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Toward Sustainability in All-Printed Accumulation Mode

Organic Electrochemical Transistors

Anatolii Makhinia, Lize Bynens, Arwin Goossens, Jasper Deckers, Laurence Lutsen,
Koen Vandewal, Wouter Maes, Valerio Beni, and Peter Andersson Ersman

This study reports on the first all-printed vertically stacked organic
electrochemical transistors (OECTs) operating in accumulation mode; the
devices, relying on poly([4,4'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-2,2’-
bithiophen-5,5’-diyl]-alt-[thieno[3,2-b]thiophene-2,5-diyl]) (pgBTTT) as the
active channel material, are fabricated via a combination of screen and inkijet
printing technologies. The resulting OECTs (W/L ~5) demonstrate good
switching performance; g, .o,m #13 mS cm™!, uC* 721 Fem™' V7' s,
ON-OFF ratio > 10* and good cycling stability upon continuous operation for
2 h. The inkjet printing process of pgBTTT is established by first solubilizing
the polymer in dihydrolevoglucosenone (Cyrene), a non-toxic,
cellulose-derived, and biodegradable solvent. The resulting ink formulations
exhibit good jettability, thereby providing reproducible and stable p-type
accumulation mode all-printed OECTs with high performance. Besides the
environmental and safety benefits of this solvent, this study also
demonstrates the assessment of how the solvent affects the performance of
spin-coated OECTs, which justifies the choice of Cyrene as an alternative to
commonly used harmful solvents such as chloroform, also from a device
perspective. Hence, this approach shows a new possibility of obtaining more
sustainable printed electronic devices, which will eventually result in
all-printed OECT-based logic circuits operating in complementary mode.

1. Introduction

In recent decades, the rise of Printed Elec-
tronics (PE) has been triggered by the
large selection of solution-processible ma-
terials and low-cost fabrication technolo-
gies allowing complex form factors, e.g.,
soft, stretchable, bendable, etc. As a result,
PE has enabled new frontiers and break-
throughs in healthcare by linking electron-
ics with biology, hybrid electronics, agricul-
ture, etc.!) However, from a manufactur-
ing point of view, toxic solvents are one of
the major concerns in the preparation of
inks, pastes, and slurries used for the ad-
ditive manufacturing of electronic devices.
The next-generation sustainable PE should
address these challenges using organic,
biodegradable, solution-processible materi-
als and non-toxic solvents to fabricate or-
ganic electronic devices to reduce electronic
waste and ensure safe human usage.[>’]
The organic electrochemical transis-
tor (OECT) technology holds promise
for all-printed organic logic circuits,!*”]
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Figure 1. Ink preparation scheme for the pgBTTT-based inkjet printable ink. a) Chemical structures of pgBTTT and Cyrene, b) inkjet ink based on pgBTTT
dissolved in Cyrene, c) schematic illustration of an inkjet cartridge filled with pgBTTT ink to enable inkjet printing of the channels in vertically stacked

OECTs.

electrophysiological monitoring,[®!1 biological sensors!!25]

and neuromorphic devices.!'®] The selection of the relevant
printing technology will dictate the performance of the elec-
tronic devices, e.g., OECTs, and their integration on different
substrates.['”-20] An OECT is a three-terminal device comprising
gate, source, and drain electrodes.’!l The source and drain
electrodes are electronically connected via a semiconducting
material, forming the so-called transistor channel, which is also
ionically linked with the gate electrode through an electrolyte
layer. Depending on the application, the electrolyte may be
deposited manually or by printing techniques, and it may be
liquid or curable into a solidified form. The gate electrode is
either located in the same plane as the transistor channel (lateral
or co-planar OECT) or printed on top of the electrolyte layer,
forming vertically stacked OECT architectures. The selection
of the channel material determines the transistor type and
operation mode, i.e., p- or n-type and depletion or accumulation
mode devices.[?22%]

