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Abstract

Here, we report all-screen printed display driver circuits, based on organic electrochemical transistors
(OECTs), and their monolithic integration with organic electrochromic displays (OECDs). Both
OECTs and OECDs operate at low voltages and have similar device architectures, and, notably, they
rely on the very same electroactive material as well as on the same electrochemical switching
mechanism. This then allows us to manufacture OECT-OECD circuits in a concurrent manufacturing
process entirely based on screen printing methods. By taking advantage of the high current throughput
capability of OECTs, we further demonstrate their ability to control the light emission in traditional
light-emitting diodes (LEDs), where the actual LED addressing is achieved by an OECT-based decoder
circuit. The possibility to monolithically integrate all-screen printed OECTs and OECDs on flexible
plastic foils paves the way for distributed smart sensor labels and similar Internet of Things

applications.

1. Introduction

A vast array of novel flexible electronics, including
many different kinds of electronic components, are
continuously being proposed, explored and reported
by the industry and the scientific community [1]. For
example, applications such as energy harvesting,
energy storage, addressing and computing via logic
circuits, bioelectronics and display indicators have
attracted a considerable attention as they offer a
pathway to distribute information technology onto
things and into all kinds of services of our daily life
[2-6]. The resulting electronic devices are often
manufactured through a combination of different
processing techniques, e.g. coating, printing, thermal
evaporation and photolithography [7]. However, to
truly enable these applications into actual commercial
products, such as devices realized on graphical surfaces
and packages, it is imperative to refine the academic
results into more simplified and unified manufactur-
ing approaches. This can, for example, be obtained by

combining electronic devices that are manufactured in
a compatible manner, which sets the subject of the
present study.

Printed flexible displays are a cornerstone of prin-
ted electronics as they allow a communication interface
to visualize information and to make data-driven deci-
sions. For this reason, they have attracted a growing
interest among the academic and industrial commu-
nities [8—11]. In traditional organic electroluminescent
displays, transparent conductive oxides (TCOs), such
as indium tin oxide, are typically used as the electrode
materials to facilitate charge injection into the organic
electroluminescent layer while simultaneously main-
taining high transparency [12]. The drawback is that
TCOs are expensive and typically incompatible with
room temperature manufacturing processes [13]. In
addition, organic electroluminescent displays suffer
from poor air stability of the organic molecules as
well as relatively high operation voltages [14]. Unlike
traditional electroluminescent displays, organic elec-
trochromic displays (OECDs) rely on the use of

© 2020 The Author(s). Published by IOP Publishing Ltd
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intrinsically conducting polymers which act simulta-
neously as the electrode and electrochromic materials,
such that TCOs can be omitted [6, 11]. This is an
important step that allows for a simplified and low-
cost manufacturing approach of the electronic display
devices in large volumes by using screen printing as the
sole deposition technique. In addition to being easily
manufactured from solution, OECDs allow for low
operation voltage, which make them ideal candidates
for heavily distributed printed display technologies
[6, 11]. There exist many different OECD archi-
tectures, that can be manufactured by combining a
variety of different materials [15-17]. The printed
OECDs reported herein are based on oxidized poly
(3,4-ethylenedioxythiophene) (PEDOT) which is che-
mically stabilized by the non-conjugated polyelec-
trolyte poly(styrenesulfonate) (PSS). This material
combination yields a polymer (PEDOT:PSS) with a
relatively high mixed ionic and electronic conductivity
as well as pronounced electrochromism [6, 11, 17, 18].
The resulting OECDs are obtained by combining
PEDOT:PSS, acting as the color changing electrode,
with a counter electrode material (e.g. PEDOT:PSS or
carbon), as well as with an electrolyte sandwiched
between the two electrodes to facilitate electrochromic
switching upon application of a voltage. Nevertheless,
similarly to other display technologies, one drawback
of printed OECDs is that they are susceptible to cross-
talk, such that passive matrix addressing of individual
pixels becomes troublesome [18, 19]. This can be
solved by addressing each pixel with a transistor in
printed active-matrix displays [20, 21].

