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MATERIALS SCIENCE

Nanofloating gate modulated synaptic organic
light-emitting transistors for reconfigurable displays

Yusheng Chen, Hanlin Wang, Feng Luo, Verénica Montes-Garcia, Zhaoyang Liu, Paolo Samori*

The use of postsynaptic current to drive long-lasting luminescence holds a disruptive potential for harnessing
the next-generation of smart displays. Multiresponsive long afterglow emission can be achieved by integrating
light-emitting polymers in electric spiked transistors trigged by distinct presynaptic signals inputs. Here, we
report a highly effective electric spiked long afterglow organic light-emitting transistor (LAOLET), whose operation re-
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lies on a nanofloating gate architecture. Long afterglow emission with reconfigurable brightness and retention
time is observed upon applying specific positive gate voltage spiked. Conversely, when negative gate voltage
stimulus is applied, these LAOLETSs function as click-on display. Interestingly, upon endowing the device with
force sensing capabilities, it can operate as a long afterglow pressure sensor that emits long-lasting green light

subsequently to a controlled extrusion action.

INTRODUCTION
Organic light-emitting transistors (OLETSs) are unique platforms for
optoelectronic applications. Their dual functionality, combining in
a single device the light generation characteristic of light-emitting
diodes with the current modulation and signal amplification of field-
effect transistors, renders them particularly appealing for the de-
velopment of the next generation of active matrix displays (1-4).
Optically responsive memory OLETsS, based on photochromic mol-
ecules or metal oxide with persistent photoconduction characteristics,
have demonstrated significant potential for smart display technolo-
gies (5, 6). However, these memory OLET' exhibit a major limitation:
The memory current driving the light emission could be modulated
solely by the optical stimulus. Hence, these devices do not fulfill the
technological requirements for smart displays, which should be en-
dowed with responsiveness to distinct bionic stimuli. To broaden
the control over the device operation, thereby enabling functional
diversification, electric spiked memory transistors could offer a ver-
satile solution when coupled with sensors by collecting external
physical or chemical stimuli and converting them into electrical in-
puts for data storage. The sensory data for intelligent bionic system
could be thus encoded by using different types of stimuli, whose
precision and reliability for technological applications have been
already demonstrated through the fabrication of tactile sensors (7-10),
light sensors (11-13), humidity sensors (14, 15), and chemical sensors
(16-18). As an alternative to conventional three-terminal memory ar-
chitectures, nanofloating gate (NFG) transistors (NFGTs) are par-
ticularly suitable for the realization of both volatile and nonvolatile
memory devices, because they combine a well-established working
mechanism, reliable memory operations, and a gigantic memory ca-
pacity (19-22). Recently, artificial synaptic devices based on NFGT's
have been exploited to mimic synaptic learning rules in human brain
including short-term potentiation (STP)-to-long-term potentiation
(LTP) transition and spike timing-dependent plasticity (STDP), empow-
ering the development of neuromorphic computing hardware (23, 24).
On the other hand, materials and processing optimization in organic
optoelectronics enabled the controlled manufacturing of homogeneous
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large-area thin films deposited with cost-efficient and scalable liquid-
based processing technologies such as spray and blade coating as well
as ink jet and three-dimensional printing (25-30). Nevertheless, the
stepwise assembly of superimposed multiple layers by mastering
solution processing protocols requires the use of orthogonal solvents
for the deposition of successive layers (31, 32). While alcohol-soluble
n-type polymers have been integrated as an electron transport layer
in solution-processed hybrid OLETs (33, 34), the use of alcohol-soluble
hole transport/extraction polymers in high-performance organic
optoelectronics still needs to be fully demonstrated (35, 36), hitherto
limiting their application in solution-processed p-type hybrid mul-
tilayer OLET architectures (37-39).