The synthesis of novel solution-processable p- and n-type or-
ganic semiconductor materials and the design of simple device
architectures have fostered the development of microfabricated
and even printable OECTs governed by low voltage operation (<
1 V) in solid or liquid electrolytes.[?*?3] In addition, the transport
of charges occurs within the entire bulk of the channel material,
giving rise to high volumetric capacitance and high currentlevels,
which typically results in high transconductance and high ON-
OFF ratios along with a prolonged switching time as compared
to most other transistor technologies. The latter is due to the rel-
atively slow ion migration to/from the organic semiconducting
channel material as a function of the applied gate voltage.!?¢]

The performance of the OECT will also depend on the de-
vice architecture, e.g., vertically stacked or co-planar arrange-
ment, and processing parameters (curing, sintering, UV light
intensity) of the respective layer of the device. As a result, the
OECT performance can be improved by the selection of fabri-
cation technology, choice of materials, and device architectures.

Adv. Funct. Mater. 2024, 34, 2314857 2314857 (2 0f9)

Using appropriate processing steps for the deposition and curing
of inks/materials is, therefore, vital to ensure optimized OECT
performances and reproducible devices.[?”]

In this work, we demonstrate the first all-printed p-type accu-
mulation mode OECTs wherein the active layers (channel, elec-
trolyte, and gate electrodes) are vertically stacked on top of each
other; a device architecture that allows for shorter switching time
and reduced device footprint. High-performing OECTs manu-
factured by microfabrication (feature sizes ~10 um) with pg-
BTTT (poly([4,4'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)—2,2"-

OECT architecture
Substrate
Gate
— Contacts
Electrolyte - Channel
BLE =
Electrolyte
a) Substrate B Gt

Vertically stacked OECTs

Figure 2. Schematic illustration of a typical vertically stacked OECT ar-
chitecture, here employing pgBTTT as the channel material. Illustrations
showing the a) cross—section view and b) top view of a typical vertically
stacked OECT architecture.
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Figure 3. All-printed vertically stacked OECTs. a) Photograph showing OECTs printed on top of a PET substrate. The microscope images show the b)
top and c) bottom (through the substrate) views of the all-printed vertically stacked OECTs.

bithiophen-5,5'-diyl]-alt-[thieno[3,2-b]thiophene-2,5-diyl])) serv-
ing as the channel material have been previously reported. The
excellent performance was attributed to an increase in hole
mobility, explained by optimized side-chain interactions due
to the highly ordered structure.[?3%] The photolithographic
process of fabricating these OECTs relied on drop-casting a
pgBTTT-based solution from chloroform. The most recent
work (2023) demonstrated photo-responsive OECTs created via
pre-patterned Au electrodes and drop-cast solutions of pgBTTT
blended with other materials, also dissolved in chloroform.!]

This study reports on the combination of printing technolo-
gies to create all-printed accumulation mode OECTs. The p-
type semiconducting conjugated polymer pgBTTT was inkjet
printed to create the OECT channels, while the remaining layers
were screen printed to complete the vertically stacked OECT de-
vices. The bio-based and biodegradable solvent dihydrolevoglu-
cosenone (Cyrene) was employed to dissolve the polymer and
formulate the pgBTTT-based inkjet ink. The use of Cyrene for
the ink preparation of the OECT channel material has not yet
been reported. The application of biodegradable and non-toxic
solvents, as an alternative to chloroform, is essential in additive
fabrication, e.g., inkjet printing, to allow industrial-scale manu-
facturing, to decrease the environmental impact of processes and
the preparation of materials, and to ensure a safe working en-
vironment upon usage. As a result, high-performing, vertically
stacked, reproducible, and stable p-type accumulation mode all-
printed OECTs were fabricated to be further utilized as circuits
in various sustainable PE applications, eventually targeting all-
printed circuits operating in complementary mode.
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Additionally, this work evaluates the effects of the solvent on
the electrical performance of conventional spin-coated OECTs
(Au-based source and drain electrodes, Ag/AgCl gate electrode,
and aqueous 0.1 mm NaCl electrolyte), which justifies the choice
of Cyrene as a replacement for other harmful solvents also from
a device perspective, besides the benefits related to safety and the
environment.

