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Abstract

Organic electrochemical transistors (OECTS) with high transconductance and good operating
stability in an aqueous environment are receiving substantial attention as promising ion-to-
electron transducers for bioelectronics. However, to date, in most of the reported OECTSs, the
fabrication procedures have been devoted to the spin coating processes which may nullify the
advantages of large-area and scalable manufacturing. In addition, conventional
microfabrication and photolithography techniques are complicated or incompatible with
various nonplanar flexible and curved substrates. Herein, we demonstrate a facile patterning
method via  spray-deposition to  fabricate ionic  liquid doped  poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-based OECTSs, with a high



peak transconductance of 12.9 mS and high device stability over 4000 switching cycles.
More importantly, this facile technique makes it possible to fabricate high-performance
OECTs on versatile substrates with different textures and form factors such as thin permeable
membranes, flexible plastic sheets, hydrophobic elastomers and rough textiles. Overall, the
results highlight the spray-deposition technique as a convenient route to prepare high
performing OECTs and will contribute to the translation of OECTs into real-world

applications.



INTRODUCTION

Organic electrochemical transistors (OECTs) with high transconductance (> 1 mS) and
good operating stability in an aqueous environment are receiving substantial attention as a
promising ion-to-electron transducer for bioelectronics.® OECT-based bioelectronic devices
have been successfully used for sensing glucose,® DNA’® and hormones,® owing to their high
sensitivity and low operation voltages. Specifically, the conducting polymers used in OECTs
exhibit low impedance in physiological environment and thus govern a stable
electrophysiological signal recording for biological diagnosis and therapy.'®'! Additionally,
their simple device structure allows the potential for large-area electronics using simple
printing methods such as ink-jet printing and screen-printing.1>-

In OECTs, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a
mixed ion-electron conducting polymer, is the most widely employed active material. The
operation of OECTs involves the doping and de-doping of the organic conjugated polymer
coupled with ion intercalation under the application of a gate voltage. The OECT
performances are influenced by the combination of electronic transport in PEDOT chains and
ion penetration from the electrolyte into active channel. A solvent additive, ethylene glycol
(EG), is commonly utilised to improve the PEDOT domains for better connectivity and
transport.1”° In earlier work, we demonstrated how the addition of an ionic liquid into
PEDOT:PSS allows for a more closely packed order of PEDOT units and fibrillar
morphology to facilitate a better pathway for hole transport and enhanced ion penetration.?°
However, to date, in most of the reported OECTSs, the fabrication procedures have been
devoted to the spin coating processes which may nullify the advantages of large-area and
scalable manufacturing. The state-of-the-art fabrication processes for OECTs also rely
heavily on costly and complicated photolithography techniques to achieve a well-patterned

active channel for high-performance devices and to avoid parasitic effects.2?%?2 A well-



patterned polymer channel is desired since the OECT operation is through a volumetric
doping/de-doping effect and therefore the channel geometry (W*d/L) plays a critical role in
determining the electrical performance.?>?® Unfortunately, the conventional microfabrication
photolithography techniques also require the assistance of diverse organic solvents such as
acetone, toluene, or photoresist developers which can lead to damage or delamination of the
organic channel layer.

One promising alternative deposition technique is spray-coating, which involves the
formation of active layers by sprayed droplets deposition.?*?® The spray-coating process also
allows lower material losses during deposition and is easily scalable for large area
electronics.?’2° Another advantage of spray-coating is that it enables the deposition of films
on non-flat surfaces. This is particularly useful for making OECTs for wearable
bioelectronics and transient electronics which require versatile substrates with different
textures and form factors such as thin permeable membranes, flexible plastic sheets,
hydrophobic elastomers, porous paper and rough textiles.>*® Among the spray deposition
techniques, air brush spray methods are inexpensive and allow high throughput.®* However,
there are very few reports on the fabrication of OECTs by the spray-coating method,*® and
in particular, the use of air brush spray methods for PEDOT:PSS deposition for OECT
channel.