Here, we report full-color, NFG-modulated long afterglow OLET's
(LAOLETS) whose “soft components” are all deposited by spin coat-
ing. The layout comprises superimposed layers of water-dispersed
gold nanoparticles (Au NPs) as floating gate and methyl glycol-
processed Al,Os thin film as tunneling barrier, covered sequentially
by a channel layer, a hole transport layer, a light-emitting layer (EML),
and an electron transport layer, which are deposited from solutions in
hot dichlorobenzene, chlorobenzene, toluene, and methanol, respec-
tively. Interestingly, after applying positive gate spike as presynaptic
stimulus, long afterglow electroluminescence with synaptic function
of STP-to-LTP transition and STDP was observed. Conversely, upon
applying a negative gate spike as signal input, immediate sparked
electroluminescence was recorded. The time-dependent characteri-
zation revealed that two different targeted operating modes of
retardation display and real-time display can be achieved in a single
device. Hence, reconfigurable displays can be realized by the selecting
polarity of gate voltage. Last, we demonstrated that, upon integrat-
ing a piezo-responsive sensor with these electrical spiked LAOLETS,
long afterglow emission can be trigged by exerting an external pressure,
suggesting their relevance for long afterglow sensing technologies.

RESULTS

An unprecedented class of all-solution-processed LAOLETs was devel-
oped by superimposing six functional layers. The device layout, supported
on Si/SiO,, comprises stacked layers of Au NPs/ALOs/poly((2,3,5,6-
tetrahydro-2,5-bis(2-octyldodecyl)-3,6-dioxopyrrolo(3,4-c)pyrrole-
1,4-diyl)-2,5-thiophenediylthieno(3,2-b)thiophene-2,5-diyl-2,5
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thiophenediyl) (DPPDTT)/Au/poly(4-butylphenyl-diphenyl-amine)
(PTPD)/EMLs/poly(9,9-bis(6-(N,N-diethylamino) hexyl)-fluorene-alt-
9,9-bis(3-ethyl(oxetane-3-ethyoxy)-hexyl)-fluorene) (PFNOX)/Au,
as portrayed in Fig. 1 (A and B). The emission of different colors
(green, red, yellow, and blue) was obtained by using four
commerecial semiconducting light-emitting polymers, i.e., the green light-
emitting spiro-copolymer (SpiroG), the red poly(2-methoxy-5-
(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV), the
yellow poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2), and the blue
poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-
N,N-phenyl-1,4-phenylenediamine) (PFB). The chemical structure
of the polymers is reported in Fig. 1D.

Fabrication and characteristics of NFG

First, floating gate synaptic transistors comprising a DPPDTT channel
layer as active material were fabricated by using a bottom-gate,
top-contact geometry to investigate the synaptic behavior (Fig. 2A).
A stabilized suspension of 5-nm-sized Au NPs in citrate buffer solu-
tion was spin-coated onto a Si/SiO, wafer to act as NFG. Successively,
an ALOj; tunneling layer with a thickness of ~10 nm was spun from
the AL,O3 precursor solution. The atomic force microscopy (AFM)
images in Fig. 2 (B and C) confirms the relatively uniform microscale
morphology of the Au NPs film after Al,O3 deposition. The space
confinement of the Au NPs in between the two dielectric layers
(Si0; and Al O3 based) is expected to provide presynaptic weight
tuning. The gate-source voltage (V) and the drain-source voltage
(Vp) of NFGTSs can be conceived as the pre- and postsynaptic ter-
minals, respectively. The transfer curves of NFGTs under a variety
of different ranges of Vg scanning conditions are displayed in
Fig. 2D. As marked by the arrows, the V sweeping direction started
from positive to negative (backward sweep direction) and then re-
versed to positive (forward sweep direction), resulting in a counter-
clockwise hysteresis. The NFGTs exhibited a predominant p-type
behavior with a hole mobility of ca. 0.5 cm® V™! s™%. Typically, two
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distinct states were observed at two sweeping directions when the
applied sweeping voltage exceeds +40 V, revealing a negatively
shifted threshold voltage (V) in the backward sweep. Upon gradual
expansion of the sweep range, the memory window of the devices,
defined as the shifted Vi (AVrh), increased significantly. Maxi-
mum AV, with a value of 45 V was obtained after applying £100 V
to the gate. The transfer curves of NFGT's without Au NPs are plotted
in fig. S1 for comparison, which present a lower AV, with a value
of 20 V. This AV, can be exploited for writing/erasing operations
in functional devices, whose working mechanism is displayed in
Fig. 2 (E and F). When a suitable positive gate bias (>40 V) was ap-
plied to the gate terminal, electrons accumulated at the interface
between the tunneling (Al,03) layer and the channel layer, and
some among them tunneled through the AL, O3 layer to be injected
into Au NPs. These electrons were stored even after the removal of
V¢ because of the barrier provided by the Al,O; layer, leading to an
increased drain-source current (Ips) due to the enhanced channel
conductance. Conversely, when a negative gate bias was applied, the
opposite process was achieved, resulting in an “erasing” action (40, 41).