2. Results and discussion

2.1. Chemical Synthesis

The pgBTTT polymer was prepared via an adapted literature
procedure.?%l Details on the synthetic procedure can be found
in the Experimental section. After synthesizing the polymer, the
crude mixture was treated with a palladium (Pd) scavenger, di-
ethylammonium diethyldithiocarbamate, since it has been re-
ported that residual Pd, originating from the Pd,(dba), catalyst
used for the polymerization, may have a negative impact on the
device performance.3? To get an idea about the molecular weight
of the polymer, matrix-assisted laser desorption ionization time-
of-flight (MALDI-ToF) mass spectrometry was carried out on the
chloroform fraction of pgBTTT after Soxhlet extractions, see the
Experimental section.

2.2. Ink Formulation

Herein, an inkjet ink was prepared by dissolving the conjugated
polymer pgBTTT (~1.1 mg mL™!) in dihydrolevoglucosenone
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(Cyrene) at ambient conditions (see Figure 1a). Cyrene, a sol-
vent with high boiling point (227 °C) and high density (1.25 g
mL™), allows for the preparation of viscous inks (> 15 cP) at
low semiconductor concentrations (~1 mg mL™!) to facilitate
inkjet printing of ultra-thin layers (< 100 nm) (see schematics
in Figure 1). In the ink preparation phase, pgBTTT was dis-
solved in Cyrene, ultrasonicated (in an ultrasonic bath), and
left to stir (=300 rpm) on a hotplate at 30 — 35 °C for at
least 24 h or until homogeneous solubilization was obtained
followed by a dynamic viscosity measurement that indicated
~16.5 cP (Figure S1 in the Supporting Information), thereby
confirming the suitability of the ink for the inkjet printing
process.

2.3. Inkjet Printing Conditions

Besides being a polar and high boiling point solvent, Cyrene is a
good choice for the inkjet printing process due to its high density,
allowing a reduction of the polymer concentration in the inks.
The use of Cyrene-based inkjet ink formulations facilitates con-
sistent drop formation and jetting behavior (Movie S1 in the Sup-
porting Information), which leads to reliable drop-on-demand
inkjet printing performance. The reason inkjet printing was se-
lected as the deposition method is due to the low consumption
of materials; only a few mg of semiconductor polymer is needed
to prepare a few mL of the ink formulation. A printing resolu-
tion of 25 um, or 1016 dots per inch, was employed to sequen-
tially deposit either 2 or 4 layers of the semiconductor polymer
material, forming the channel electrodes of the vertically stacked
OECTs.

2.4. OECT Device Architectures

This study focused on using pgBTTT as the channel material in
vertically stacked OECTs (Figure 2). The choice of the OECT ar-
chitecture, co-planar or vertically stacked, is crucial and dictated
by the intended application, e.g., biosensing, logic circuits, mon-
itoring of electrophysiological signals, as well as the availability
of deposition techniques.!'*1¢l

Figure 2a shows a cross—section of the OECT and Figure 2b
shows a pictorial representation, including the electrical wires
used for the voltage supply. A vertically stacked OECT typically
consists of at least five subsequently printed layers. The print-
ing process includes at least four screen printed layers (Ag inter-
connects, carbon-based source and drain electrodes, an optional
insulating layer to minimize parasitic side reactions, electrolyte,
the gate electrode, and an optional insulating layer for mechan-
ical protection) and, in this work, an inkjet-printed layer of the
pgBTTT-based OECT channel material. The combination of dif-
ferent printing technologies is beneficial to reach a good com-
promise between OECT performance (i.e., inkjet printing of thin
and narrow channels implies shorter switching times and less
energy consumption upon operating the OECTs) and process
scalability/robustness (screen printing of less critical materials
and dimensions). The solid electrolyte layer was deposited using
an electrolyte ink formulation developed by RISE. This ink was
developed initially for UV curing. However, due to the risk of de-
grading the semiconductor polymer upon UV light irradiation,

Adv. Funct. Mater. 2024, 34, 2314857 2314857 (4 0f9)
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Figure 4. Electrical characterization of vertically stacked OECT devices.
a) Output and b) transfer curves (drain current on the left y-axis and
transconductance on the right y-axis) of vertically stacked OECTs with
two and four inkjet printed pgBTTT-based channel layers. c) Transient
measurements for the comparison of OECTs with different channel thick-
nesses.

as discussed in Figure S2 (Supporting Information), the screen-
printed electrolyte was instead thermally cured using a convec-
tion oven.