Herein, we successfully demonstrate a facile air brush spray deposition technique to
fabricate ionic liquid doped PEDOT:PSS-based OECTs with high transconductance and
excellent stability. The spray-deposition technique enables a one-step preparation of a well-
confined PEDOT:PSS channel through the use of a stencil mask. Notably, the spray
deposited OECT presents excellent electrical performance, with a high peak
transconductance of 12.9 mS (Vp = -0.6 V, W/L = 1000 um/250 um, channel thickness, d = ~

400 nm) and excellent stability during pulsed measurements with over 4000 cycles of



continuous operation. Furthermore, we observe a remarkable ambient stability over six
months storage in ambient atmosphere. Most importantly, this organic solvent-free patterning
technique makes it possible to fabricate high performance OECTs on a number of diverse
nonplanar flexible substrates. In particular, we show that high performing OECTs can be
fabricated on biodegradable flexible substrates based on ethyl-cellulose and natural leaf,
wearable type substrates based on commercial adhesive bandages and deformable elastic
substrates based on a polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS) elastomer. These substrates either have rough surfaces, are thin (5 — 28 um thick)
and/or are vulnerable to commonly used organic solvents such as acetone and toluene, thus
meaning that it is challenging to fabricate a well-confined active channel using traditional
deposition process or patterning techniques. Using these substrates, the spray-deposited
OECTs maintained high electrical performances with a transconductance of 3.7 — 7.4 mS at
Ve =0V and an on/off ratio of ~5 x 102 To the best of our knowledge, this is the first spray-
deposited PEDOT:PSS channels for OECTs on a number of diverse substrates with high
electrical performance and superior stability. Additionally, we present an inverter based
entirely on OECTs with a high gain of ~18 by combining a PEDOT:PSS based OECT
(depletion-mode) and a glycolated thiophene polymer based OECT (accumulation-mode)
with both channels prepared by spray deposition method. Overall, the results indicate that the
spray-deposition technique provides a convenient route to prepare high performing OECT
channels and exhibits great prospects in various ubiquitous electronics and biointegrated
organic electronics, such as flexible, conformal biological sensors and foldable wearable

integrated circuits.

RESULTS AND DISCUSSION



Figure la presents the schematic illustration of the spray deposition process using a
commercially available air-brush unit. We fabricated OECTs by spraying a PEDOT:PSS
solution onto substrates with pre-patterned gold source-drain electrodes. The spray-coating
distance was 10 cm from the spray nozzle to the substrate with a differential pressure of 1.5
bar and performed under ambient conditions. Using this spray-deposition process and a
stencil mask, well-defined channels are prepared on top of diverse substrates (see Figure 1b
and Figure S1 of Supporting Information). Here, we included an ionic liquid additive in the
PEDOT:PSS system to create better electronic and ionic transport in OECTSs. In our previous
work, we found that counter-ion exchange occurred between PEDOT:PSS and 1-ethyl-3-
methylimidazolium tricyanomethanide, [EMIM][TCM] and gave rise to molecular
rearrangement, forming a more closely packed order of PEDOT units and fibrillar
morphology to facilitate a better pathway for hole transport and enhanced ion penetration.?°
However, the prepared PEDOT:PSS/[EMIM] [TCM] solution was found to be viscous due to
the strong molecular interactions and therefore not suitable for spray-printing process. For
spray-printing process, the ink has to spread and adhere easily over the surface of substrate.
In this work, the OECT performance were obtained from the optimized concentration of a
water-soluble ionic liquid, namely, 1-ethyl-3-methylimidazolium chloride, ((EMIM][CI], 1.1
wt.%) in the PEDOT:PSS solution. The weaker counter-ion exchange & molecular
interactions in PEDOT:PSS as compared to [EMIM][TCM] allows better ink formulation and
processability. The corresponding molecular interactions was further verified by Grazing-
Incidence Wide-Angle X-ray Scattering (GIWAXS); Figure S2. There exist two scattering
broad peaks at q = 1.28 A1 (real space distance d = 4.91 A, the lattice spacing (d) was
obtained from Bragg’s law.) and q = 1.78 A (d = 3.53 A) for PSS side groups and n-n
stacking of PEDOT in the pristine film, respectively, in good agreement with previous

works.® Meanwhile, for PEDOT:PSS/[EMIM][CI] films, the PSS side group and m-n



stacking of PEDOT is reduced slightly to 1.34 A (4.69 A) and 1.80 A (3.49 A) respectively.
We also noted similar molecular packing motifs for both spin-coated and spray-coated
PEDOT:PSS/[EMIM][CI] films. A schematic diagram to show the internal structure of ionic-

liquid doped PEDOT:PSS is presented in Figure 1c.
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Figure 1. (a) Schematic illustration of the fabrication process using spray-deposition for
organic electrochemical transistors. (b) Optical photograph of spray-deposited channel on a
variety of substrates including ethyl-cellulose, natural leaf, adhesive bandage, and SEBS
elastomer based substrates. (c) A schematic diagram to show the internal structure &
molecular packing of spray deposited PEDOT:PSS/[EMIM][CI] composite. (d) The
illustration of a representatively OECT configuration with patterned channel on a supporting
leaf substrate.