Active matrix addressed OECDs, that utilize all-
screen printed field-effect transistors (FETs) based on
carbon nanotubes, have been reported by Cao et al
[10]. However, since the transistors functioned in the
field-effect mode, a relatively high voltage (5 V) was
required to properly operate them. In this respect,
organic electrochemical transistors (OECTs) is a
favorable choice before the organic FETs because of
their capability to deliver higher current throughput.
This is due to the fact that charges in OECTs are accu-
mulated and transported throughout the entire bulk
of the channel material, which results in current den-
sities that are orders of magnitude higher than those
typically attained in FET's [22, 23] for the same channel
length/width dimensions. This property makes the
OECT technology suitable for display driver applica-
tions, where high current throughput is typically nee-
ded. A drawback of the volumetric channel charging in
OECTs is the relatively slower response time, as com-
pared to FETs. However, since both OECDs and
OECTs rely on similar device architectures and the
same switching mechanism, they are intrinsically
compatible with each other in many applications.
Typically, the OECT switching time is at least one
order of magnitude faster than that of the OECD. This
is due to the relatively larger area of the display seg-
ments as compared to the OECT channel [6, 11]. This,
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together with the high current throughput, further
justifies the compatibility of the two devices.

Here, we demonstrate all-screen printed OECT-
based display driver circuits operated at low voltages,
and their monolithic integration [24-26] with OECDs.
PEDOT:PSS is here used as the exclusive electroactive
material, both as the channel in the OECT and as the
electrochromic layer of the OECD. The immediate
advantage of this is the possibility to manufacture both
devices in a concurrent screen printing process.
Hence, this enables all-printed display drivers capable
of updating relatively simple OECD indicators, which
paves the way for flexible smart sensor labels and akin
devices that has the potential to further promote the
use and implementation of Internet of Things (IoT)
applications.

2. Methods

2.1. Materials

OECTs and OECDs were printed on polyethylene
terephtalate (PET), Polifoil Bias purchased from
Policrom Screen. The transistor channel, the gate
electrode, the color changing electrode of the electro-
chromic display, and sometimes also the counter
electrode of the electrochromic display, are all based
on PEDOT:PSS (Clevios SV3 purchased from Her-
aeus). A screen printable and UV-curable electrolyte,
AFI VV009 provided by RISE Acreo, was used to
enable the respective device switching mechanism. A
graphite-based screen printing ink, 7102 purchased
from DuPont, was used to deposit the source and drain
electrodes as well as the printed resistors. A screen
printing ink consisting of silver flakes, Ag 5000
purchased from DuPont, was used to lower the
resistance in, e.g. probe pads and interconnects. A UV-
curable ink, 5018 purchased from DuPont, was used
to isolate different layers from each other.

2.2.Manufacturing of OECTs and OECDs

The multilayered device architectures were manufac-
tured on PET substrates by using a flatbed sheet-fed
screen printing equipment (DEK Horizon 03iX) with a
process alignment capability of +/—25 um. The
screen printing tools were based on standard polyester
threads.

The mesh counts of the set of screen printing tools
were varied from 75 to 150 threadscm !, and the
thread diameters were varied from 20 to 50 pum. The
print gap and squeegee pressure varied between 2 and
5 mm and 10 and 20 kg, respectively, and the squeegee
angle was ~65°. Seven screen printing steps were
required to complete the devices. The sequence of the
printing process has been described in a previous
report [27], and it is also outlined below. Silver is prin-
ted as the first layer, to provide probe pads and inter-
connect wires. PEDOT:PSS is printed as the second
layer, to form OECT channels and OECD color
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changing electrodes, and carbon is subsequently prin-
ted as OECT source and drain electrodes and resistors.
All three inks are dried at 120 °C for 5 min. An insulat-
ing layer is then screen printed and UV-cured. The
purpose of this layer is to define the area of the subse-
quently deposited electrolyte layer required in both
OECTs and OECDs, as well as to provide for inter-
connects. The electrolyte is screen printed according
to the areas predefined by the insulating layer and
cured through UV light irradiation. PEDOT:PSS is
screen printed on the electrolyte patterns to form
OECT gate electrodes and OECD counter electrodes.
The interconnects are completed by bridging the insu-
lating layer with yet another silver layer. Push buttons
were used to allow for reconfiguration of the OECTs
used to control the switching direction of the OECD in
the monolithically integrated display driver circuit,
without affecting the color state until the button is
pushed, cf an enable signal. The push button, which
was obtained by lamination of an adhesive silver layer
on top of the previously deposited silver layer in an
eighth processing step, was activated by bringing the
two printed silver layers in contact with each other
(short-circuit), while deactivation was obtained by
separating the two printed silver layers (open-circuit).

