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Based on Printed Organic Electrochemical Transistors

Chi-Yuan Yang, Deyu Tu, Tero-Petri Ruoko, Jennifer Y. Gerasimov, Han-Yan Wu,
Padinhare Cholakkal Harikesh, Matteo Massetti, Marc-Antoine Stoeckel, Renee Kroon,

Christian Miiller, Magnus Berggren, and Simone Fabiano*

The ability to accurately extract low-amplitude voltage signals is crucial in
several fields, ranging from single-use diagnostics and medical technology
to robotics and the Internet of Things (loT). The organic electrochemical
transistor (OECT), which features large transconductance values at low
operating voltages, is ideal for monitoring small signals. Here, low-power
and high-gain flexible circuits based on printed complementary OECTs are
reported. This work leverages the low threshold voltage of both p-type and
n-type enhancement-mode OECTs to develop complementary voltage ampli-
fiers that can sense voltages as low as 100 pV, with gains of 30.4 dB and at

a power consumption of 0.1-2.7 pW (single-stage amplifier). At the optimal
operating conditions, the voltage gain normalized to power consumption
reaches 169 dB uW-', which is >50 times larger than state-of-the-art OECT-
based amplifiers. In a monolithically integrated two-stage configuration, these
complementary voltage amplifiers reach voltage gains of 193 V/V, which are
among the highest for emerging complementary metal-oxide-semiconductor-
like technologies operating at supply voltages below 1 V. These flexible
complementary circuits based on printed OECTs define a new power-efficient
platform for sensing and amplifying low-amplitude voltage signals in several

scaling law, states that the supply voltage for
each new CMOS generation is reduced by
30%, and the power consumption subse-
quentially reduces by 50%. After decades of
development, the latest 7-nm-node CMOS
process reaches a supply voltage of 0.75 V.21

Today, the Si-CMOS technology is
heavily explored in Internet of Things
(IoT) applications, serving as low-power
outposts that record physical sensor
parameters (e.g., motion, light, tempera-
ture), communicate over long distances,
and harvest and store energy for its opera-
tion.’l Expanding IoT modules with flex-
ible, soft, or large-area chemical sensors
and actuators only possible off-Si, enables
a circuit technology that can amplify and
route signals, facilitating signal compat-
ibility and low-cost integration between
Si-technology and embedded devices. Fur-
ther, for many IoT and bioelectronic appli-
cations (e.g., (bio-)chemical sensors and

emerging beyond-silicon applications.

1. Introduction

Complementary metal-oxide-semiconductor (CMOS) field-effect
transistors, made from silicon (Si), have been the workhorse of
the integrated circuit (IC) industry since the 1980s, in part due
to their low power consumption. Dennard scaling,! the CMOS

neuronal interfacing), the on-site tech-

nology is preferably realized without Si-

chips to enable many different form fac-
tors, proximity, elasticity, and signal transduction, tailor-made
for the actual chemical/biological environment. Also in this
case, a low-power/voltage, high-performing, and flexible cir-
cuit technology operating at the site of stimulation or sensing
is needed to record and transfer signals at high signal-to-noise
performance.
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Unlike field-effect transistors, organic electrochemical tran-
sistors (OECTS) typically operate at less than 1 V and consist
of a mixed ionic-electronic conducting polymer channell**! and
a gate connected by a common electrolyte.l’! When a voltage
is applied to the gate, ions from the electrolyte enter the bulk
of the channel material to compensate for the injected charge
carriers in the oxidized or reduced organic semiconductor, thus
modulating the channel conductance. Since OECTs operate
at low voltages and exhibit transconductance values that are
orders of magnitude higher than their (organic) field-effect
transistor counterparts, they are ideally suited to sense and
amplify low-amplitude voltage signals.”! To date, OECTs have
been used to construct digital circuits,® sensors of biological,
physical, and chemical signals,>* and neuromorphic com-
puting devices.>

While the large OECT transconductance can translate a
small voltage into a sizable current, post-signal processing often
necessitates further current-to-voltage conversion. To address
this need, a handful of high-gain OECT-based voltage ampli-
fiers have been developed.?*-?] For instance, Braendlein et al.
reported a voltage amplifier that consists of a depletion-mode
OECT based on the hole-transporting (p-type) polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
and a resistor load to record electrocardiogram signals,!??! while
Romele et al. demonstrated voltage gains over 100 using crystal-
lized PEDOT:PSS-based OECTs.* However, amplifiers based
on depletion-mode OECTs almost universally suffer from high
power consumption, in some instances reaching values as
high as 1350 uW.[?2l Borrowing from thin-film transistors,[#/:?%!
Rivnay et al. were recently able to reduce the power consump-
tion of enhancement-mode OECT-based amplifiers operated
in the subthreshold regime down to 20 uW, although at the
expense of the voltage gain (=9.3 V/V).[23l

