational stability com-
pared with conventional p—i-n OLETs (Supplementary Fig. 21 and
Supplementary Table 3)*.

We nextevaluated the flexibility and mechanical stability of EOLETs
fabricated on a flexible substrate (Fig. 4e and Supplementary Video 1).
Due to the centimetre-scale interdigitated electrodes, p-channels and

recombination zones were formed on both sides of the drain electrodes,
enabling bright and wide emissions suitable for practical applications.
Moreover, due to the flexible nature of the LEP and electrolytes, the
EOLET emitted stably and brightly under repetitive bending and twisting
motions (Supplementary Video 1). A flexible and large-area EOLET was
alsoachieved using various emission patterns, such as linear and circular.
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Furthermore, the ITE incorporation strategy was extended to
green fluorescent and thermally activated delayed fluorescence
LEPs, confirming the broad applicability of our material design
(Extended DataFig.5and Supplementary Fig.22). Acomparative analy-
sis of LEPs showed that ITE blending consistently improved /s and /;;,
across all LEPs, whereas the best EOLET performance was obtained
with MEH-PPV/ITE, which exhibited the highest C* and enabled the
lowest operating voltage and strongest I, despite its lower PL quantum
yield. These results may indicate LEPs with high electrochemical gat-
ing capability as the most suitable materials for our EOLET platform.

The luminescence performance of the EOLET was further
improved by introducing theionic additive TBA-BF,into the LEP chan-
nel, and maintaining the PRZ (Extended Data Fig. 6). The presence of
uncompensated ionic charges near the channel electrode interface
may facilitate charge injection, resulting in enhanced radiative recom-
binationwithin the single-active-layer. Consequently, the device witha
TBA-BF, content of 20 wt% exhibits amaximum luminance of 826 cd m™
and an EQE of 1.04%, together with a spatially pinned emission profile
extending over approximately 247 pm. These results indicate that
the precise control of ion transport in the LEP channel, rather than
indiscriminate enhancement, is essential for stable OLET operation.

We further applied the EOLET to a stand-alone neuromorphic
display (SAND) that mimics biological pain perception, motivated by
the need forintelligent portable systems that can protect patients with
pain-insensitivity disorders from harmful stimuli*’. To meet this goal,
the platform must support low-voltage battery operation, large-area
light emission and mechanical flexibility for on-skin use. As a proof of
concept, we integrated a flexible touch sensor, a flexible ring oscilla-
tor, aflexible EOLET and two 1.5-V batteries into a stand-alone flexible
system (Fig. 4f and Supplementary Fig. 23). The device generated
spike signals only in response to potentially harmful stimuli, whereas
innocuous inputs were filtered out by the threshold response of the
EOLET (Extended DataFig. 7). Under sustained strong stimulation, both
maximum and retained /,, gradually increased after 30 s, indicating syn-
aptic plasticity on timescales relevant to human touch andinteraction
(Fig.4g-i). These results demonstrate low-voltage intelligent sensory
processing with visual outputs in awearable format.

Outlook

Insummary, we demonstrate asingle-active-layer EOLET that achieves
ultralow-voltage operation (<3.5 V) and an exceptionally wide recom-
bination zone (267 pm), addressing the fundamental limitations of
OLETs. By incorporating an ITE into the LEP channel, efficient ionic
transportis enabled withoutintroducing additional chargeinjection or
transportlayers, leading to the formation of EDLs at the drain electrode
interface that overcome the intrinsic electron injection barrier and
allow light emission at drain voltages even below the bandgap potential
ofthe polymer channel. Unlike conventional EOLETs relying on dynamic
p-i—njunction formation, this work prevents the formation of n-type
doping fronts and exhibits a spatially PRZ that remains stable irre-
spective of the gate voltage. As aresult, the device achieves an unprec-
edented RZW of up to 267 pm and amaximum luminance of 826 cd m™
at Vs =-3.5V, preserving asimple single-active-layer architecture and
mechanical flexibility. This work establishes a new operating regime
for OLETs, providing amechanisticinsight into achieving low-voltage
and spatially pinned light emission in simple organic transistor archi-
tectures and laying the foundation for future user-interactive organic
electronic systems with intuitive visual feedback.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Preparation of LEP and electrolyte solutions