The requirements on thickness and roughness of
the printed features are not as crucial when manu-
facturing OECDs and OECTs, as compared to e.g.
FETs manufacturing, and this is also the reason for
choosing relatively coarse screen printing as the man-
ufacturing method. The desired device functionality
will be obtained as long as the electrolyte is brought
into contact with its two corresponding electrodes.
Due to this, the screen printing inks were printed with-
out further optimization. The following approximate
thickness and roughness values were obtained (Senso-
far PLu neox optical profilometer) upon printing
the inks on a PET substrate: PEDOT:PSS 0.5 um and
0.03 pm, carbon 9 yum and 0.8 um, silver 11 ym and
1.9 pm, insulator 15 pm and 0.4 pm, and electrolyte
13 ymand 1.1 pm. Printing of the PEDOT:PSS layer is
the most critical deposition step in OECT and OECD
manufacturing; a thick and/or non-uniform PEDOT:
PSS layer would result in slow and/or non-repro-
ducible switching characteristics. But as indicated by
the thickness and roughness values obtained by optical
profilometry, this layer is both relatively thin and
smooth.

2.3. Device characterization

All measurements were performed at a temperature of
~20 °C and a relative humidity of ~45%RH. Transfer
and dynamic switch measurements of the OECT's were
performed by using a semiconductor parameter
analyzer (HP/Agilent 4155B) and a function generator
(Agilent 33120 A). The printed display driver circuits
were characterized by using a data acquisition card
(DAQ card PCI-6723 from National Instruments).
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The voltage supply, to update the respective OECD,
was either +/—3 V or 1.5 V (coloration) and 0 V
(bleaching). The input signals to control the conduc-
tion state of the OECTs in the printed display driver
circuits were supplied by the DAQ card, at an
appropriate frequency.

3. Results

3.1. Transistor designs

The OECT channel dimensions are one of the most
critical design parameters, since these dictate current
throughput, switching voltage and switching time of
the resulting transistor. Therefore, the display driver
circuits described below have been evaluated with two
different OECT channel geometries, (a) either with a
width (W) of 100 pm and a length (L) of 100 pm, and
also (b) with Wand L equal to 1000 ym and 100 pm,
respectively. Note that the stated channel dimensions
are according to the design of the screen printing tools,
the actual dimensions of the printed channel may
differ due to e.g. ink spreading, see figure S1 available
online at stacks.iop.org/FPE/5/024001 /mmedia. A
wider OECT channel results in a much larger current
throughput, for a given constant channel length,
between the source and drain electrodes. The two
different channel dimensions, used herein, thus differ
by a factor of ten in terms of channel resistance, i.e. the
1000 x 100 pm OECT channel exhibits the lowest
resistance. This is evidenced when comparing the transfer
characteristics of the two OECTs (see figure 1(a)), upon
application of a constant drain-source voltage (Vps)
of —1V and by sweeping the gate voltage (Vss) from 0 to
1.5 V. An OECT SPICE model [27] is employed to
simulate the transfer curves for both channel widths
(W = 1000 pm or 100 pm) and the results are reported
in figure 1(b). In terms of ON/OFF ratio and switching
threshold voltage, the simulation results generated by the
SPICE model are in good agreement with the measured
transfer characteristics of both OECTs. The model was
then further used to simulate the display driver circuits
presented herein.