Recently, we reported a different approach to reducing
power consumption by developing the first complementary
OECT-based inverters,?®! which takes inspiration from the
CMOS technology. Si-based electronics have shown significant
improvements in power efficiency afforded by CMOS circuits
compared to unipolar technologies, wherein only one type of
transistor is used.l?”) Romele et al. expanded on our results and
developed complementary OECTs comprising BBL as the n-type
transistor and PEDOT:PSS as the p-type transistor.*>! However,
both of these examples of CMOS-like OECT-based inverters
showed power consumption >10 uW at Vpp = 0.5V, and were
based on photolithography-made devices incorporating liquid
electrolytes, which hamper their large-scale, solid-state integra-
tion. To this end, printing technologies, such as ink-jet printing,
screen-printing, aerosol-jet printing, and spray-coating, can
enable flexibility, conformability, large-scale integration, and
cost-efficiency.!%3% However, despite prior reports of large-scale
circuits based on all-printed unipolar OECTs®l and photolithog-
raphy-made complementary OECTs,?>?% printed solid-state
complementary OECTs and circuits have not yet been reported.

Here, we report printed and flexible circuits based on comple-
mentary OECTS, which operate at low voltages (0.3-0.7 V) with
a static power consumption of 12 nW and a dynamic power con-
sumption as low as 0.1 uW per switch. This power consumption
level is at least two orders of magnitude lower than state-of-the-
art complementary OECTs. Both p-type and n-type OECTS, with
planarly integrated gates, operate in the enhancement-mode,
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with maximum transconductance of =0.20 mS and threshold
voltages of less than |0.25| V, which enables low voltage opera-
tion. To facilitate solid-state integration, we developed print-
able polycationic (for p-type OECTs) and polyanionic (for n-type
OECTs) hydrogels that show good ion mobility, enabling faster
OECT response (16-160 ms) than previously reported photoli-
thography-made complementary OECTs.1>>%¢ Electrochemical
bulk doping of the channel materials is confirmed by in situ
spectroelectrochemistry measurements. The driving strength
and the operating voltage of both p-type and n-type OECTs are
well balanced and enable the development of single-stage com-
plementary inverters having voltage gains of up to 26 V/V and
excellent noise margin (89%). With a DC offset at the input,
the inverter operates as a push-pull amplifier which is able to
sense AC voltage signals as low as 100 uV and a maximum gain
of 30.4 dB. This ability to detect small voltage signals with very
low power consumption yields a power-normalized gain of up to
169 dB WL, which is over 50 times greater than state-of-the-art
amplifiers based on OECT technologies. Because of the planarly
integrated gates and well-matched operating points, we were
able to demonstrate monolithically integrated two-stage ampli-
fiers showing a record-high DC gain of 193 V/V, which is the
highest gain among emerging CMOS-like thin-films technolo-
gies operating at sub-1-V regime to date. In addition, the suc-
cessful implementation of 10 complementary OECTs into a five-
stage ring oscillator shows potential for large-scale integration.
Our inverters and voltage amplifiers based on printed comple-
mentary OECTS offer a power-efficient solution for autonomous,
conformable, wearable, and portable sensors consisting of both
digital and analog circuits. In addition, the low operation voltage
(0.3 V) offers the possibility of being (self-)powered by light,
heat, wireless power, triboelectricity, and other power sources
that can only provide low voltage and/or limited power supply,
thus opening the way to battery-free wearable electronics.

2. Results and Discussion

2.1. Printed Complementary Organic Electrochemical Transistors

Complementary electronic circuitries require the development
of both p-type and n-type enhancement-mode OECTs. Here,
we use polythiophene functionalized with tetraethylene glycol
side chains (P(g42T-T)) and poly(benzimidazobenzophenanthro
line) (BBL) as the p-type and n-type semiconducting polymers,
respectively (Figure 1a). While neither P(g,2T-T) nor BBL are
soluble in water/alcohols, they can be dispersed in alcohol sol-
vents in the form of nanoparticle inks, which are better suited
for large-scale printing. The BBL nanoparticles are obtained by
solvent exchange from BBL-methanesulfonic acid (MSA) solu-
tion to isopropanol (IPA) under rapid stirring, whereas the
P(g42T-T) nanoparticles can be obtained by solvent exchange
from its chloroform solution to IPA. The nanoparticle sizes
of BBL and P(g,2T-T) are 28 and 21 nm, respectively, as meas-
ured by dynamic light scattering (DLS, Figure S1, Supporting
Information). The BBL and P(g,2T-T) nanoparticle dispersion
inks in IPA are printable by means of several additive manu-
facturing techniques, including screen printing, aerosol-jet
printing, inkjet printing, and spray-coating. In this manuscript
we focus on the later for the deposition of the channel material.