By exploiting this floating gate effect, biological synaptic functions
were emulated upon applying Vp = —60 V combined with eight
stimulus Vg pulses. The writing and erasing operations can be
reversibly controlled by the polarity of the gate bias, as plotted in
Fig. 2 (G and H), respectively. The excitatory postsynaptic current
(PSC; measured as Ips) could be triggered by applying a positive Vg
stimulus (100 V, 12 s). Once the stimulus was ceased, the PSC raised
to approximately 0.3 mA. Logically, one of the most important neu-
ronal functions is the STP-to-LTP transition, which was observed after
applying in series an increased number of stimuli, from one to eight,
thereby enhancing the intensity of PSC from 0.3 to 0.6 mA. Another
key synaptic function in neuromorphic systems is represented by
the changes in the synaptic weight modulated by the spike timing to
master STDP. The PSC response to one stimulus having a width
ranging from 6 to 24 s (fig. S2, A and B) shows that a longer
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Fig. 1. Schematic images of the device structure and chemical structures. (A) Aerial view: Device structure of LAOLETSs. (B) Corresponding schematic cross section
(front view) of LAOLETs. (C) Schematic demonstrating the reconfigurable displays. (D) Chemical structures of DPPDTT, PTPD, PFNOX, and the four EMLs, i.e., SpiroG,

MDMO-PPV, F8T2, and PFB.
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Fig. 2. Device structure and working mechanisms of NFGTs. (A) Scheme of the multilayered NFGTs device. AFM topographical images of Au NPs (B) before and
(C) after Al,O3 thin-film coverage. Z scales =20 nm. (D) Transfer hysteresis curves of NFGTs under different Vs sweeping range. Schematic energy band diagrams and
charge flow of the NFGT device during (E) writing and (F) erasing operation. Time-dependent measurement of devices with eight positive and negative Vg spiked as
(G) writing and (H) erasing operations, respectively. Orange and purple lines represent the real-time Vg and Vp, respectively.

stimulus width resulted in greater PSC values with longer retention
time. In addition, the erasing of PSC in synaptic device could also be
mimicked. A typical erasing current at an amplitude of 0.1 pA could
be triggered by a negative Vg spike (100 V, 12 s), providing a supe-
rior writing/erasing current ratio (Iyg) of 10° (fig. S2C). Apart from
postsynaptic depression, there is an increasing current at an ampli-
tude of 1 mA as a result of each negative Vg spike, revealing the
“on state” of the devices. Starting from the third negative V spike,
such an on-state current maintained an amplitude of 3 mA because
of the charge saturation absorption of Au NPs, offering a mean to
power light emission. The results of this real-time writing/erasing
process provide unambiguous evidence that NGFT's can be turned on
both “after positive gate voltage” and “under negative gate voltage.”

Fabrication and work mechanism of LAOLETs

To impart a synaptic function to light-emitting devices, green long
afterglow OLETs (G-LAOLETSs) were fabricated and characterized
by using SpiroG as light-emitting material. The optical images of
the devices are displayed in Fig. 3A. Aiming at superimposing via
solution processing of four layers of different functionalized poly-
mers, we have selected three conjugate polymers soluble in nonpolar
solvents with specific order of solvent dissolvability, being specifi-
cally hot dichlorobenzene, chlorobenzene, and toluene, respectively,
followed by the deposition of a final alcohol-soluble n-type poly-
mer. AFM imaging of 2-um by 2-um regions of these films before
and after soaking of the solvent from the upper layer was used to
evaluate the quality of the layer-by-layer interface (fig. S3). The
morphology of DPPDTT films before and after chlorobenzene
soaking exhibited relatively smooth surface with a root square mean
roughness (Rrms) of about 1.1 nm. Differently, the morphology of
PTPD film after soaking showed a slightly higher Rpms of about
0.5 nm, when compared with its pristine film (with a Rpys of about
0.2 nm), still confirming the ultrasmooth nature of the interface
between HTL and EML. Expectedly, the Rgys of the SpiroG film
remained 0.2 nm after methanol soaking. The sharp interface between
individual layers in the stack can be also observed from cross-sectional

Chen et al., Sci. Adv. 8, eabq4824 (2022) 14 September 2022

scanning electron microscopy (SEM) imaging of the G-LAOLETSs
(Fig. 3B), providing further confirmation of the viability of the used
process for the controlled deposition of four stacked polymer layers.
The thickness of films was determined from these SEM images and
confirmed by profilometry (fig. S4A).