To complete the device fabrication, a water-based electrolyte (0.1 M NaCl solution) is
deposited on top of the spray-deposited PEDOT:PSS/[EMIM][CI] channel and a non-

polarizable Ag/AgClI pellet (1 mm?) is used as the gate electrode (Figure 1d). The reversible



ionic exchange between the active channel and salt electrolyte is modulated through the
application of a gate voltage (Vg). Figure 2a-c first show the OECT electrical performances
with a spray-deposited active channel PEDOT:PSS/[EMIM][CI] on conventional rigid silicon
substrate. The PEDOT:PSS/[EMIM][CI] active channel has a thickness (d) of ~ 400 nm with
a width (W) and length (L) of 1000 um and 250 um respectively. The output and transfer
characteristics of the spray-deposited OECT are presented in Figure 2a-b. The OECT is
conducting at zero gate bias owing to the highly doped PEDOT" state. Consequently, the
OECT is switched off around Vs = 0.6 V, exhibiting a depletion mode of operation. A
desirable on/off ratio of ~10% (drain voltage (Vo) = -0.5 V) can be achieved, owing to the
simultaneous enhancement of electronic and ionic transport, as detailed in our previous
report.?® Furthermore, this device shows a high peak transconductance (g,, = dIp/dV;) of
129 mS at Ve = -0.14 V with Vp = -0.6 V. It is also found that the maximum
transconductance, gm, is closely linked to the applied drain voltage (See Figure 2c¢). As Vp is
lowered, the gm is decreased. The measured peak gm, is found to be proportional to the
channel geometry (W*d/L) with a slope of 4.91 + 0.30 mS/um (See Figure S3), in good
agreement with the conventional spin-coated devices.?*> When normalized to the channel
geometry, the peak gm is 7.3 mS um™, which is also comparable to our spin-cast devices
(Figure S4) and other reports (Table S1).233233

Good operating stability in aqueous electrolyte media is another paramount requirement
when using OECTSs as a sensing device in bioelectronics. In this context, a continuous voltage
pulse switching, and long-term aging test were carried out to check the stability of the devices.
For the continuous pulse measurement, the drain current (Ip) was monitored under a
periodical variation of gate bias between -0.4 V and 0.6 V with a pulse width of 0.5s (Vp = -
0.5 V). As shown in Figure 2d, the spray deposited OECT device exhibits a great electrical

stability upon successive gate voltage pulses for 4000 cycles. The drain current is maintained >



96% even after 4000 cycles of pulse measurements, indicating minimum degradation
processes. This is consistent with previous observations of the ionic-liquid assisted
PEDOT:PSS channel exhibiting a highly reversible ion doping/de-doping process in OECT
operation.?® Additionally, the OECT device showed no significant changes in the drain
current and maximum transconductance peak, after long-term storage under ambient
conditions at room temperature for 6 months without encapsulation (See Figure 2e). All of
these results prove that the spray-deposition method can be used to fabricate high-
performance OECTSs with excellent stability.

It is also useful to benchmark the device performance by using the product of carrier

mobility (x) and volumetric capacitance (C*).3* The uC* is extracted from equation g,, =

oy _ wa
aVG_ L

u C*(Vy — V) in the saturation region, where W, L and d are the channel width,
length and thickness respectively.?® The uC* figure of merit of the spray-coated device is
determined to be 84 + 17 F cm® V1 sl Electrochemical impedance spectroscopy
measurements were also carried out to determine the volumetric capacitance independently,
exhibiting a C* of 37.3 + 3.1 F cm™ (See Figure S5). Based on the uC* figure of merit from
OECT measurements and C* from impedance data, the corresponding channel mobility is
calculated to be 2.26 + 0.45 cm? Vs, comparable to state-of-the-art PEDOT:PSS OECTs.%