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. a) Molecular structures of p-type polymer P(g,2T-T) and n-type polymer BBL and their corresponding electrolytes, PQ-10 and poly(sodium-
4-styrene sulfonate) (PSSNa). b) Illustrated structure of the complementary organic electrochemical transistors (OECTs, cross-section view and top
view). c) Breakdown of each layer in the fabrication process of the complementary OECTs. d) Photograph of the as-manufactured complementary

OECTs on polyethylene terephthalate (PET) substrate.

To electrostatically gate the P(g,2T-T)-based and BBL-based
OECTs and to enable solid-state integration, we developed two
printable polyanionic and polycationic hydrogels. We chose
a poly(sodium-4-styrene sulfonate) (PSSNa, Figure 1a) based
hydrogel as the printable sodium electrolyte for the n-channel
OECT. D-sorbitol and glycerin are employed to enhance sodium
conductivity and the stability of the PSSNa-based hydrogel.
We chose polyquaternium-10 (PQ-10, a nontoxic quaternized
hydroxyethyl cellulose chloride, Figure 1a) based hydrogel as
the printable chloride electrolyte for the p-channel OECT. Both
PQ-10 and PSSNa hydrogels have similar or even higher ion
conductivity than 0.1 M NaCl aqueous solution (Figure S2, Sup-
porting Information). The all-printed OECT-based circuits are
fabricated through the combination of screen-printing and
spray-coating (Figure 1b, and Figure S3a, Supporting Infor-
mation). First, carbon electrode and silver electrode layers
are screen printed sequentially on a flexible A3 sized polyeth-
ylene terephthalate (PET) substrate (Figure S3b, Supporting
Information). We developed OECTs with planarly integrated
gates, which enable monolithic integration of complementary
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OECTSs, for the first time. The side-gate configuration, which
is optimal for low-cost and large-scale manufacturing, requires
fewer processing steps compared to top-gate configurations
used in the all-printed unipolar PEDOT:PSS OECTs.®l The
electrochemically inert carbon electrodes are in direct contact
with the polymer semiconductor, while the silver underlayer
reduces the electrode resistance. The root-mean-square sur-
face roughness of the carbon electrodes is 82.4 nm (Figure
S3c,d, Supporting Information). An insulating layer is used to
pattern the channel and gate regions.®l The silver/silver chlo-
ride (Ag/AgCl, 100 nm thick) gate layer and polymer semi-
conductor layer (20 nm for P(g,2T-T) and 250 nm for BBL, to
match their ON-state channel conductance) are sequentially
deposited by spray-coating. The root-mean-square surface
roughness of the P(g,2T-T) and BBL layers are 5.7 and 12.9 nm,
respectively (Figure S3e,f, Supporting Information). Finally,
the polymer hydrogel electrolytes (PQ-10 or PSSNa) are screen
printed to finish the fabrication of the electrochemical circuits
(Figure 1c). For each OECT, the channel length/width (L/W)
is 200 um/2 mm, and the Ag/AgCl gate region is 2 x 2 mm?.

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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When implemented as OECT channels, both P(g,2T-T) and BBL
show relatively low threshold voltages,**% ensuring that a low
supply voltage is required for operation. The device structure of
the printed complementary OECTs is depicted in Figure 1b—d.
More details of device fabrication can be found in the Experi-
mental Section.

2.2. Electrical Characteristics of Printed p-/n-Type OECTs

In a three-terminal (drain, source, and gate) OECT device
(Figure 1b), a bias voltage between gate and source (Vs) drives
ions from the electrolyte into the channel and results in the
modulation of the conductivity between drain and source. For
enhancement-mode OECTs, the drain-to-source current (Ipg)
under a voltage bias (Vpg) can be approximately expressed as:!

Ips =uCy WTd[(VGS Vi) Vs — V;S:| (linear region) 1)

Ins =1Cy \f—f(VGS —VT)2 (saturation region) ()
where u is the charge carrier mobility, Cy is the volumetric
capacitance, W, L, and d are the channel width, length,
and thickness, respectively, and Vry is the threshold voltage.
Unlike conventional field-effect transistors, the channel thick-

ness d contributes to the conductivity as the accumulation of
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charges occurs throughout the entire bulk of the semicon-
ductor layer.