Figure 3 shows a photograph and microscope images of all-
printed OECTs fabricated according to the vertically stacked de-
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vice architecture. As shown in Figure 3a, the developed OECTs
can be realized on polyethylene terephthalate (PET) substrates.
Here, the devices are organized four by four to simplify the
connections with the external addressing electronic circuits. PE-
DOT:PSS, screen printed on top of the electrolyte, serves as the
gate electrode material in the OECT devices (see Figure 3b). The
channel length of the all-printed OECTs is displayed in Figure 3c,
indicating a channel width/length (W/L) ratio of 5 based on the
approximate OECT channel dimensions of 350-400 um (W) and
~80 um (L). A microscope image showing the cross—sectional
view of the OECT is shown in Figure S3 (Supporting Informa-
tion).

2.5. All-Printed Vertically Stacked OECTs

OECTs with pgBTTT as the channel material, manufactured in
a co-planar arrangement via photolithography, have been previ-
ously demonstrated.®) These devices showed superior figures

of merit, i.e., high transconductance (g, = %) ~21 mS and
G

mobility-capacitance product (uC*) ~502 F cm~' V~! s71; these
values can be extracted from Equation (1).

wd
= — uCc*
gn =" H

(Vo= Vo) M

d denotes the thickness of the printed film serving as the OECT
channel, W and L represent the lateral transistor channel di-
mensions, u is the charge carrier mobility, C* is the volu-
metric capacitance, while V; and V represent the threshold
and gate voltages, respectively. The puC* product is the com-
mon (material-system) figure of merit that compares differ-
ent organic mixed ionic-electronic conductors (OMIECs) used
as the active OECT channel materials.'** g is an impor-
tant device-system figure of merit, which depends on the thick-
ness and area of the channel material of the OECT devices. It
has been reported to scale linearly (e.g., in PEDOT:PSS-based
OECTs) for low values of WdL~1.34 It is common to normal-
ize g, to the thickness and the lateral dimensions (W and L)
of the channel to acquire the (g, ,om = gmﬁ) performance
metrics since this enables a comparison with other OMIECs.
In OECTs with pgBTTT used as the channel material, apply-
ing a negative potential to the gate electrode facilitates hole ac-
cumulation in the bulk of the channel, while concurrently ap-
plying a negative Vpq, due to oxidation of the pgBTTT-based
channel.3%

The process flow (printing order) used in the manufacturing
of the transistors is described in Figure S4 (Supporting Informa-
tion). The printing order of the channel material (before or af-
ter screen printing the source and drain electrodes) had a sig-
nificant effect on the OECT performance; Figure S4c,d (Sup-
porting Information) shows that a change in the printing or-
der of the channel material influences the OFF current values,
thereby also affecting the ON-OFF ratio. The resulting OFF
current values for OECTs with channels inkjet printed before
and after screen printing the source and drain electrodes are
~—40 nA and ~—2.5 pA, respectively, which may be explained
by the difference in uniformity of the inkjet-printed channel
layers.