The transient response (t) of the drain current was measured by applying a 0.6 V gate pulse
with a pulse width of 10 ms (Vb = -0.5 V), and the response time was determined by fitting
the drain current with a single exponential decay function.? 1 is proportional to Rs*Cc,
where Rs s the electrolyte resistance and Ccr is the channel capacitance. Ccn scales with film
volume and Rs scales as R o 1/+/WL.?*® Thus, by putting together the scaling laws for Ccn

and Rs, T « dVWL.2 A faster response can therefore be attained by making the channel

thinner and smaller channel geometry. As shown in Figure S6a, the response time scales with

the channel thickness and geometry for our spray-coated OECT. It was observed that the rise
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time of the spray-deposited channel (W/L = 1000 um/100 pm, d = 101 nm) can go as low as
179 us, which is comparable with that of other reports (see Figure S6b and Table S2 for the
comparison).?®32% Note that the drain current can be completely switched-off even for thick
channels, thus indicating good ion penetration and transport in all spray-coated channels,

irrespective of channel geometry (See Figure S7).
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Figure 2. Electrical performance of OECTs. (a) Output characteristics of a representative
spray-coated PEDOT:PSS/[EMIM][CI] based OECT on a silicon substrate. (b) Transfer
characteristics of the device under different drain voltages varying from Vp = -0.1 V (bottom
curve) to Vp = -0.6 V (top curve) with a step of AV = -0.1 V. The inset shows the optical
image of the spray-deposited patterned channel, the scale bar is 200 pum, and (c) the
associated transconductances at different drain voltages. (d) Pulse measurements (Vg varied
from -0.4 V to 0.6 V, pulse length = 0.5 s, Vp = -0.5 V) with over 4000 cycles of continuous
operation in 0.1 M NacCl electrolyte. (e) Stability study. Transfer curves of the channel before
and after long-term storage in air at room temperature for 6 months, at Vp =-0.5 V.

For a deeper insight into the doping mechanism, the change in the optical absorption
spectra of the PEDOT:PSS/[EMIM][CI] film immersed in the electrolyte under biasing was
monitored. Figure 3a shows the absorption spectra under voltage biasing varying from -0.4 V
to 1 Vin 0.1 M NaCl electrolyte. The initial UV-Vis spectra of PEDOT:PSS/[EMIM][CI], at
zeo bias, has two absorption bands corresponding to a m-w transition located around 650 nm,

and a broad absorption band resulting from the polar PEDOT around 970 nm.?%% As shown,
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the absorption corresponding to the n-n transition is gradually enhanced when increasing the
bias from -0.4 V to 1V, indicating an effective de-doping process. This is because the cations
(Na") injected from the electrolyte into the PEDOT:PSS/[EMIM][CI] film reduce the highly
conducting PEDOT from its bipolaron PEDOT?* state & polaron PEDOT" state to the neutral
semiconducting PEDOT? state, consistent with previous reports.®®-38 To further investigate
the kinetics of de-doping process in the spray-deposited films, bias-dependent absorption at
650 nm and 970 nm was monitored. As shown in Figure 3b, when the voltage bias is
increased, the absorption at 650 nm is gently enhanced while the spectral hump around 970
nm derived from the PEDOT polaron is slightly enhanced at a low bias and drops gradually at
higher voltage bias due to the existence of the bipolaronic PEDOT?* state. Finally, the
bipolaron and polaron absorptions almost disappear at a bias of Vin= 1 V. These absorption
Kinetics results validate the dynamics of de-doping process for PEDOT:PSS, and are

consistent with previous works.?0¢
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Figure 3. (a) UV-Vis spectra of spray-deposited PEDOT:PSS/[EMIM][CI] films on ITO coated glass
under varying voltage bias (Ag/AgCl pellet) in 0.1 M NaCl electrolyte. The bias voltage varies from -
0.4 V to 1 V with a step of AV = 0.2 V. (b) Evolution of the relative intensity of n-n* (at 650 nm,
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black curve) and polaron (at 970 nm, blue curve) absorption of the spray-deposited PEDOT:PSS film
in 0.1 M NacCl electrolyte. (c) Cross-section SEM images of the spray-deposited and spin-coated
channels, the scale bar is 200 nm. Atomic force microscopy phase images of the (d) pristine
PEDOT:PSS film, (e) spin-coated and (f) spray-deposited PEDOT:PSS/[EMIMI][CI] films, the scale
bar is 400 nm.

To explain the device results derived from the spray-deposited channels, we next
investigated the 3D cross section morphology and the surface morphology of the spray-
deposited PEDOT:PSS and make a comparison with corresponding spin-coated film. The
cross-sectional SEM images (see Figure 3c) reveal that the spin and spray deposited films are
comparably thick (~ 300 nm), and present similar features and close packed appearance,
consistent with the GIWAXS data as discussed earlier and therefore similar device
performance (see Figure S4). Further, the atomic force microscopy (AFM) phase images
reveal similar PEDOT domains formation (Figure 3d-f) even though the overall surface
roughness values of the spin (1.66 nm), and the spray (2.15 nm) deposited films are slightly
different. We also observed a clearly enlarged PEDOT-rich domains for
PEDOT:PSS/[EMIM][CI] films compared to pristine PEDOT:PSS.