The energy levels of the polymers forming the multilayer struc-
ture and the working mechanism, including memory and display
processes, are illustrated in Fig. 3 (C and D). As previously ex-
plained, when a suitable presynaptic voltage is applied to the gate
terminal, electrons accumulating at interface between the tunneling
layer and the channel layer can be injected into NFG and are stored,
resulting in enhancement of the conductance of DPPDTT when the
voltage stimulus is ceased. Predictably, an enhancement of the con-
ductance of DPPDTT can be also attained upon applying a negative
gate bias. However, for the light emission operation, a negative drain
bias needs to be also applied. Hole carriers are injected from the
source electrode to the channel layer and then transported to PTPD,
while electron carriers are injected from the drain electrode to the
PFNOX, leading to hole-electron carrier recombination in the
light-emitting polymer and forming a uniform drain-shaped region
of emission.

Characteristics of LAOLETSs

Electrical and optical hysteresis transfer curves of G-LAOLETs are
displayed in Fig. 4A. In addition, electrical and optical output curves
of these devices are displayed fig. S5 (A and B), respectively. The
maximum current and brightness of G-LAOLETSs reached 3 mA
and 2500 cd m ™~ when Vp, = —60 V and Vi = —100 V were applied.
A saturation hole field-effect mobility of 0.25 cm* V™! s™" and an
I/ Lo ratio of 10° were also obtained. To demonstrate the repro-
ductively of these devices, transfer curves of 10 G-LAOLETSs from
five batches are plotted in fig. S6. Similar to the NFGTs, the NFG-
driven memory behavior was also observed in the G-LAOLETS, as
evidenced by two distinct states in two sweeping directions. In the
backward sweep direction, Vy, of devices was set at —2 V and light
turn-on voltage (Vo) was set at 1 V, whereas in the forward sweep
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Fig. 3. LAOLETs and their working mechanisms. (A) Optical image of LAOLETs under light. (B) Cross-sectional SEM image of G-LAOLETs. LAOLET's working mechanisms:

(€) long afterglow mode and (D) click-on mode.

direction, Vrp, and V,, were set at —41 and —40 V, respectively.
Both current and brightness memory window (AVr, and AV,,)
are calculated as ~40 V, allowing the devices to operate as memo-
ry displays.

To further elucidate the memory display properties of G-
LAOLETS, electric time-dependent measurements of the device’s
intergraded brightness under Vp, = —60 V upon varying Vg were
carried out and displayed in Fig. 4 (B and C). Expectedly, exploiting
the memory current to power the memory display, the device’s
postsynaptic brightness (PSB) featured a trend similar to the PSC in
both writing/erasing operations. Analogous to the long afterglow
phenomenon that has attracted quite some interests for applica-
tions in optical data storage, in vivo imaging, and anticounterfeiting
(42, 43), this time-resolved decay behavior of PSB can be exploited
to achieve similar device functions, working as the “long afterglow
mode.” Initially, the device’s PSC was about 4 uA, being too low to
drive the light emission. Once a positive spike (Vg =100 V, 12 s)
stimulus finished, the PSC and PSB became measurable and were
found to amount to 0.12 mA and 81 cd m ™2, respectively. Because
DPPDTT is an ambipolar semiconductor with a narrow bandgap,
when a positive Vg is applied, the hole carrier can inject from the
source electrode to the lowest unoccupied molecular orbital level
of DPPDTT. For practical applications, this current peak can be in-
hibited by exploiting a wide bandgap polymer as channel material.
After repeating these spikes eight times, the PSC and PSB have grown,
reaching 0.24 mA and 142 cd m™% hence demonstrating that a
greater current and light emission could be simultaneously reached
by repeating the signal input, also indicating that the lifetime of this
long afterglow emission is limited by the lifetime of PSC. The mech-
anism ruling this process consisted in the stepwise enhancement of
the amount of electrons being trapped into the NFG upon increasing
the number of spikes. Figure 4D shows the PSC and PSB response