Adv. Funct. Mater. 2024, 34, 2314857 2314857 (5 of 9)
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Further optimization of all-printed vertically stacked OECTs,
by using an aspect ratio of x5 (W/L = ~400/80 um), resulted
in maximum values of g,, .., #12.9 mS cm™ and uC* »21 F
cm~! V7! 571 and an ON-OFF ratio >10* (maximum ON cur-
rent #—500 pA and minimum OFF current ~—15 nA). The val-
ues are extracted from typical output and transfer curves, see
Figure 4a,b and Table 1. The effect of the gate voltage (Vi)
sweeping range, i.e., from 0.2 to —1 V or from 0.4 to -1V, dur-
ing the OECT transfer measurements is demonstrated in Figure
S5 (Supporting Information). The enlarged V¢ range signifi-
cantly reduced the OFF current value of the OECT comprising
the thick channel layer from ~—270 to ~—50 nA. The relatively
low uC*, g 1o and g,,, (Table 1), when compared to spin-coated
OECTs (Table S1, Supporting Information), could be explained
by the type of electrolyte being used (highly concentrated aque-
ous salt solutions are typically used in the reported literature);
the screen printed and cured electrolyte layers result in lowered
ionic conductivity, as compared to aqueous electrolytes.[*] Also,
the resolution of the screen printing process limits the chan-
nel length to ~#80 um in all-printed OECT5, in contrast to chan-
nel lengths of <10 um achievable in OECTs manufactured by
photolithography. Additionally, the use of screen-printed carbon-
based source and drain electrodes increases the overall resistance
of these OECT devices, which also contributes to the lowered
transconductance.

In all-printed OECTs, a W/L ratio of 10 can be reached by
a two-fold increase of the channel width, i.e., from ~400 to
800 um. In this case, to enable efficient gating, the dimen-
sions of the gate electrode need to be increased to achieve
higher charge capacity.l?!) However, these adaptations will come
at the cost of a larger device footprint and longer switching
times.

The effect of the solvent, i.e., Cyrene or chloroform, on the
switching performance of the OECTs was assessed by conven-
tional OECTs (spin-coated devices widely reported in the lit-
erature) with Au-based source and drain electrodes, Ag/AgCl
gate electrodes and aqueous 0.1 M NaCl as the electrolyte. The
OECTs exhibited similar transconductance and transfer behav-
ior, as shown in Figure S6 (Supporting Information). It should
be noted that W and L were fixed for both configurations, but
the films had different thickness values (~37 and ~78 nm),
which explains the difference in transconductance values and
ON current levels. The variations in film thickness are explained
by the different boiling points of the solvents, resulting in dif-
ferent drying behavior and rheological properties. This study
resulted in OECTs with very good switching performances (e.g.,
transconductance and uC*; see Table S1, Supporting Informa-
tion), and the devices originating from the Cyrene-based solu-
tions are performing almost equal with the devices spin-coated
from chloroform after normalization of the transconductance
(453 vs 687 S cm™!). This is a significant result that justi-
fies the choice of Cyrene as the solvent from a device stand-
point, besides the environmental and safety benefits of this
solvent.

The performance characteristics of OECTs with two different
thicknesses (~67 and ~100 nm), which correspond to two (thin)
and four (thick) inkjet printed layers, are summarized in Table 1.
The increased number of layers in the thick OECTs results in
higher g, ..., and uC* values but a lower ON-OFF ratio. It was
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Table 1. OECT characteristics and figures of merit.
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pgBTTT 8m (MS] 8m, nom 1S €M ™| d[nm] lon-orr Vi [mV] uC¥ [Fem™' V=1 571
2 layers ~0.32 +0.03 108 +1 ~67 ~16 100 + 674 ~100 +9 ~15+ 1
4 layers ~0.56 +£0.025 129+ 0.6 ~100 ~8350 + 2330 ~200 + 40 ~21+1.8

deduced from Figure 4b that the OECT with thin and thick chan-
nels exhibited OFF current values of ~#—16 and ~—65 nA, respec-
tively, leading to a higher ON-OFF ratio for the OECT with the
thin channel. Both types of OECT devices (thin and thick chan-
nels) demonstrated device-to-device repeatability (Figures S7 and
S8, Supporting Information) upon the refined fabrication pro-
cess, i.e., inkjet printing the channel before screen printing the
source and drain electrodes. The minor hysteresis that is ob-
served in the transfer sweeps of the 2-layered OECT devices could
be associated with a more non-uniform coverage when only two
layers of the channel material are inkjet printed. In addition,
Figure 4b shows lower OFF current levels for the 2-layered de-
vices, at positive gate voltages, and this deeply reduced state may
also result in a transfer behavior with more hysteresis.