The OECT channel dimensions also have an
impact on the dynamic switching characteristics of
the OECTs. This type of electrolyte-gated transistor
devices exhibit switching characteristics similar to an
electrochemical supercapacitor. Hence, the charge
capacity, which is determined by the volume of the
PEDOT:PSS serving as the channel, affects the OECT
switching time (figures 1(c)—(d)). The current mod-
ulation in the OECT with the narrow (100 pm,
figure 1(e) left) channel shows sharper transitions in
both switching directions, while longer times are
required to reach the saturated ON and OFF current
levels in the OECT device with a wider (1000 pm,
figure 1(e) right) channel. The smoother (rounded
shape) transitions observed in the case of the wide
OECT channel design can be explained by the
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Figure 1. Transfer characteristics and dynamic switching behavior of OECTs with different channel dimensions. (a) The current
throughput between the source and drain electrodes is approximately 500 ;1A when the channel width and length both are 100 pm
(solid black line). For a channel width and length of 1000 zm and 100 pim, respectively, the current level between the source and drain
electrodes is increased to approximately 5 mA, i.e. a tenfold increase in current throughput (solid blue line). Note that the switching
voltage is increased by 100-150 mV, at a sweep rate of 10 mV s~ ' and an integration time of 20 ms, this is due to the tenfold increase in
charge capacity for the wide channel OECT device. The gate current contribution is denoted by a dotted line for the respective OECT
architecture. (b) Simulated transfer curves of OECTs with a channel width of 100 yzm (black) and 1000 pzm (blue), respectively,
obtained by using the SPICE model. (c) Dynamic OECT measurements, in which a constant drain-source voltage (Vps) of —1.5 Vand
a gate voltage (Vs, dashed red line) varying between 0 and 1.5 V at a frequency of 0.5 Hz are applied. The black and blue graphs denote
the narrow (100 gm) and wide (1000 zm) OECT channel design, respectively. (d) Simulated dynamic switching characteristics
obtained by using the SPICE model. The same OECT dimensions and applied voltages are used in (c) and (d). () The microscope
images illustrate the two different OECT designs being evaluated. The narrow OECT design (left) is designed to have a channel width
0f 100 psm, while the wide OECT design (right) is designed to have a channel width 0of 1000 ;zm. Both OECT designs are designed to
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increased charge capacity of the wider channel. As
expected, the ON current level of the OECT with wide
channel design is one order of magnitude higher as
compared to the narrow one, an asset which is advan-
tageous in display driver applications. The dis-
advantage is that the OFF current level also increases
to some extent, which is explained by the increased
area of the source and drain carbon electrodes that are
exposed to the electrolyte. However, the ON/OFF
ratio of the wide channel OECT design still exceeds
10, despite the increase in parasitic currents caused by
the enlarged electrode areas.

The parasitic current also depends on the voltage
applied to the OECT device. The level of the OFF cur-
rentis to a large extent dependent on the voltage strain
generated between the positively biased gate electrode
and the negatively biased drain electrode. Hence, the
required driving voltage of the load, in this case an
OECD operated by an OECT-based display driver cir-
cuit, is of critical importance in order to maintain the
parasitic current level at a sufficiently low level. This is
further illustrated in figures 2(a) and (b), wherein the
ON/OFF ratio of an OECT is reduced by approxi-
mately two orders of magnitude upon increasing the
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Figure 2. The dynamic switching characteristics when operating the narrow (100 zm) OECT device design at different voltage
conditions. The same OECT device is used in both measurements, where Vs is applied as a square wave pulse between 0.1 and 1.5 V at
afrequency of 100 mHz. (a) Vs = —1.5 Vis applied to the drain electrode, which results in an ON/OFF ratio of approximately 10*.
(b) Increasing the voltage strain between the gate and drain electrodes, in this case by applying Vps = —3 V, results in an elevated
parasitic current level, and as a consequence the ON/OFF ratio is reduced to approximately 10~.

load voltage applied at the drain electrode from —1.5
to—3V.

3.2. Display driver circuits

The OECTs, presented here, rely on the use of the
intrinsically conducting polymer PEDOT:PSS as
the active channel material, and so they operate in the
depletion mode. The transistor is therefore in its ON-
state when a voltage close to 0 V is applied to the gate,
while the channel is switched to its OFF-state upon
application of Vgg = 1.5 V. This mode of operation
also implies that resistor-based voltage dividers are
required to enable a display driver circuit, or in fact
any type of OECT-based logic circuitry based on
PEDOT:PSS. Here, two different display driver circuits
have been designed, screen printed and characterized.
Their schematics, along with the corresponding circuit
simulations, are illustrated in figure 3. The circuit
schematic reported in figure 3(a) is developed for
OECDs requiring the opposite voltage polarity to
reverse the direction of the electrochromic switching.
A voltage supply of —3 V is applied when combining
this display driver circuit with the OECD requiring the