For pristine solutions (ITE = 0%), MEH-PPV (average M, 40,000~
70,000, Sigma-Aldrich) was dissolved in cyclohexanone
(Sigma-Aldrich) ata concentration of 10 mg ml™. For blend solutions,
ITE (Triton X-100, Sigma-Aldrich) was first dissolved at 10 mg ml™ in
cyclohexanone. MEH-PPV and ITE solutions were mixed according
to the blend ratio ratios (ITE content =100 X Wq¢aceand/ Wiep» Where
w is the weight). Additional cyclohexanone was added to each ITE
solution at 12 mg ml™ of MEH-PPV. The LEP solutions were stirred
using a magnetic stirrer at 50 °C overnight. ITE with n =12 (IGEPAL
CA-720, Sigma-Aldrich) and n=-5 (Triton X-45, Sigma-Aldrich),
and poly[(9,9-dioctyl-2,7-divinylene-fluorenylene)-alt-co-(2
-methoxy-5-(2-ethylhexyloxy)-1,4-phenyene)] solutions were prepared
using the same method.

Poly(vinylidene fluoride-co-hexafluoropropylene) (Sigma-
Aldrich), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (Sigma-Aldrich) and acetone (Sigma-Aldrich) were mixed at
a weight ratio of 1:4:10 and stirred using a magnetic stirrer at 50 °C
overnight to prepare an electrolyte solution.

Fabrication of EOLET for mechanistic characterization

First, both channel and gate electrodes were fabricated by the ther-
mal evaporation of Au (30 nm)/Cr (5 nm) on glass. The LEP solutions
were spin coated on the channel electrodes at 2,000 rpm for 60 s and
thenannealed at 90 °C for 20 min. On the LEP/channel electrodes, the
electrolyte film was fabricated by the drop casting of the electrolyte
solution, dried in ambient conditions overnight and then transferred
by a cut-and-paste method.

Fabrication of large and flexible EOLET

First, a AgNW-embedded electrolyte film was fabricated as follows.
A dispersion (5 mg ml™ in isopropyl alcohol, Novarials) of AgNWs
(30 nm x 30 pm), was spin coated on the glass substrate and then
annealed at 100 °C for 5 min. Then, the electrolyte solution was drop
castonthe AgNW layer and then dried inambient conditions overnight
toform an AgNW-embedded electrolyte film. AgNW-embedded elec-
trolyte film was peeled from the glass substrate and transferred by a
cut-and-paste method onto the LEP/channel electrodes on a flexible
polyethylene terephthalate substrate.

Characterization of LEP films

LEP films were fabricated on glassand ITO electrodes on a glass sub-
strate for the subsequent analysis. GIXD images were collected at
beamline 11-3 of the Stanford Synchrotron Radiation Lightsource
using a two-dimensional area detector in a helium chamber to mini-
mize air-scattering background. The sample-to-detector distance
was set to 300 mm and the incidence angle was 0.12°. The X-ray wave-
length was 0.9758 A (12.735 keV). The PL was measured using spectro-
fluorometry (JASCO FP8500). The surface topology and phase were
measured using atomic force microscopy (NX-10, Park Systems).
The absorbance was measured using UV absorption spectroscopy
(Lambda 465, PerkinElmer). The Raman signals were measured using
aRaman spectrometer (LabRAM HR Evolution, HORIBA). For in situ
UV-vis spectroscopy and Raman spectroscopy measurements, a
semiconductor analyser (Keithley 2602 system source meter, Key-
sight) was used.

Characterization of EOLET

Electrical measurements were conducted using a semiconductor
device analyser (Keithley B1500A, Keysight), and /;,, was directly
recorded by a photodiode (818 UV/DB Optical Power Detector, New-
port) without additional normalization or post-processing, enabling
the millisecond-scale resolution of transient optical responses.
The luminance and external quantum efficiency of the device were

measured using anintegrating sphere (Labsphere) coupled to aPMA-
12 charge-coupled device spectrometer (Hamamatsu) to collect the
emitted light.