Many applications for wearable flexible bioelectronics such as sensor skins and
implantable devices will require versatile substrates with different textures and form factors.
The spray-deposition process is general and applicable to all possible substrate materials. To
demonstrate the general applicability of the spray-deposited method for OECTSs fabrication,
we also investigated the electrical performance and stability of the spray-deposited
PEDOT:PSS/[EMIM][CI]-based channels on a number of substrate materials, including
biodegradable flexible substrates based on ethyl-cellulose and natural leaf as well as wearable
deformable or elastic substrates based on commercial adhesive bandages and polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) elastomer (Figure 4). The

ethyl-cellulose and SEBS substrates are very thin, around 5.2 um, and 28 um of thickness

respectively. Figure 4(a), (c), (e) and (g) show the optical images of the sprayed-deposited
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channel (~ 400 nm thick) on the various substrates. The spray-deposition method allows fine
patterning of the active channel with different channel length varying from 100 um to 250
um on these substrates. More importantly, it is found that all of these spray-deposited
channels exhibit good device performance with high transconductance of 8.8 mS, 6.8 mS, 5.3
mS, and 6.7 mS on ethyl-cellulose-, leaf-, adhesive bandage-, and SEBS-based substrates
respectively. The associated drain current response time (switch off) are 1.93 ms, 0.93 ms,
0.74 ms, and 0.72 ms (see Figure S8). Though the surface textures of these substrates are
varied, the devices still exhibit high electrical stability even after 200 cycles of pulsed
measurements (Ve varied from -0.4 V to 0.6 V, pulse length = 0.5 s, Vp = -0.5 V), as shown
in Figure S9 of the supporting information. This result further proves that the spray-
deposition technique provides a facile method to prepare high performance OECTs for a wide

variety of applications.
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Figure 4. Electrical performance of OECTs on different substrates with different
surface textures. Optical images of the OECTs on (a) biodegradable ethyl-cellulose-, (c)
natural leaf, (¢) commercial adhesive bandage, and (g) SEBS elastomer-based substrates, (b-h)
the corresponding output, transfer and transconductance characteristics of the OECTSs. For the
output characteristics, Ve = -0.4 V to 0.6 V (top to bottom) with a step of 0.2 V. For the
transfer characteristics, Vp = -0.5 V and the associated transconductance is also plotted. The
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inset is the optical microscopy image of spray-deposited channels on the corresponding
substrates W/L = 1000 um/250 pum, thickness d = ~400 nm).

To further explore the applicability of the spray-deposition process to other active
materials, we also look at spray-deposition of glycolated thiophene (g2T-T) polymer. g2T-T
is the one of state-of-the-art p-type semiconducting polymers, which has been reported to
work as an efficient and highly stable electroactive material for OECTs.®® Figure 5(a-c)
presents the output characteristic and transfer curve of a 115 nm thick g2T-T OECT with a
channel width and length of 1000 um and 100 um respectively. Upon application of a
negative gate bias, anions from the electrolyte inject in the active layer, giving rise to an
electrochemical doping of g2T-T, which is accompanied with the increase of the drain-
current. As a result, the channel was switched on with a peak drain current of 2.4 mA (Vg = -
0.6 V), the corresponding peak gm reaches 7.8 mS at Vp = -0.4 V. In comparison with
reported spin-coated device, the normalized peak transconductance (by channel dimension
Wd/L) is similar (gm, max = 7.9 mS, W/L = 100 um/10 pm, thickness d = 103 nm).*
Furthermore, this spray-deposition method also makes it possible to fabricate a fully spray-
deposited inverter. As known, inverters are the most basic elements in a circuit and are
commonly used to construct logic gates or amplifiers for biological components. The inset in
Figure 5c represents a simple logic circuit of the inverter, which consists of two p-type
OECTSs (g2T-T and PEDOT:PSS). Note that both of the OECT channels were prepared by
spray-deposition method. The accumulation-mode g2T-T-based OECT was connected to the
depletion-mode PEDOT:PSS-based OECT to form the inverter. Also note that the thickness
of the PEDOT:PSS channel was optimized of ~50 nm to match the g2T-T channel. The
resulting inverter characteristics are given in Figure 5¢c. When the supply voltage (Vop) is set
to 0.8 V and the input voltage (Vin) is swept from 0 to 0.5 V, a relatively high gain