OECTs manufactured on the same day but tested immediately
or three days after manufacturing showed deviations in their ON

0.0
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current values; the ON current was ~25% lower in the devices
tested three days after manufacturing (Figure S9, Supporting In-
formation). The devices were measured in ambient conditions,
and due to the hygroscopic nature of the electrolyte layer, this
deviation might be explained by slight variations in relative hu-
midity levels at the different measurement occasions.

The transient behavior of I was investigated by pulsing V¢
between 0.4 and —1 V, as demonstrated in Figure 4c. The all-
printed pgBTTT-based OECTs exhibit a relatively fast switching
response; rise (t,) and fall (t;) times were acquired with differ-
ent channel thicknesses (thin; two layers and thick; four lay-
ers). These parameters define the time needed to reach 90% (t,)
and 10% (t;) of the maximum ON current level, respectively. ¢,
~105 ms and #; ~5 ms were achieved for the OECTs with the thin
channel, while the thick-layered OECTs resulted in ¢, ~221 ms
and t; 12 ms.

Voltage gain

W -1
£
©
o
o
o e)
<
= 100 kQ
§ 200 kQ
400 kQ
—— 800 kQ!
——2Ma
10 ;

08 06 -04 02 00 02
Vi (V)

Figure 5. Measurements based on the conversion from the conventional OECT current modulation into voltage measurement mode. a) The voltage
divider circuit determines the voltage amplification of the OECTs. b) Voltage transfer characteristics upon applying various Vpp voltages (from —0.1 to
—1V) at constant Ry (1 MQ), and c) the corresponding voltage gain based on the same measurement. d) Voltage transfer characteristics upon varying
the resistor values (R;) in the range 100 kQ - 2 MQ at constant Vpp (—1V), and e) the corresponding voltage gain based on the same measurement.
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Figure 6. The operational stability of all-printed pgBTTT-based OECTs. a) Continuous OECT cycling by alternating V,\ between —0.6 and 0.2 V at 1 Hz
for 500 s, at a constant Vpp of —0.9 V. b) Zoom-in of the output voltage signal during the final 5 s of the measurement in a). Only minor degradation is
observed by the lowered output voltage amplitude after continuous OECT cycling for c) more than one hour and d) >2 h.

2.6. Voltage Divider Circuit to Determine OECT Voltage
Amplification

The voltage divider circuit (Figure 5a) converts current into volt-
age at the output measurement node and assesses the voltage
amplification in the all-printed OECTs with pgBTTT-based chan-
nels. In this measurement setup, the resistor (R,) values ranged
from 100 kQ to 2 MQ and the supply voltages (Vpp) ranged from
—-0.1to-1V.

As shown in Figure 5c, a maximum voltage gain of &5.5 is
obtained using the highest V,, (-1 V) and a 1 MQ resistor.
Figure 5e shows a similar result; a maximum voltage gain of ~5.8
is achieved for Ry =2 MQand a Vp of =1 V.

2.7. Operational Stability of All-Printed pgBTTT-based OECTs

The long-term operational stability of the all-printed pgBTTT-
based OECTs was assessed by using the same voltage divider cir-
cuit (see Figure 6). V, was setto —0.9 V and R, = 100 kQ, while
V,n Was continuously alternated between —0.6 and 0.2 V at a fre-
quency of 1 Hz for at least 2 h. As seen in Figure 6a, the OECT
retained at least 99% of the output voltage range within the first
500 s of continuous cycling. The incorporation of the OECT in the

Adv. Funct. Mater. 2024, 34, 2314857 2314857 (7 0f9)

voltage divider circuit (shown in Figure 5a) resulted in a switch-
on time of ~120 ms (down to —0.79 V) and a switch-off time of
~20 ms (up to —0.09 V).*] Figure 6¢ shows a voltage retention
of #95% after one hour of continuous cycling, while Figure 6d
demonstrates ~#91% voltage retention after 2 h of continuous cy-
cling.