Fabrication and characterization of wearable SAND

Theflexible touch sensor was fabricated using polydimethylsiloxane
(PDMS)(SYLGARD184,Dow Corning)andAuelectrodes. First,Au(30 nm)
was thermally deposited on PDMS (precursor:crosslinker =10:1
weight ratio) film, and two Au/ PDMS were stacked with a PDMS
spacer. Thering oscillator was composed of complementary metal-
oxide-semiconductor inverters (CD4007UBM, HGSEMI) and
capacitors (CL31A106KBHNNNE, Samsung Electro-Mechanics).
The electrical measurement of the ring oscillator was performed
using an oscilloscope (54832D Mixed Signal Infiniium Oscilloscope,
Keysight)

The SAND was constructed by connecting the flexible touch sen-
sor, flexible ring oscillator, flexible EOLET with 20% ITE-LEP and two
1.5-V batteries (AA alkaline battery,ZHONGTIN (NINGBO) BATTERY).
The photocurrent of SANDs was measured using a photodiode (818
UV/DB Optical Power Detector, Newport) and Keithley BISOOA. For
on-skinapplications, SAND was attached to anartificial hand by using
atransparent skin patch (Tegaderm, 3M)

Data availability

All the data supporting this study are available in the Article and
its Supplementary Information. Source data are provided with
this paper.
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Extended Data Fig. 1| Determination of OFF state. At the OFF state, the EOLET
with20% ITE did not emit light at |V | <2.5V, and also maintained a clear OFF
state without electrochemical doping. (a) The OFF-state /,;, was measured
starting from Vs = 0 Vto -3.5 V with zero gate bias Vs = 0 V. As the ITE content
wasincreased, the OFF-state optical V,, of EOLET gradually decreased from
-3.18 Vat 0% to-3.19 Vat10%to-2.93 Vat 20% to —2.49 V at 30%. Simultaneously,
the maximum /,, of EOLET at Vs = — 3.5 V gradually increased from /,, = 5 pA
at0%to Iy, =13 pA at10%, then rapidly from /,;, = 38 pA at 20%, to I, = 2225 pA
at30%. This turn-on behavior above V,, depending on the V,s may follow the
mechanism of EDL formation and subsequent expansion of the doping region in
atwo-terminal structure. Moreover, the increase in maximum /, as ITE content
increases, also indicates the ITE facilitates EDL formation and electrochemical

doping. With these results, we defined Vs = — 2.5V as the maximum operation
voltage to accomplish both stable operation and sufficient charge injection.
For the biasing operation, we also defined Vs = - 2.5V as the maximum gate
bias, because gate bias greater than the channel voltage may induce severe
electrochemical doping in the drain electrode by transistor operation, with
consequent quenching of electroluminescence. (b) The EOLET with 30% ITE
showed unstable increase of I, at the Vj,s = - 2.5 V OFF state, so a clear OFF state
was not easily defined; therefore, this device does not apply to EOLET operation.
Therefore, 20% is the maximum ITE content for high luminance and stable
operation of the EOLET. (¢) The EOLET with 20% ITE showed a stable baseline
for950s.
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Extended Data Fig. 2| Optical transfer curves of EOLET according to polar n=5,ton=9o0rl0, but the decrease of /,,, during the backward sweep was
contents in ITE molecules with fixed VDS = — 2.5 V. The molar ratio of ITE unstable atn=12. This tendency is the same as the effect of ITE contents (Fig. 3f),
molecules to MEH-PPV was 20:1and we measured the same voltage range as son=9orl10isbest forstable operation of EOLET. Consequently, this result
inthe optical transfer curves in Fig. 3f. Compared to pristine MEH-PPV, the suggests that the improved luminescent outputs originate from improved ion
maximum /,;, in the forward sweep increased as glycol content increased from transport thatis aresult of the polar group of ITE molecules.
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Extended Data Fig. 3| Gate capacitance analysis of EOLETs. (a) Cross-sectional
schematic of the EOLET showing the layer thicknesses: ~85 pm PVDF-HFP
electrolyte, ~232 nm LEP/ITE active layer, and lateral AgNW gate positioned
-1 mm away from the channel. (b) Bode plot of the Au/PVDF-HFP/Au revealing
gate capacitance of PVDF-HFP solid electrolyte at 1 Hz. In electrolyte-gated
transistors, the gate capacitance is predominantly determined by interfacial
electric doublelayers (EDLs) rather than the bulk properties of the electrolyte.
Although the PVDF-HFP dielectric shows a high areal capacitance of 5.2 pF
cm2at1Hz, this value arises mainly frominterfacial EDL formation, not bulk
polarization. The Poisson-Boltzmann equation predicts that electric potential
drops occur within a few nanometers of the interface, beyond which the
electric field in the bulk electrolyte becomes negligible due to efficientionic
screening®*°. As aresult, the bulk capacitance contributes insignificantly to
the overall gate capacitance and can be omitted from device modeling. These
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interfacial EDLs using electrolyte enable effective channel modulation at low
operating voltages. (c) Nyquist plots and equivalent circuit fits for pristine