For printed P(g,2T-T) OECT5, the application of a negative Vg
oxidizes the semiconductor channel and enables the accumula-
tion and transport of holes in the channel under a negative Vpg.
Figure 2a,b shows the typical output (Ips — Vps) and transfer (Ipg
— Vis) characteristics of P(g,2T-T)-based OECTs reaching an ON/
OFF ratio of =103 at Vg < 1 V. The device-to-device variation of
the ON-current is found to be 4% (average ON-current value is
—49.9 £ 2.0 HA at Vgg = Vpg =—0.7 V for 10 OECTs, Figure S4,
Supporting Information). In addition, a negligible hysteresis in
Ips is observed over the entire Vg range (Figure 2b), which is
beneficial for the stable operation of analog circuits (e.g., ampli-
fiers). The transconductance g, = dIpg/dV¢s, a key figure of
merit used to evaluate OECTS, is also shown in Figure 2b. The
maximal transconductance of P(g,2T-T) OECTs is =0.17 mS. From
the transfer characteristics in the saturation region, a typical V¢
of —0.22 V is extracted (Figure S5a, Supporting Information).
From Equation (2) we can then extract the product of mobility
and volumetric capacitance uCy = 22.9 F cm™ V! s7 in the satu-
ration region (for Vpg between —0.4 and —0.7 V). Furthermore,
P(g42T-T)-based OECTs show a maximum intrinsic gain (4; = g,
X 1o, with 7y the output resistance dVps/dIpg) of 62, as reported
in Figure S6 (Supporting Information). To further investigate
the transient behavior of the P(g,2T-T)-based OECTS, a transient
Ips was measured when a Vg pulse of —0.7 V was applied at a
fixed Vpg = —0.7 V, as shown in Figure 2c. The P(g,2T-T)-based
OECTs exhibit relatively fast switching characteristics with a 7,

a g b 60 € 0
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Figure 2. a) Typical output characteristic of printed P(g,2T-T) organic electrochemical transistors (OECTs). b) Transfer characteristics and transcon-
ductance in saturation region at Vps =—0.7 V. c) Switching characteristics of printed P(g,2T-T) OECTs, showing a 7,, of 48 ms and a 7,4 of 16 ms. The
dimensions of the OECT channel are W = 2000 um, L = 200 um, and d = 20 nm. d) Typical output characteristic of printed BBL OECTs. €) Transfer
characteristics and transconductance in saturation region at Vps = —0.7 V. f) Switching characteristics of printed BBL OECTs, showing a 7, of 145 ms
and a 7, of 160 ms. The dimensions of the OECT channel are W = 2000 um, L = 200 um, and d = 250 nm.
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of 48 ms and a 7,¢ of 16 ms while the rise time (t) is 280 ms
and the fall time (t;) is 58 ms (Figure S7a, Supporting Informa-
tion). For comparison, P(g,2T-T)-based OECTs fabricated using
the same printed electrodes but with an aqueous electrolyte
(0.1 M NaCl) show an almost identical behavior to P(g,2T-T)-based
OECTs with printed PQ-10 electrolyte (Figures S5b, S7b, S8a-c,
Supporting Information). This indicates that the PQ-10 hydrogel
enables the development of printable solid-state P(g,2T-T)
OECTs without compromising the device performance.

Robust operation of CMOS-like inverters requires a balance
between the driving strengths of the p-type and n-type transistors
to maximize noise margins. For instance, the channel width of
the PMOS (p-type MOS) transistor in a Si CMOS inverter is typi-
cally advisable to be three times larger than that of the NMOS
(n-type MOS) transistor to achieve balanced driving strengths.
Because of the volumetric bulk conductivity in OECTS, we are able
to achieve a well-balanced p-/n-type OECT operation by using the
same channel W and L, but different p-/n-type semiconductor
film thickness, so that the same transistor footprint design can
be applied regardless of the difference in electron/hole mobility.
This OECT feature has no equivalent in other organic and/
or inorganic FET technologies, and simplifies substantially the
device manufacturing protocol. Figure 2d-f presents the typical
electrical characteristics of a printed BBL-based OECT, the char-
acteristics of which were adjusted to match those of the printed
P(g42T-T) OECTs in driving strength and operational voltage. As
n-type enhancement-mode transistors, a positive voltage on the
gate (Vgs) turns on the channel conduction by transporting elec-
trons from source to drain under a positive Vpg. The ON/OFF
current ratio of the printed BBL-based OECTS is typically =2 x
10% and the maximal transconductance is 0.18 mS, as shown in
Figure 2e. It should be noted that the transconductance reaches
its maximum at Vg between 0.4 and 0.5 V, rather than at the
highest applied Vs = 0.7 V. This suggests that the printed BBL
OECTs are optimally operated at Vg between 0.4 and 0.5 V for
applications where high transconductance is desirable (e.g.,
amplifiers). For these printed BBL OECTS, the device-to-device
variation of the ON-current is found to be 3.6% (average ON-
current value is 50.4 + 1.8 A at Vg = Vpg = 0.7 V for 10 OECTS,
Figure S4b, Supporting Information). The threshold voltage of
the printed BBL-based OECTs is 0.16 V (Figure S5, Supporting
Information), as extracted from the transfer curve in the satu-
ration region (Figure 2e). Similarly, the uCy of the printed BBL
OECTs is calculated to be 2.63 F cm™ V-1 57}, using Equation (2).
A maximum intrinsic gain A; of 63 is shown in Figure S6
(Supporting Information). Figure 2f shows the switching
characteristics of the printed BBL OECTs with a 7,, of 145 ms
and a 7,q of 160 ms. The corresponding ¢, and #; are 390 and
360 ms, respectively (Figure S7c, Supporting Information). For
comparison, BBL-based OECTs with a 0.1 m NaCl aqueous elec-
trolyte show similar characteristics (Figures S5d, S7d, S8d-f,
Supporting Information). However, the maximum transcon-
ductance of BBL-based OECTs with NaCl electrolyte is shifted to
slightly larger Vg = 0.6 V, suggesting that printed BBL OECTs
with PSSNa hydrogel are more favorably operated at lower
voltages. Both printed P(g,2T-T) and BBL OECTs show faster
response than similar photolithography-made complementary
OECTs,2>2] with at least one order of magnitude improvement
in the transient characteristics.