3. Conclusions

We have developed a novel ink formulation for inkjet printing in
this work. The ink, based on the p-type semiconducting polymer
pgBTTT, was further employed to fabricate the first all-printed
vertically stacked OECTs operating in accumulation mode. The
resulting devices exhibit good figures of merit and cycling stabil-
ity. The novelty of the ink formulation originates from the utiliza-
tion of the green solvent Cyrene to dissolve the pgBTTT serving
as the OECT channels in the fabricated OECTS, as an alternative
to the more toxic solvents that are commonly used, e.g., chlo-
roform. Using biodegradable and bio-based solvents is advanta-
geous in additive manufacturing, e.g., inkjet printing, to decrease
the environmental impact of the ink preparation phase and the
actual processing steps required for device fabrication. Moreover,
from a device perspective, the obtained results also compare the
performance metrics of conventional OECTs manufactured via
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spin-coating to justify the use of Cyrene as a sustainable substi-
tute for chloroform in the preparation of pgBTTT-based OECT
devices. Overall, the results are very promising, and we envi-
sion these reproducible p-type accumulation mode all-printed
pgBTTT-based OECTs to be further employed in all-printed com-
plementary logic circuits.

4. Experimental Section

Synthesis of pgBTTT: The required monomers (see 1 and 2 in
Figure S10 in the Supporting Information) were prepared accord-
ing to literature procedures.393¢] pgBTTT itself was synthesized ac-
cording to an adapted literature protocol.3%1 A dried schlenk tube
was charged with stannylated thieno[3,2-bJthiophene 1 (71.8 mg,
154 umol, 1 eq.), brominated bithiophene 2 (100 mg, 154 pmol, 1 eq.),
tris(dibenzylideneacetone)dipalladium(0) (2.82 mg, 3.08 umol, 0.02 eq.),
tri(o-tolyl)phosphine (3.76 mg, 12.3 umol, 0.08 eq.), and anhydrous DMF
(3 mL). The schlenk tube was brought under an inert atmosphere by five
vacuum/Ar cycles and was then heated to 100 °C for 16 h. Afterward, the
mixture was diluted with DMF, the Pd scavenger diethylammonium di-
ethyldithiocarbamate was added, and the mixture was stirred for 1 h at
room temperature. The crude mixture was then added to methanol, after
which the precipitate was subjected to Soxhlet extractions with methanol,
acetone, hexanes, THF, and chloroform. The chloroform fraction was once
again precipitated in methanol, filtered off, and dried under high vacuum.
This resulted in 42.6 mg of pgBTTT (42% yield). MALDI-ToF mass spec-
trometry was carried out on this fraction, see Figure S11in the Supporting
Information.

Fabrication of All-Printed OECTs: OECTs were fabricated on 125 pm
thick PET substrates (Polifoil from Policrom Screen) via a combination
of screen and inkjet printing techniques. The PET substrates were ther-
mally pre-treated (at 120 °C) before the device fabrication. Screen and
inkjet printing was performed by a DEK Horizon 03iX screen printer and
a Dimatix (DMP-2800) inkjet printer under ambient conditions (20-23 °C
and 45-50 RH%). The polyester-based (mesh) screens were purchased
from Marabu Scandinavia AB for the screen printing procedure. As shown
in Figure 2a, the overall number of subsequently printed layers was five.
A 2.4 pL cartridge (purchased from Fujifilm Dimatix) with a 1.5 mL car-
tridge reservoir and replaceable printhead for the inkjet printing process
was utilized. The inkjet printing process was selected due to the low ink
quantity (1.5 mL) and to minimize the waste of materials. The obtained
ink dispersion was further filtered with a polypropylene filter membrane
(0.22 um) to ensure stable jetting and prevent nozzle clogging of the
inkjet cartridge (Movie ST in the Supporting Information). Either two or
four OECT channel layers were subsequently printed without intermediate
drying.