(0V,ue/9V;y,) value of 18 is obtained.
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Figure 5. Electrical performance of spray-deposited g2T-T-based OECTs. (a)
Representative output characteristics of the spray-deposited g2T-T OECT. (b) Transfer curve
and the associated transconductance. The transfer curve was measured at Vp = -0.4 V. The
channel W/L = 1000 um /100 um, d = 115 nm. This device was measured in 0.1 M NaCl. (c)
Input-output characteristics of an inverter consisting of two p-type OECTSs: one employing a
PEDOT:PSS and one a g2T-T active channel material, and the associated voltage gains
(0Vyue/ V). Inset is the schematic of the inverter.

CONCLUSIONS

In conclusion, we successfully demonstrated a facile spray-deposition technique to fabricate
PEDOT:PSS-based OECTs with high transconductance and excellent stability. Our channel
patterning approach does not involve organic solvents or complex lithography technigues and
we are able to obtain defined polymer channels directly on various flexible substrates.
Notably, the optimized spray deposited OECT vyields a high normalized peak
transconductance of 14.5 mS V-lum™, while the device exhibits excellent stability during
pulsed gate measurements with over 4000 cycles of continuous operation in 0.1 M NaCl
electrolyte. A long-term stability over six months storage under ambient conditions was also
observed. Furthermore, we have explored various nonplanar flexible substrates for spray-
deposited PEDOT:PSS based OECTs which possess high electrical performance with
transconductance values ranging from 3.7 — 7.4 mS at Ve = 0 V and on/off ratio of ~5 x 102.
Additionally, we presented an inverter based entirely on OECTs with a high gain of ~18 by
combining a PEDOT:PSS OECT (depletion-mode) and a g2T-T OECT (accumulation-mode)
with both channels prepared by the spray deposition method. We believe that the present

study and findings will contribute to the translation of OECTs into real-world applications.
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METHODS

Materials and Chemicals. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, Clevios PH1000) were obtained from Heraeus. 1-Ethyl-3-methylimidazolium
chloride ([EMIM][CI]), (3-glycidyloxypropyDtrimethoxysilane (GOPS), ethyl-cellulose,
sodium chloride (NaCl) and all the processing solvents including acetone, ethanol and
toluene were purchased from Sigma-Aldrich and used as received. Styrene ethylene butylene
styrene (SEBS) was obtained from AK Elastomer. The adhesive bandage is commercially
available and used as received. The p-Si**/SiO. wafers were purchased from Addison
Engineering, Inc, while the ITO substrates were purchased from Xin Yan Technology Ltd.
Substrates preparation. All the p-Si**/SiO2 (200 nm) substrates were pre-cleaned
successively in a sonicated bath using soap water, distilled water, acetone and ethanol for 10
min each. The ethyl-cellulose substrates were prepared from an ethanol solution (10 mg/ml)
spin-casted on glass slide, and annealing at 60 °C for 10 min. To prepare the SEBS elastomer
substrates, the SEBS was dissolved in toluene (150 mg/ml) first. The prepared SEBS solution
were spin-coated on a glass slide and dried at room temperature to form a uniform substrate.
Meanwhile, the natural leaf was collected from a common plant, and was used without any
further treatment.

OECT Fabrication. In OECTSs fabrication, all the substrates including p-Si**/SiO; (200 nm)
wafer, leaf, bandage, SEBS and ethyl-cellulose were pre-deposited with source and drain
electrodes (10 nm Ni/ 90 nm Au) using thermal evaporation process. To prepare a well
patterned active channel for OECT, a filtered (using 0.45 um hydrophilic PVDF filters)
PEDOT:PSS aqueous solution (1 ml) was mixed with [EMIM][CI] (0.075 mmol, 0.05 M in
DI water) and GOPS (5 ul), vigorously stirred for 1h at room temperature. After that, the
mixed solution was spray-deposited on the corresponding substrates (p-Si**/SiO, wafer,