Adv. Electron. Mater. 2021, 2100907 2100907 (5 of 11)

MATERIALS

www.advelectronicmat.de

2.3. In Situ Spectroelectrochemistry of OECTs

To understand the operation of P(g,2T-T) and BBL OECTs,
we measured absorption spectra of the polymer films on FTO
inside a three-electrode electrochemical cell. We used 0.1 M
NaCl as the electrolyte and an Ag/AgCl reference electrode to
match the OECT characterization. The absorption spectra of the
pristine polymers in air are presented in Figure S9 (Supporting
Information). Pristine P(g42T-T) films have an absorption
maximum at 600 nm followed by a broad polaronic absorption
extending into the IR range due to oxygen doping of P(g,2T-T)
in air.33 Pristine BBL on the other hand has an absorption
maximum at 570 nm with no visible IR tail due to its undoped
state. For spectroelectrochemical measurements, the polymers
were first fully dedoped by applying Vs = 0.5 V for P(g,2T-T)
and Vg =-0.7 V for BBL, followed by measuring the baseline.
The application of negative gate voltages for P(g,2T-T) and posi-
tive gate voltages for BBL results in the injection of charges into
the polymer layer, compensated by ion diffusion from the elec-
trolyte. The differential absorption spectra from the undoped
state during the cyclic voltammetry (CV) scans are presented in
Figure 3a-c for P(g42T-T) and in Figure 3d-f for BBL. The for-
mation of polarons is clearly seen in the absorption spectra as
a bleaching of the ground state absorption band and an accom-
panying formation of polaronic absorption for both polymers.

For P(g42T-T) the bleaching of the ground state is especially
notable, as the extent of the bleaching is larger in magnitude
than the ground state absorption of the same sample measured
in air. It is important to note that since P(g,2T-T) is doped in
air, the undoped baseline in the spectroelectrochemistry meas-
urements has a larger ground state absorption. Nevertheless,
most of the P(g,2T-T) ground state absorption is bleached,
illustrating that a majority of P(g,2T-T) segments are doped
at the highest applied voltages. The bleaching is accompanied
by a broad polaronic absorption band extending well into the
IR region. The polaronic absorption reaches a maximum at
Vs = —0.3 V, followed by a decrease in the polaronic absorp-
tion while the ground state further bleaches slightly at more
negative potentials. This is attributed to increased bipolaron
formation at more oxidative potentials, as recently shown for
P(g,2T-T).13+35)