opposite voltage polarity, since this will enable full
color contrast and short switching time of the actual
OECD, but the voltage supply can be arbitrarily
selected depending on the chosen display technology.
Here, the OECDs are modeled as a 47 uF capacitor
(C1) in parallel with a 1.2 M2 leakage resistor (Rp), see
figure S2. Each branch of the circuit contains a resistor
(30 k2) and an OECT connected in series, while the
OECD bridges the two branches by a parallel connec-
tion. The conduction state of the two OECTs deter-
mines the direction of the OECD color switch,
through voltage division between the resistor and the
OECT channel resistance of the two different branches
of the circuit. Hence, by keeping the OECTs in
different conduction states, it is then possible to
control the direction of the OECD charging current,
which in turn results in either coloration or bleaching
of the display content.

Optionally, enable signals can be implemented,
e.g. by using push buttons or by incorporating two
additional OECTs that bridges ground and both
sides of the OECD in the parallel branch. Figure 3(b)
shows a schematic of a simplified display driver circuit
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as the operational voltages for this display type. (b) A simplified display driver circuit for OECDs that are spontaneously bleached upon
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dedicated to drive OECDs, in which the colored state
can be spontaneously bleached by short-circuiting the
OECD. Therefore, it is sufficient to use only one volt-
age division branch, while connecting the OECD in par-
allel to this branch. The voltage supply can be arbitrarily
selected also for this display driver circuit. A voltage of
—1.5 Vis therefore applied in these measurements since
the voltage required to obtain full color contrast is lower
for this particular OECD architecture. Keeping the
OECT in its conducting state, by applying a LOW
gate voltage (Vs = 0 V), results in coloration of the
OECD, while the non-conducting state of the OECT
(Vgs = 1.5 V) results in spontaneous bleaching of the
OECD. Note that the two display driver circuits shown
in figure 3 imply a trade-off; the schematic in figure 3(a)
enables shorter OECD switching times in both direc-
tions, due to the elevated voltage supply (—3 V), while
the lower voltage (—1.5 V) supplied to the circuit shown
in figure 3(b) implies more efficient OECT switching
characteristics due to the lowered level of the parasitic
current generated.

Initially, standalone display driver circuits were
characterized. According to the model in figure 3, a
capacitor (47 uF) was used instead of the actual
OECD, in order to create a circuit with similar switch-
ing characteristics. The measurements given in
figures 4(a) and (b) are based on the narrow (100 pm)
OECT channel, while the measurements given in
figures 4(c) and (d) are based on the wide OECT chan-
nel (1000 pm). The simplified display driver circuit
(figure 3(b)) is used in the measurements shown in
figure 4. Vour is the actual voltage level reaching the
load, in this case the capacitor, which is measured at
the node between the OECT drain electrode and the
resistor (figure 3(b)). The Vour level as a function of
the chosen resistor value, R, in the display driver cir-
cuit, is evaluated in these measurements.

Results based on 5 and 30 k2 resistors, for the
respective OECT channel width, are shown in figure 4,
while the measurements based on 10 and 20 k{2 resis-
tors are presented in the supporting information
(figure S3). From the result of figure 4(a) we find that a
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value of the evaluated resistors (ranging from 5 to 30 k), which is explained by the lowered ON-state resistance of the wide OECT
channel design. However, both OECT channel designs result in prolonged switching times upon increasing the value of R;.
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resistor value that is too low (R; = 5 k2) makes it dif-
ficult to achieve Voyr & 0V, which might prevent the
OECD from reaching full color contrast upon switch-
ing. On the other hand, a low resistor value results in
switching characteristics of the Voyr level that per-
fectly follow the square wave shape of the applied Vs.
Increasing the resistor value forces Voyr towards 0 V,
but this also results in a slightly prolonged switching
time, as evidenced by the rounded shape of the Voyr
signal, see figure 4(b) for R; = 30 k2 and figures S3(a)
and (b) for the intermediate values of R; (10 and
20 k). The OFF current levels are to a large extent
unaffected by the choice of the resistor value, while the
ON current levels are clearly suppressed by increased
resistor values. The results presented in figures 4(c)
and (d), in which the wide OECT channel design is
used, show better suppression of the LOW Vg signal
within the tested range of R; (5 k2 to 30 k). This
is simply explained by that the channel resistance is
lower when this OECT is switched to its ON-state,
as compared to the narrow OECT channel design.
Hence, the wide OECT channel design should be able
to provide full color contrast when replacing the capa-
citor (47 pF) with a printed OECD. Figures S3(c)
and (d) show the results when combining the wide
OECT channel with the intermediate values of R,
(10 and 20 kS2). It can be noted that the switching time