LEP, ITE-LEP, and AgGNW configurations. In the electrochemical transistor
configuration, the gate capacitance is governed by the series combination of

the AgNW/electrolyte interfacial EDL capacitance (Cyvw) and the C¢p and C* of
channel LEPs. Cygy, (39.3 pF) is significantly larger than C g (6.43 pF for pristine
and 17.03 pF for ITE-LEP) when measured in the same device geometry as the
EOLET. Thisimplies that most of the gate voltage can be effectively applied across
the LEP channel, ensuring efficient electrochemical modulation even at low bias.
Uponblending the ITE, C,;, increases to 17.03 pF from 6.43 pF due to enhanced
ion penetration and doping, resulting in a higher C*=8.11 F cm compared to
3.67 F cm™for pristine LEP. This also led to anincrease ininduced hole carrier
density to 1.77x10%° cm™ from 8.03x10" cm for pristine LEP.
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Extended DataFig. 4 | Spike responses of EOLET with visual outputs during bending. The images were measured at a constant Vs =— 3.5V with a spike gate voltage
Vs =—3.5V), applying 5 Hz spike stimulation for 12 cycles, each consisting of 450 spikes, with a10-second interval between successive cycles.
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Extended Data Fig. 5| Universal applicability of EOLETs demonstrated using different LEPs. (a) Schematic of an EOLET structure operating as a green-emitting
EOLET. (b) Molecular structures of PFO-co-MEH-PPV and TADF-type PABPC. (c) Comparative electrical, optical, and electrochemical performance metrics across three
LEP/ITE systems, including /s, /oy, Vis, PLQY, PL peak wavelength, and C*.
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Extended Data Fig. 6 | Enhanced light-emission performance enabled by demonstrating a significantly improved maximum luminance of 826 cd m™
TBA-BF4 incorporation. (a) Images of the EOLET devices showing a clear and and an external quantum efficiency of1.04%. The enhanced luminance and EQE
spatially PRZ with a light emission width of 247 um after incorporating the ionic originate from improved charge injection induced by uncompensated ionic
additive TBA-BF,. Bar:1 mm (b) Luminance characteristics as a function of Vs, charge accumulation near the electrodes, while the PRZ is preserved.
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Extended DataFig. 7 | Visual spike responses and threshold functions of
EOLET. (a) Visual spike responses of flexible EOLET according to the input spike
frequencies with the same voltage and duration conditions. (Vg = Vps=—3.5V)
(b) Spike-firing thresholds vs ITE content at 6.25 Hz. The EOLET with pristine LEP
did not show visual spike responses because electron injection is very weak in
unipolar electrolyte-gated OSTs as confirmed in Fig.3. ASITE content increased,
the EOLET with10% and 20% ITE-LEP showed spike firing thresholds of 6.4 s and
2.3 s, respectively, and the EOLET with 30% ITE-LEP showed an always-on state
due to excess ITE. This trend aligns well with the analysis presented in Fig. 3.
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(c) Maximum /,, vs frequency of input spikes according to ITE content. Consistent
with the above results, EOLET showed the same trend of increasing maximum /,;,
atall frequencies as ITE content increased. EOLETs that had ITE =0, 10, or 20%
exhibited spike-frequency-dependent plasticity, with maximum /,, increasing
with frequency; the EOLET with ITE =30% was permanently ON. In addition, an
increase in ITE content led to a gradual decrease in the spike-firing frequency
above the noise level. This controllable synaptic plasticity with visual outputs
canbeacore technique for emulating the versatile spike-processing capability in
biological nerve.
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