ethyl-cellulose, leaf, bandage and SEBS) through a shadow mask, using a commercial air-
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brush (Model ASG-Ko082). For the spray setup, a commercial airbrush (Model ASG-K082)
with a nozzle diameter of 0.3 mm was connected to a nitrogen gas line with air pressure valve.
To have a highly reproduceable and consistent of the spray-deposited PEDOT:PSS channel,
the spray-deposition procedure was optimized as follow: the nozzle-to-substrate distance was
around 10 cm; the gas flow pressure is fixed at 1.5 bar to produce uniform PEDOT:PSS fog
over the substrates; the relative humidity is around 65%; the used substrate temperature for
this spray-deposition procedure is set at 100°C (measured by infrared thermometer) to dry the
spray-deposited PEDOT:PSS channel. The spray-time was controlled to obtain different
channel thickness. After that, the substrate was maintained on the hotplate for around 15 min
to ensure fully dry the spray-deposited channels. To fabricate the spray-deposited g2T-T
OECT, 1 mg/ml g2T-T solution was prepared by dissolving the polymer in chloroform. The
spray deposition process was carried out similar to the PEDOT:PSS OECTs. However, the
whole deposition process was completed at room temperature without heating the substrate to
enable the g2T-T solution spread and merge together and form a uniform channel, and the

g2T-T channel was used as prepared without further annealing.

Materials Characterization. FE-SEM (JOEL JSM-7600F) was performed to check the
internal structure of the active channels. Both spray-deposited and spin-coated channels were
measured after normal OECT characterizations. The measured channels were rinsed with
deionized water and dried at 140 °C for 10 min before FE-SEM characterization. UV-vis-
NIR spectrophotometer (SHIMADZU, UV-3600) was used to record the absorption spectra
of the PEDOT:PSS-based films. To check the absorption spectrums variation of the
PEDOT:PSS-based film under biasing, an experimental setup was built as reported in our
previous literature.?° In brief, the PEDOT:PSS-based films were spray-deposited on ITO
glass substrates with a patterned area of 10 mm x 5 mm (thickness d = ~ 200 nm) through a

shadow mask, and annealed at 140 °C for 20 min. The prepared films were rinsed with
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deionized water before measurement, and then immersed into a cuvette with 0.1 M NaCl
solution. An external bias was applied on the spray-deposited film between ITO glass and an
Ag/AgCI pellet (1 mm?) using a Keysight precision source/measure unit (B2912A). All the
films thickness were measured using a surface profiler (Alpha-step, KLA-Tencor). Electrical
impedance spectroscopy (Autolab PGSTAT 128N) was carried out to extract the film
volumetric capacitance using a three-terminal configuration. A PEDOT:PSS film patterned
on top of Ni/Au (10/90) electrodes as working electrode, and Ag/AgCl wire and Pt mesh as
reference and counter electrode, respectively. This measurement was performed over a range
of 10 MHz to 1 Hz with an AC amplitude of 10 mV sine wave in 0.1 M NaCl aqueous
electrolyte. Atomic force microscope (AFM) (Cypher S) was carried out to check the film
morphology in tapping mode. Grazing incidence wide angle X-ray diffraction (GIWAXS;
Nanoinxider Xenocs) was employed to study the molecular packing of the pristine

PEDOT:PSS and PEDOT:PSS/[EMIM][CI] films.

OECT Characterization. All the electrical characteristics of OECTs were conducted using
Keysight precision source/measure unit (B2900A Series) under ambient at room temperature.
For the OECTSs characteristic, an Ag/AgCl pellet was employed as a gate electrode and

immersed in the 0.1 M NaCl electrolyte.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website or
from the author. Schematic illustration of spray-deposition process; grazing-Incidence wide-
angle x-ray scattering (GIWAXS) of the spin-coated pristine PEDOT:PSS film, spin-coated
and spray deposited PEDOT:PSS/[EMIM][CI] film; peak transconductance of spray
deposited and spin coated OECTs as a function of active layer dimensionality; transfer curves
and the associated transconductance of spray-deposited and spin-coated channel with same
channel geometry dimensions, comparison of the transconductance of spin-coated and spray-
deposited PEDOT:PSS-based OECTs; impedance spectra of the spray-deposited PEDOT:PSS
film in 0.1 M NaCl solution, transient responses of the spray-coated channels and as a

function of dvVWL; comparison of transient responses of PEDOT:PSS OECTSs fabricated by
spin-coat and spray-deposit method; transient response of the corresponding drain current on
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a various of substrates including biodegradable ethyl-cellulose, natural leaf, commercial
adhesive bandage, and SEBS elastomer; stability study of OECTs on various substrates
through pulse measurements with over 200 cycles of continuous operation in 0.1 M NaCl
electrolyte.
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Figure S1. Schematic illustration of the patterning process using spray-deposition for organic
electrochemical transistors. The inset shows an optical image of a representative patterned
active channel on Si-substrate, the scale bar is 200 pum.