Chen et al., Sci. Adv. 8, eabq4824 (2022) 14 September 2022

to a single stimulus having a width ranging from 6 to 24 s. According
to the fitting (fig. S4B), after having applied a stimulus of Vg =100 V
for 6s,a Lo of 18 cd m™2 with a lifetime (1)) of 12.8 s was obtained.
Upon the gradual increase of the stimulus width to 12 and 24 s, en-
hanced L, to 60 and 127 cd m 2 with prolonged 7 to 14.1and 17.2 s
of PSB were observed. On the other hand, PSC and PSB of devices
can be inhibited by one ne§ative spike (Vg =-100V, 12'5), decreas-
ing to 0.1 pA and 0 cd m™, hence revealing an Iy of 10°. Appar-
ently, the current intensity of >1 mA under each negative Vp, spikes
could drive the light emission in the devices, defining another work
mode as “click-on.” According to the time-dependent measurements
shown in Fig. 4E, although the current exhibited a slight decay upon
applying a negative gate voltage, a stable on-state current of ~1 mA
accompanied with a stable brightness of ~300 cd m™* was observed
after 150 s of continuous application of a negative Vg, due to the
nearly saturated absorption of NFG. These results provide evidence
that two different display operating modes, i.e., long afterglow and
click-on, can be achieved simultaneously in the same display unit by
using positive gate voltage and negative gate voltage spike, respec-
tively. The optical image of the devices including the initial state and
the two working modes in the dark are presented in Fig. 4F.
Devices capable to emit light with three different colors were
fabricated by using different light-emitting polymers as active com-
ponents. In particular, we used MDMO-PPV for red (R-LAOLET),
F8T2 for yellow (Y-LAOLET), and PFB for blue (B-LAOLET). Elec-
tric and optical hysteresis transfer curves of R-, Y-, and B-LAOLETs
are measured (fig. S7, A to C). All these devices exhibited a maxi-
mum current of around 3 mA and I,/ Iof ratios reaching 10°. Upon
applying Vg = -100 V and Vp = —60 V to the LAOLETS, we ob-
served maximum brightness values of 493, 1666, and 66 cd m™* for
red, yellow, and blue light-emitting devices, respectively (Fig. 4G).
At the same time, all these LAOLETS exhibited approximately AVry
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Fig. 4. Electrical and optical characterization of LAOLETSs. (A) Electric and optical transfer curves of G-LAOLETs. The solid lines represent the electric curves, while the
dotted lines represent the brightness curves. The time-dependent electric and optical measurement of devices with eight positive and negative gate spiked was used as
(B) long afterglow mode and (C) click-on mode, respectively. Orange and purple lines represent the real-time gate and drain voltage, respectively. (D) Time-resolved
electrical and optical decay curves of G-LAOLETSs after the application of Vi = 100 V with different stimulus width. (E) Stabilized measurement of G-LAOLETs when negative
Vi was applied continuously. (F) Optical image of LAOLETs under the same Vp=-60 V and different Vg conditions: initial state of device, under dark, and Vs =0; long
afterglow mode, after 20-s spiked V=100 V; and click-on mode, under spiked Vg =-100 V. (G) Optical images of R-, Y-, and B-LAOLETs when Vp = -60V and

Ve =-100V were applied.

and AV,, of ~30 V and Iy of ~10% indicating that the synaptic
behavior was retained regardless of the used light-emitting polymers.
The electroluminescence peaks of the R-, Y-, B-, and G-LAOLETSs
were located at 603, 550, 450, and 542 nm, respectively (fig. S7D).
To further evaluate the influence of the light-emitting material on
memory display properties, electric and optical time-dependent mea-
surements of full-color LAOLETs under Vp = =60 V upon varying
Vi were carried out and displayed in figs. S8 to S10. It is clear that
two different work modes were realized successfully whatever the
light-emitting materials were using. These results demonstrate that
LAOLETS with optimized color emission could be achieved by sim-
ply selecting the ideal light-emitting materials.