is increased, independent of the OECT channel design,
when increasing the resistor values, as evidenced by the
rounded shapes of the Vo signal for increased resistor
values in both figures 4 and S3.

The capacitive behavior of the OECD was further
investigated and the results are given in figure 5. The
measurements are based on the simplified display dri-
ver circuit, shown in figure 3(b). Figure 5 shows that
the switching response time is dependent on the area
of the OECD that is serving as the load in the display
driver circuit. Each OECD segment that is connected
to the display driver circuit, in the following reported
measurements, has an approximate area of 10 mm®.
Figures 5(a) and (b) refer to the narrow OECT channel
design, in which either one or two OECD segments are
connected to the circuit, respectively. The Vour levels
are unaffected, but the switching time is prolonged
when doubling the OECD area, which is explained by
atwofold increase in load capacitance. The same result
is obtained when a wider OECT channel design is
used (figures 5(c) and (d)); the Vour levels remain
unaffected, while a slightly longer switching time is
observed upon doubling the display area. The chosen
value of R; equals 10 k2 and 5 k2 for the circuit using
the narrow and the wide OECT channel design,
respectively. These resistor values were chosen since
they represent a good trade-off between the levels of
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response, while the level of the V1 signal remains unaffected.

Figure 5. Switching behavior when varying the OECT channel width and the number of OECD segments connected to the display
driver circuit. Narrow (100 m) OECT channels are used in the panels shown in (a) and (b), while wide (1000 ym) OECT channels are
used in the panels shown in (c) and (d). Furthermore, the (a) and (c) panels represent a load consisting of one OECD segment, while
two OECD segments are used as the load in the (b) and (d) panels. The number of connected OECD segments is affecting the switching
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the Vour signal and the switching response time. The
dependence between switching response time and the
number of connected OECD segments is further
demonstrated in figure S4, in which the wide OECT
channel design and R; = 20 k(2 are used for all mea-
surements, while the number of connected OECD seg-
ments is varied between one and six. Hence, increasing
the display area, in this case from 10 to 60 mm?, clearly
emphasizes the dependence between load capacitance
and switching response time.

The schematic in figure 3(a) has also been eval-
uated, even though the combination of this display
driver circuit design and the OECD requiring opposite
voltage polarity is less promising due to the elevated
parasitic current level caused by the increased supply
voltage, as shown in figure 2. One OECD segment is
connected between the two branches of this circuit, in
which two wide channel OECTs were used along with
two 5 k(2 resistors (R; and R,). Two Vgyr signals
(Vour_rerr and Vour rigur) were recorded during
the measurement, one for the respective branch
(figure 3(a)), and the results are shown in figure 6. The
gate voltages applied to the two OECTs of the display
driver circuit are always opposite to each other, i.e. one
OECT is always switched to its ON-state, while the
other OECT is switched to its OFF-state, and the cur-
rent is measured between the supply voltage and