e

1. Clean substrate
with patterned electrode

2. Align with shadow mask

' 3
=
= .
3. Spray-deposited PEDOT:PSS 4. Well-patterned PEDOT:PSS-based channel

Figure S2. Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) of the spin-coated
pristine PEDOT:PSS film, spin-coated and spray deposited PEDOT:PSS/[EMIM][CI] film.
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Figure S3. (a) Peak transconductance of spray deposited (solid-black star) and spin coated
(open-violet circle) OECTs as a function of active layer dimensionality (W*d/L), the peak
transconductances were calculated from transfer characteristics under Vp = -0.5 V. The inset
red dash-dot curve represents their linear relationship with slope of 4.91 = 0.30 mS/pm.
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Figure S4. Transfer curves and the associated transconductance of (a) spray-deposited and
(b) spin-coated channel with same channel W/L = 1000 /250um and comparable thickness of

~ 100 nm. The corresponding transconductances were calculated from transfer characteristics
under Vp =-0.5V.
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Table S1. Comparison of the transconductance of spin-coated and spray-deposited
PEDOT:PSS-based OECTs.

Deposition W/L Thicknes dw/L Vo Peak gm gm/(d-W/L) c* Mobility Reference
Process S
(um/ (nm) (V) (mS) (mS/ pm) (Fem?®) (cm? Vst
pm) (nm)
10/5 400 0.4 -0.6 2.7 6.5 - - 1
Spin 50/50 500 0.5 -0.5 5.0 10.0 39.3+1.3 19+13 2
coating
12/30 ~200 0.08 -0.6 0.8 10.0 - - 3
Spray 1000/25 400 1.6 -0.5 11.6 7.3 37.3+3.1 2.26 +0.45 This
coating 0 work

Figure S5. (a) Impedance spectra of the spray-deposited PEDOT:PSS film in 0.1 M NaCl
solution, in which the PEDOT:PSS film was deposited on top of Ni/Au electrode and used as
the working electrode, with a standard Ag/AgCl wire and Pt mesh as reference electrode and
counter electrode, respectively. The impedance data is fit to an equivalent circuit of Rs(Rp||C).
(b) The capacitance (C) as a function of the deposited film volume. Inset is the linear fitting
of the capacitance and volume, the slope of 37.3 = 3.1 represents the corresponding
volumetric capacitance (C*).
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Figure S6. (a) Transient response of the spray-coated channels as a function of dvWL. The
drain current response time was measured under a square voltage bias of V¢ varying from 0 V
to 0.6 V. And the rise time was determined by fitting the drain current with a single
exponential decay function. (b) The fastest transient responses of the spray deposited OECT
(W/L=1000 pm/100 pm, thickness d = 101 nm).
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Table S2. Comparison of transient responses of PEDOT:PSS OECTs fabricated by spin-coat
and spray-deposit method.

W/L Thickness dVvWL Rise time Reference
(um/ pum) (nm) (um?) (us)
10/10 400 4 102 !
50/50 500 25 320 2
12/30 ~200 3.8 191.2 3
1000/100 101 67 179 This work
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Figure S7. Transient responses of the spray deposited OECT (W/L = 1000 pm/100 pm,
thickness d = 613 nm). The drain current response time was measured under a square voltage
bias of Vg varying from 0 V to 0.6 V. And the rise time was determined by fitting the drain
current with a single exponential decay function. The red line is an exponential fit to extract
the rise time T = 740 ps.
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Figure S8. Transient response of the corresponding drain current of OECTs on various
substrates including (a) biodegradable ethyl-cellulose and (b) natural leaf, (c) commercial
adhesive bandage, and (d) SEBS elastomer. A gate pulse of 50 ms (Vs = 0.6 V) was applied,
at Vp =-0.5 V. The red line is an exponential fit to extract the rise time.
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Figure S9. Stability study of OECTs on (a) biodegradable ethyl-cellulose-, (b) natural leaf-,
(c) commercial adhesive bandage-, and (d) SEBS elastomer-based substrates through pulse
measurements (Vg vary from -0.4 V to 0.6 V, pulse length = 0.5 s, Vp = -0.5 V) with over 200
cycles of continuous operation in 0.1 M NaCl electrolyte.
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