Unlike P(g,2T-T), the bleaching of BBL ground state absorp-
tion does not have the same shape as the pristine ground state
absorption shown in Figure S9 (Supporting Information). This
is due to overlapping positive polaronic absorption bands, indi-
cating that the fraction of polaronic BBL cannot be directly
derived from the amplitude of the ground state bleach. In addi-
tion, BBL has multiple positive polaronic absorption bands with
maxima at 400, 720, and 865 nm. The 720 and 865 nm bands
are close to each other in energy and form one broad absorp-
tion band at the largest applied gate voltages. This band reaches
a magnitude that is a third in intensity of the pristine ground
state absorption, which is more intense than previously pub-
lished spectra of molecularly doped BBL films.3l We can con-
clusively say that the bulk of both P(g,2T-T) and BBL are exten-
sively doped under operating conditions, contrasting to what
would be expected if the materials were operating in a field
effect regime, where only a thin layer at the polymer surface
forms a conductive path.
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Figure 3. a) Differential absorption spectra of P(g42T-T) scanned between 0.5 and —0.7 V versus Ag/AgCl. b) Differential absorption spectra of P(g42T-
T) at select voltages during the negative CV scan. c) Differential absorbance of P(g42T-T) at select wavelengths during the negative CV scan. d) Dif-
ferential absorption spectra of BBL scanned between —0.7 and 0.7 V versus Ag/AgCl. e) Differential absorption spectra of BBL at select voltages during
the positive CV scan. f) Differential absorbance of BBL at select wavelengths during the positive CV scan. All the absorption values are reported as
difference absorbance from the undoped state, the voltage scan rate is 50 mV s

2.4. Printed OECT-Based Complementary Inverters

Having validated a pair of well-balanced p-type and n-type
OECTs working in enhancement-mode, we demonstrate
a printed complementary inverter that yields large gains
(=26 V/V) at a low supply voltage (<0.7 V). The schematic of
an OECT-based complementary inverter is shown in Figure 4a
where P(g,2T-T) and BBL OECTs are switched either ON or
OFF depending on the input voltage Vj, at the gate, resulting
in a V,,; which is either equal to Vpp (ON, p-type doped, n-type
dedoped) or to the ground (OFF, n-type doped, p-type dedoped).
To make the transistors switch properly, their Vi play an impor-
tant role. The low Vy for both P(g,2T-T) and BBL OECTs ena-
bles the low voltage operation of the printed complementary
inverter.

The switching threshold of an inverter (V)), defined as
when V;, equals V,, is an indication of the balanced driving
strengths of p-type and n-type transistors, and ideally, the
threshold is equal to Vpp/2. The switching threshold is shown
in Figure 4b, and it closely follows the ideal behaviors at all
Vpp. Another benefit of balanced p-type and n-type OECTS is
to obtain large high and low noise margins (NMy and NMjy),
defined as follows:

NMy =Vpp —Vig, NM; =V}, (3)

where Vi and Vj are the input voltages HIGH and LOW at
aVou

the operation points of V:—l at the voltage transfer charac-

teristics (VIC) of the inverter (Figure 4b). Here, the NMy and
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NM, are listed in Table S1 (Supporting Information) and the
total NM with respect to Vpp is up to 89% (Vpp = 0.7 V).

The voltage gain A, in units of V/V and decibels (dB) is
defined as:

a"/out
Vi,

a‘/out
(V/V),Ay =20log EvA

(dB)

v:’

(4)

in

As shown in Figure 4c, the maximum gain reaches 26 V/V at
Vpp = 0.7V, and a relatively high gain of 75 V/V can be obtained
even with a very low supply voltage of 0.3 V. When Vpy is
further reduced to 0.2 V, a major deterioration in the VTC is
observed with a greatly reduced gain of 2.7 V/V. This is due to
the supply voltage approaching the threshold voltage limit. For
comparison, unipolar inverters composed of the same printed
OECTs (either n-type or p-type only) show maximum gain
lower than 1.8 V/V even for Vpp of 0.7 V (Figures S10 and S11,
Supporting Information).

Low power consumption is another major advantage of
CMOS-like technologies since one of the two transistors is
always in the nonconducting OFF-state in static conditions. The
current at Vpp =0.7 V is below 17 nA, yielding a static power con-
sumption of only 12 nW, which is far lower than that of state-of-
the-art unipolar OECT-based inverters (1.18 mW).[¥l Even during
the switching of the inverter, the maximum power consump-
tion per logic gate is just 2.7 pW, and reaches only 0.10 pW at
lower supply voltage (0.3 V). For comparison, previous attempts
to develop complementary OECT-based inverters?>?% yielded a
maximum power consumption of 1015 pW and a static power
consumption of 1.35 uW at Vpp = 0.6 V. If implemented in fully
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Figure 4. a) Photograph and schematic of a printed complementary inverter. b) Typical voltage transfer characteristics (VTC) of the printed inverter at
various supply voltages (0.7-0.2 V). c) Voltage gain of the inverter at various supply voltages. d) Power consumption of the inverter at various supply

voltages.

printed large-scale digital circuits, such as a 4-to-7 decoder and
7-bit shift register,® the complementary OECTs presented in
this work could enable a power consumption reduction of up
t0 99.8%.