ground. Hence, the measured current level does not
show the current modulation of each OECT, but the
difference in the ON-state current throughput
between the two OECTs utilized in the circuit. Ide-
ally, if the two OECTs of the circuit have identical
switching characteristics, there should be no differ-
ence in current throughput upon alternating the gate
voltages, i.e. the black lines in the graphs of figure 6
would be horizontal. Both OECTs show sufficiently
low resistance in their ON-state, as indicated by the
very similar LOW Voyr signals. The OECT located in
the branch shown in figure 6(b) reaches a higher
resistance in its OFF-state, as indicated by the fact
that the HIGH Voyr signal is closer to —3 V, as com-
pared to the HIGH Voyur signal shown in figure 6(a).
However, despite the difference in the ON-state cur-
rent throughput of the two OECTs utilized in the cir-
cuit, the OECD segment that was connected between
the two branches of the circuit was switching between
its fully colored and bleached states. This is explained
by that the display driver circuit generated an effec-
tive OECD load voltage of almost +/—3 V upon
alternating the gate voltages applied to the OECTs,
as evidenced by the measured Voyr pper and
Vourt _rigut signals shown in figures 6(a) and (b),
respectively.
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Figure 6. The display driver circuit based on two parallel branches is evaluated in this measurement, the circuit contains two wide
(1000 p2m) channel OECTs and two 5 k€2 resistors (R; and R,). One OECD segment was connected between the two parallel branches
of the circuitand —3 V was applied to the display driver circuit. By always keeping the OECTs in opposite conduction states, by
applying opposite gate voltages to the OECTs, the OECD segment will switch to either its colored or bleached state. The current and
voltage levels shown in (a) and (b) were measured on a respective side of the OECD.

(a)

Vilh \(slqaid |

Figure 7. Screen printed and monolithically integrated display driver circuit and electrochromic display. (a) Schematic illustrating the
layout of a display driver circuit monolithically integrated with an electrochromic display. (b) A photograph showing the
monolithically integrated electronic system manufactured by using screen printing as the only deposition method (scale bar: 10 mm).
For this particular combination of OECT control signals, full coloration of the OECD segment was obtained after also applying the
enable signal by using the push button. Applying the opposite combination of OECT control signals would instead result in bleaching
of the OECD segment.




Flex. Print. Electron. 5 (2020) 024001

P Andersson Ersman et al

(@) : ; :

ANAnnnAnAc
-2x10*}
< 4x10tt
1)
Q
= ex10tf u h L L L
-8x10™ - L J
Supply Voltage: -2 V, ON/OFF ratio: ~5x10
Vs Square wave pulse of 0.1/1.3 V at 1 Hz
-1x10° L : v

: of LEDs —
| \ r:-r---
\lﬁ* '

Figure 8. Wide channel OECTs and a 2—4 decoder circuit used to control the light emission from the LEDs. (a) Current versus time
data when supplying —2 V to the LED cathode. The LED and a wide channel OECT are connected in series, as shown in the schematic
in the inset. Hence, V55 controls the light emission from the LED, which is illustrated by the inserted photographs. The Vs frequency
equals 1 Hz in this particular measurement, which resulted in an ON/OFF ratio of 5000 and distinguished ON and OFF states of the
LED. (b) The voltage levels of the four output terminals of a 2—4 decoder circuit, showing that only one of the output terminals is
allowed to be in its HIGH logic state for each specific voltage combination (00, 01, 10, 11) provided on the input side of the 2—4 decoder
circuit. (c) Photographs (scale bar: 10 mm) showing the screen printed 2—4 decoder circuit (left), which controls the conduction state
of four wide channel OECTs (middle). Each wide channel OECT is, in turn, connected in series with a corresponding LED, hence, the
conduction state of the wide channel OECT controls the light emission of the LED (right). Four different combinations of light
emission can be provided by the two inputs of the 2—4 decoder circuit.
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3.3.Monolithic integration

Taking advantage of the fact that the OECT and
OECD, here reported, both rely on the use of same
materials and very similar device architectures, we
then target monolithic integration of display driver
circuits and electrochromic displays using screen
printing as the deposition and patterning method. The
circuit layout for the monolithic integration is illu-
strated in figure 7. The circuit relies on the design
described in figure 3(a), with the only addition of an
enable signal in the form of a push button. The enable
signal allows pre-adjustments of the voltages (V;
and V,) that control the two OECTs of the circuit
without affecting the color state of the OECD; the
color state of the OECD is only changed upon
concurrent application of Vi, V; and the enable signal.
The resulting OECD coloration is shown in the
photograph in figure 7, and the concept of OECD
coloration and bleaching, depending on how the
OECTs are addressed by the control signals V; and V5,
is further demonstrated in Video 1, see the supporting
information.