Toward long afterglow sensors

Pressure sensing represents a crucial input that needs to be embedded
in intelligent bionic systems, especially because flexible and wearable
pressure sensors can satisfy the needs of human motion detection
for health and disease diagnosis. Electrically conductive polymer
nanocomposites have been widely reported as a piezo-resistive sen-
sor. Hence, toward processing long afterglow sensors, a graphene
sponge was selected because of their advantages of low-cost, envi-
ronmentally friendly, and simple fabrication (44). The optical im-
age and current-voltage relation (I-V) characterized curves of the
graphene sponge are presented (fig. S11). When a pressure of ca.

Chen et al., Sci. Adv. 8, eabq4824 (2022) 14 September 2022

6 kPa was exerted to the graphene sponge, the pressure sensor was
drastically transformed from a high resistant state to a low resistant
state. As a proof-of-concept assessment of a practical application of
the long afterglow device, long afterglow pressure sensors were fab-
ricated by integrating two units (Fig. 5A and fig. S12), a graphene
sponge as a pressure sensor component and a G-LAOLET unit fab-
ricated as described above. Real-time measurement of this long after-
glow pressure sensor is displayed in Fig. 5B upon applying a Vg
of 120 V. The orange, black, and green lines correspond to Igs, Ips,
and brightness, respectively. Initially, the pressure sensor resistance
was much greater than the setting resistance. When a pressure was
exerted on the device, Igs increased to 0.02 mA, and the resistance
of total circuit (which corresponds to the sum of the setting and the
pressure sensor resistance) was calculated as 6 megohm. Correspond-
ingly, the voltage dropped on G-LAOLETSs could be emulated as
100 V, leading to long afterglow emission after ceasing the pressure
signal input. This long afterglow emission could also be enhanced
by repeating the pressure signal input. Another operating mode was
also achieved upon applying a V of —120 V. Light emission of device
was observed when each pressure signal input was applied (Fig. 5C).
In the future, upon changing the responsive units, different kinds of
long afterglow sensors capable to respond to diverse stimuli can be
used for light, thermal, sound, and biomolecular sensing in new ac-
tive displays (45).
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Fig. 5. Long afterglow pressure sensor. (A) Equivalent electrical circuit integrating the pressure sensor function in a G-LAOLET. R is a setting resistance of 5 megohm.
Real-time measurement of long afterglow pressure sensor upon applying a Vg of (B) 120V and (C) -120 V.

DISCUSSION

In summary, we have reported the fabrication of unprecedented elec-
trical spiked LAOLETS by assembling on a Si/SiO, wafer by succes-
sive spin-coating depositions a multilayered structure comprising
Au NPs as an NFG layer coated with an insulating Al,O3 tunneling
barrier supporting four different functionalized polymer layers, which
act as a channel, hole transport, light emission, and electron trans-
port layer, respectively. By using SpiroG as light-emitting material,
G-LAOLETs with a maximum brightness of 2500 cd m* and an
Ion/ Lot ratio of 10° were realized. After applying a positive gate spike
as a presynaptic stimulus, a long afterglow display of 81 cd m™* with
a lifetime of 14.08 s was attained. The PSB of devices can be en-
hanced to 142 cd m™? by repeating the stimulus. At the same time,
the lifetime of PSB could be prolonged to 17.17 s by increasing stimulus
width to 24 s. Importantly, another operating mode, displaying a
prompt light emission under each negative gate spiked, was also ob-
served in the same device. In light of these unique characteristics,
our LAOLETS can find application as reconfigurable displays. Fur-
thermore, by exploiting four commercially available semiconducting
polymers as light-emissive layers, full-color LAOLETSs ranged in
whole visible light were achieved with approximately AV, and
AV, of ~30 V and Lyg of ~10% respectively. As a proof of concept,
force-triggered long afterglow emission was observed in pressure
sensor—integrated LAOLETS, demonstrating that our LAOLETS can
respond to bionic stimulus for artificial sensory-related synaptic
display in tomorrow’s smart optoelectronics.

MATERIALS AND METHODS

Materials

Au NP solution, octylphosphonic acid, SpiroG, MDMO-PPV, F8T2,
and PFB were purchased from Sigma-Aldrich. PENOX was purchased
from Lumtec. DPPDTT [weight-average molecular weight (M) >
100 K] and PTPD (M ~ 80 K) were purchased from 1-Material. All
the materials were used as received, without any further purification.