In order to thoroughly evaluate the performance of the
inverters, a five-stage ring oscillator, the largest circuit based
on complementary OECTs in terms of the number of OECTSs,
was implemented by cascading five inverters (Figures S12 and
S13, Supporting Information). This OECT-based ring oscillator
shows a stable oscillation with a period of 6.9 s which gives a
stage delay of 690 ms by t = 1/(2Nf) , where fis the oscillation
frequency and N is the number of stages. The stage delay is
consistent with the switching characteristics of the individual
OECTs and shows the true operation speed in multistage cir-
cuitries. The successful implementation of 10 complementary
OECTs into a fully functional five-stage ring oscillator shows
potential for large-scale integration.

2.5. Printed OECT-Based Push-Pull Voltage Amplifiers

Although typically implemented as digital devices, CMOS
inverters can be used as analog amplifiers. A major advantage
of using CMOS inverters as amplifiers in the push-pull con-
figuration (Figure 5a), as opposed to active load and/or current
source load configurations, is that these devices benefit from
the summation of the transconductance of both transistors,?’]
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as shown in Equation (5). The voltage gain of an OECT-based
CMOS:-like inverter can be calculated as:
Ay =~ (Gup+ & ) (Top [/ Ton) ()
where g, and g, are the transconductances and r,, and 7,
are output resistances of the p-type and n-type transistors,
respectively. The main challenge in operating OECT-based
CMOS-like inverters is to correctly bias the inverter to posi-
tion the operation point in the transition region (close to the
switching threshold V), where both transistors work in the
saturation region and the inverter exhibits a large gain. Our
push-pull amplifiers with printed complementary OECTs show
a gain of 16 (V/V) (24 dB) when amplifying a 10 mV (ampli-
tude) sinusoidal signal with a DC offset of 0.28 V (Figure 5b),
which is consistent with the DC gain of the inverter shown
in Figure 4c. When amplifying signals as low as 100 puV, the
voltage gain reaches 29 (V/V) (29.2 dB), as shown in Figures
S14 and S15 (Supporting Information). The maximum amplifi-
cation observed is 33 (V/V) (30.4 dB) with a 200 pV input signal
(Figure 5c). We evaluated the gain of the voltage amplifier with
respect to input frequencies ranging from 0.06 to 5 Hz with a
10-mV input signal. The detailed waveforms at each frequency
are shown in Figures S14 and S15 (Supporting Information).
These OECT-based single stage push-pull amplifier can serve
as a building block for more complex amplifiers. Here, we
demonstrate a monolithically integrated two-stage amplifier to
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Figure 5. a) lllustration of the amplifier configuration used to obtain these measurements. b) Voltage waveform of input and output signals when
a 10 mV and 0.06 Hz sinusoid voltage is applied as the input. c) Voltage gain dependence on the amplitude of the input signals (10 mV-100 pV).
d) Schematic of a five-stage push-pull CMOS amplifier. e) Voltage transfer characteristics (VTC) of a two-stage amplifier. f) Voltage gain of a two-stage
amplifier. Inset, photograph of the monolithically integrated two-stage amplifier.

obtain a high voltage gain by cascading two single-stage ampli-
fiers, as shown in Figure 5d. Matching the operating point is
crucial for the successful integration of the two single-stage
amplifiers. For both stages, the operation points are optimized
at V which is close to the ideal value in our complementary
OECT inverters. The two-stage amplifier exhibits a voltage gain
as high as 193 (V/V), which is the highest reported for OECT-
based amplifiers. For comparison, the highest voltage gain
among OECT technologies reported to date is 107 (V/V) for
depletion-mode, p-type PEDOT:PSS-based OECTs. These uni-
polar OECTs however require a supply voltage of 0.8 V and con-
sume =480 UW of power.”l Here, we are able to almost double
the voltage amplification while reducing the maximum power
consumption (5.6 HW) by close to 99%.

By coupling the printed enhancement-mode OECTs operated
at low voltage and the complementary push-pull configuration,
we are able to demonstrate flexible voltage amplifiers with high
gain and very low power dissipation. In order to evaluate the
amplifier performance with respect to power efficiency, we nor-
malize the voltage gain to the maximum power consumption
at various supply voltages using the equation Ayp = Ay/Ppa
(dB uW). Here, the normalized voltage gain Ayp for the printed
voltage amplifiers (single stage) reaches 10.2 dB uW" at Vpp =
0.7 V and 169 dB uW! at Vpp = 0.3 V, which is up to 50 times
higher than that of state-of-the-art OECT amplifiers?3-%3
(Table S2, Supporting Information). In addition to existing
OECT technologies, we have also compared our results with
inverters based on electrolyte-gated thin-film transistors¢-3]