3.4. Use of OECTs for high current loads

The current switching characteristics of an OECD are
following the charging/discharging characteristics of a
supercapacitor. The current level is high in the
beginning of the charging event and then gradually
attenuates exponentially. However, there are also
other types of displays instead operating at constant
currents, such as light emitting diodes (LEDs), that can
be controlled by OECTs. Due to their electron-to-light
property, LEDs constantly consume relatively high
currents, typically in the mA range, a requirement that
can easily be achieved by the high current throughput
of the OECTs. The concept of an OECT that drives a
LED device is here demonstrated, see figure 8(a). A red
LED is here connected in series with the wide channel
OECT. A voltage of —2 V is supplied to the LED
cathode, and the light emission is thus controlled
by applying Vi, varied between 0.1 and 1.3 V, to
the OECT gate electrode. When the gate voltage is
pulsed at a frequency of 1 Hz, an ON/OFF ratio of
approximately 5000 is attained. The ON/OFF ratio
gradually decreases as the frequency of Vs increases,
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due to the relatively slow switching response of the
OECT device. ON/OFF ratios of 10 000, 5000, 1750,
400, 30 and 4 are obtained for Vg operating at
frequencies of 0.5, 1, 2, 5, 10 and 20 Hz, respectively.
However, despite the very low ON/OFF ratio at 20 Hz,
the LED blinking effect is still clearly observed. This is
further demonstrated in Video 2 (Vg switches at 1
Hz) and Video 3 (Vs switches at 10 Hz), see the
supporting information.

Figure 8(b) presents the voltage levels measured
at the four output terminals of a screen printed
2-4 decoder circuit, upon providing the input
sequence [00, 01, 10, 11] as addressing signals to the
decoder circuit. The input sequences are changed at a
frequency of 1 Hz, and the truth table of the 2—4 deco-
der circuit is revealed by monitoring the voltage levels
at the output terminals. Each input combination (e.g.
‘00’) only allows its corresponding output terminal
(e.g. Vour) to be in its HIGH logic state [27]. Deco-
ders can be used to address an electronic circuit
containing multiple LEDs, and thereby controlling
the light emission. Each output terminal of the 2—4
decoder circuit was then connected to the gate elec-
trode of a corresponding wide channel OECT, which
in turn was connected in series with a corresponding
LED. The 2—4 decoder circuit, the wide channel
OECTs here used to control the light emission, and
photographs of a full update sequence are given in
figure 8(c). Additionally, an update sequence at 1 Hz
is also demonstrated in Video 4 in the supporting
information.

4. Conclusions

In summary, we have reported on the topic of
developing and applying OECT-based display driver
circuits, to control the information content in OECDs
and LEDs. Two different display driver circuits, each
combined with a corresponding OECD device, were
developed and evaluated through measurements and
SPICE simulations. The fundamental device struc-
tures of the OECTs and OECDs are based on the
interface between an electrolyte and an organic
semiconductor and, in fact, rely on the very same
combination of materials and low-voltage switching
mechanism. Hence, this allows for the development of
a simplified manufacturing approach including con-
current processing of OECTs and OECDs, which in
this case relies entirely on screen printing as the
deposition and patterning method of all the materials
required for the completion of devices and circuits.
The manufacturing approach is successfully verified
through operation of OECT-based display driver
circuits, monolithically integrated with OECDs. The
resulting OECT and OECD devices are controlled
through the application of low voltages, typically
within the range 1-3 V. Despite the low-voltage
operation, a current throughput of several mA is easily

P Andersson Ersman et al

obtained in all-screen printed OECTs, owing to that
charge transport occurs throughout the entire
PEDOT:PSS bulk channel that bridges the source and
drain electrodes. The high current throughput is
demonstrated by utilizing OECTs to control the light
emission in LEDs, where the actual LED addressing is
achieved by an OECT-based decoder circuit. The all-
screen printed technology presented herein, in which
OECTs and OECDs are monolithically integrated and
manufactured on flexible plastic foils, paves the way
for printed electronics in biosensor platforms for
distributed healthcare, sensor platforms for monitor-
ing of arbitrary sensors, electronic smart labels within
packaging, and other IoT applications targeted in the
future.
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