Preparation of solutions

Al,03 precursor solution

Al(NO3)3-9H,0 was dissolved in 2-methoxyethanol at a concentra-
tion of 0.1 M and stirred at room temperature overnight.

DPPDTT solution

Forty milligrams of DPPDTT was dissolved in 10 ml of dichloro-
benzene and then stirred at 80°C overnight. The solutions were
heated at 150°C for 30 min before being spin-coated.

Chen et al., Sci. Adv. 8, eabq4824 (2022) 14 September 2022

PTPD solution

Sixty milligrams of PTPD was dissolved in 10 ml of chlorobenzene
and then stirred at 80°C overnight.

Solution of the light-emitting polymers

Eighty milligrams of SpiroG, MDMO-PPV, F8T2, and PFB was dis-
solved in 10 ml of toluene and then stirred at 80°C overnight.
PFNOX solution

Ten milligrams of PFNOX was dissolved in 5 ml of methanol and
50 pl of acetic acid and then stirred at 80°C overnight. The solutions
were filtered through a 0.22-um polytetrafluoroethylene filter before
being spin-coated.

Device fabrication

Devices were fabricated on the substrates of n*" Si as bottom gate
coated with 230 nm of thermally grown SiO, as the gate dielectric
(IPMS Fraunhofer Institute). The Si/SiO, substrates were cleaned
with water, acetone, and alcohol in sequence and dried under N,
flow. The cleaned substrates were further treated with ultraviolet
ozone for 20 min. Au NP solution was spin-coated at 800 rpm for
2 min on the silicon wafer followed with 0.1 M AL, O3 precursor solu-
tion spin-coated at 3000 rpm for 45 s. Subsequently, the substrate
was dried at 150°C for 5 min and baked at 360°C for 30 min. The
substrates were soaked in 0.05 M octylphosphonic acid solution
overnight before being used. A channel layer with a thickness of
50 nm was spin-coated on substrates from hot DPPDTT solution.
For NFGTs, interdigitated Au electrodes (40 nm) were deposited on
the DPPDTT film through shadow masks. For LAOLETS, source
electrode (Au; 50 nm) was evaporated on the DPPDTT film through
shadow masks. Subsequently, the hole transport layer with a thick-
ness of 10 nm was spun from PTPD solution, followed by a thermal
annealing at 150°C for 20 min. EML of different color with a thick-
ness of 45 nm was spun from the corresponding emitting solution,
followed by thermal annealing at 130°C for 20 min. Electron trans-
port layer with a thickness of 10 nm was spun from PFNOX solu-
tion, followed by a thermal annealing at 130°C for 20 min. Last, the
drain electrode (Au; 35 nm) was deposited through shadow masks.
The width (W) and length (L) of the channel in LAOLETs amounted
to 27 mm and 200 pm, respectively, whereas the emission area was
defined as 4.22 mm”.

Pressure sensor fabrication

The graphene ethanol solution was prepared by low-cost and scal-
able wet chemical electrochemical exfoliation approaches following
previously report procedures (46). A melamine sponge with a size

60f8

2202 ‘YT Jequendas uo B10°30Us 105" MMM//:SNY WOJ | PapE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

of 15 mm by 15 mm by 5 mm was soaked in 3 weight % graphene
solution overnight. After the removal of the solution in the vacuum
chamber, two iron plates were tapped on the top and bottom of the
graphene-absorbed sponge for connecting.

Characterization

Devices were characterized in a dry and nitrogen-filled glove box.
The electrical characteristics and basic synaptic functions were
measured by a semiconductor parameter analyzer (Keithley, 2636).
Irradiation intensity of the device was measured by a photodiode
(Hamamatsu, S3204-08), which have been previously calibrated by
aluminance meter (Konica minolta, LS-100). The electroluminescence
spectrum of OLETs was measured by Ocean Optics FLAME-S. AFM
images were recorded with a Bruker Dimension Icon setup operating
under ambient conditions, in tapping mode. SEM images were taken with
Quanta FEG 250 from FEI Company. The thickness of the films was
determined by the Alpha-Sep IQ Surface Profiler.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq4824
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