The typical printing order was the following: layer 1 - screen print-
ing of Ag interconnects (Ag 5000 paste acquired from DuPont); layer 2
- inkjet printing of the pgBTTT-based channel; layer 3 - screen printing of
the carbon-based (7102 paste purchased from DuPont) source and drain
electrodes; layer 4 - screen printing of the electrolyte (E003, provided by
RISE); layer 5 - screen printing of the gate electrode (the PEDOT:PSS-based
screen printing paste Clevios S V4 purchased from Heraeus) on top of the
electrolyte (Figure 3b). All layers were thermally cured using a convection
or conveyor belt oven at a maximum temperature of 120 °C. The Cyrene
solvent was purchased from Sigma-Aldrich.

Physical parameters, such as length (L), width (W), and thickness (d),
were acquired via an optical microscope (Leica Microsystems) and a sty-
lus profilometer (DektakXT). As shown in Figure S12 (Supporting Informa-
tion), the average thickness for 1, 2, and 4 printed layers was estimated to
be ~48, ~67, and ~100 nm, respectively. The thicknesses of the screen-
printed layers for Ag interconnects, carbon source and drain electrodes,
and electrolytes were previously reported.l3]

Fabrication of Conventional Spin-Coated OECTs: Conventional OECT
substrates were fabricated by thermal evaporation through a shadow mask
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on borosilicate glass. A 20 nm Cr adhesion layer followed by 80 nm of Au
forms the source and drain electrodes. The channel material pgBTTT dis-
solved in chloroform (5 mg mL™" and stirred for >12 h at 40 °C) or in
Cyrene (x5 mg mL™", stirred for >12 h at 40 °C and 1 h at 120 °C) was
subsequently spin-coated on the OECT substrate at 1000 rpm for 60 s.
Due to the higher boiling point, the Cyrene-based OECTs were thermally
annealed at 120 °C in order to evaporate the solvent. The Ag/AgCl gate
electrode (A-M systems) was submerged in the 0.1 m NaCl electrolyte
solution, which was contained within a PDMS well on top of the OECT
channel.

The channel width was 6 mm, the channel lengths varied between 3,
2, 1, and 0.5 mm, and the channel thicknesses were acquired via a sty-
lus profilometer (DektakXT). The average thicknesses are summarized in
Table S1 (Supporting Information).

The Viscosity of pgBTTT-Based Inkjet Ink:  The measurements indicated
a dynamic viscosity of ~16.5 cP (averaged) for ~1.1 mg mL™" pgBTTT-
based inkjet printing ink dissolved in Cyrene. The viscosity was acquired
by a modular compact rheometer (Anton Paar MCR 102) with a rheometer
cone CP50-1.

Electrical Characterization of All-Printed OECTs: The OECT devices
were characterized under ambient conditions: 20-23 °C and 45-50 RH%.
The output (I vs Vp), transfer (I vs V), and transient measurements (/p
vs time) were performed using a digital storage oscilloscope (DSOX1204G
from Keysight) and two different parameter analyzers (HP/Agilent 4155B
and Keithley 4200A-SCS). In the output measurements, Vg was increased
in steps of 200 mV, from 0 to —1V, while Vg was swept from 0 to —1 V.
For the transfer sweeps, a constant Vy of —1V was applied, while Vg was
swept between 0.4 and —1V in both directions. For the transient measure-
ments, I was recorded as a function of time; Vg was alternated between
0.4 and —1V (square wave). In transient measurements, including the volt-
age divider circuit, Vpp was set to —0.9 V and V,y was swept from —0.6 to
0.2 V at a frequency of 1 Hz for at least 2 h. A resistor (R;) of 100 kQ was
used in the voltage divider circuit, and the measurements were performed
under ambient conditions (20-23 °C and 45-50 RH%).

Electrical Characterization of Conventional Spin-Coated OECTs: The
transfer curve measurements (I vs Vs) were performed using two Keith-
ley 2400 source meters, controlled by custom LabView software. A con-
stant Vp of —0.7 V was applied, while V55 was swept between 0 and —0.7 V.
Given the slight roughness of the measured transfer curves, smoothening
was applied in order to consistently and more accurately extract the per-
formance parameters of the OECT devices, such as the transconductance
and the mobility-capacitance product. The smoothening of both the mea-
sured drain current and the gate voltage was applied by taking a moving
average with a window size that was 20% of the original number of data
points.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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