Adv. Electron. Mater. 2021, 2100907 2100907 (8 of 11)

and recently reported voltage amplifiers with organic field-
effect transistors.* Cutting-edge voltage amplifiers, that
implement unipolar organic field-effect transistors in differ-
ential®l and pseudo-CMOSI! circuit configurations and are
typically operated at a few volts, reach normalized gain values
of 5 dB uW! (differential) and 4.6 dB pW (pseudo-CMOS).
Electrolyte-gated thin-film transistors (e.g., IGZO,38 CNTP)
are usually operated at around 1 V and their inverters gener-
ally exhibit normalized gains between 0.03 and 0.75 dB uWL
From the comparison, we can see that complementary OECT-
based amplifiers offer a power-efficient solution to sense weak
voltage signals (as low as 100 pV) at low supply voltages (as low
as 0.3 V). Power eficiency is crucial for self-powered applica-
tionst®! where the power supply is heavily limited. For example,
commercially available printed, flexible organic solar cells can
yield about 18 uW cm™ with indoor lighting.[*! Thermoelectric
generators typically offer a few microvolts with a maximum of
28.5 UW cm™ for a temperature difference of 10 °C.[*"] Electro-
static generators can provide around 50 uW cm~2,*] while elec-
tromagnetic generators can supply up to 150 uW cm=2*] This
shows that our printed voltage amplifier has huge potential for
self-powered devices.

As we demonstrated, the voltage gain of the printed ampli-
fier can be further increased by cascading multiple stages
together. With two-stage printed amplifiers, we report DC
gain of 193 V/V, which, to the best of our knowledge, is the
highest among the OECT technologies!?>?¢ and also among
the best for sub-1V amplifiers based on emerging CMOS-like
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technologies such as vacuum-processed small-molecule-based
OFETs, % CNTs,P152 graphene,¥l and 2D transition metal
dichalcogenidel*>% (see Table S3, Supporting Information). As
an example, a hybrid CMOS-like inverter based on CNT and
quantum dots transistors operates with a DC gain of 76 V/V at
Vpp = 0.9 V, while the highest gain among 2D transition metal
dichalcogenide transistors (p-type WSe2 and n-type MoS2) is
34 V/V at Vpp =1 V. Furthermore, our printed complementary
OECT circuits exhibit excellent flexibility, with no sign of degra-
dation upon 10 bending cycles at a radius of 4 mm (Figure S16,
Supporting Information).

3. Conclusions

We have developed flexible, printed digital, and analog cir-
cuits composed of complementary p-/n-type enhancement
mode OECTs. The p- and n-type OECTs incorporate P(g,2T-T)
and BBL as the channel material, and polycationic PQ-10 and
polyanionic PSSNa hydrogels as the electrolyte, respectively.
Planarly integrated side-gate configuration of screen-printed
OECTs enables large-scale integration of complementary cir-
cuits in a cost-efficient manner. By engineering the thickness
of the active materials, we match the driving strengths of the
p-type and n-type OECTs with identical channel dimensions.
Both types of OECTs exhibit low Vy (-0.22 V for P(g42T-T)
OECTs and 0.16 V for BBL OECTs), which enables the single-
stage amplifier to operate at a low voltage and with a power-
normalized gain of up to 169 dB uW!, which is 53 times higher
than current state-of-the-art OECT amplifiers. In addition, the
single-stage amplifier is able to sense very low amplitude sig-
nals, as low as 100 uV, with a maximum gain of 30.4 dB. Fur-
thermore, the monolithically integrated two-stage amplifier
reaches a DC gain of 193 V/V, which is a record-high value
among all emerging sub-1V CMOS-like technologies.

With such a high power efficiency, we envisage that our flex-
ible and fully printable OECT-based voltage amplifiers may find
several applications in recording/monitoring of weak voltage
signals, such as IoT sensing, electrophysiological, and other
bioelectric infra-slow signals,®®¢! with limited availability to
power supply or a need for on-site amplification. To further
extend the amplifiers’ operating frequency range, one could
improve the OECT switching speed by, e.g., scaling down the
device geometryl®? and/or engineering the channel semicon-
ductor.®263 The progress of electrophysiological signal record-
ings and electronic neural interfaces has been tending toward
autonomous, implantable, wearable devices integrated with
sensing electrodes, and signal processing units.*¥ Long-term
wireless monitoring on a mobile curvilinear surface requires
flexible and power-efficient amplifiers that operate at low volt-
ages and draw little current to extend the limits imposed by
battery capacity. To summarize, our printed complementary
voltage amplifiers may address many key challenges posed in
the wireless detection of weak sensor signals by demonstrating
the potentials of a) in situ pre-amplification of small signals,
b) flexibility for conformable/wearable electronics, c) low power
consumption for implants, d) scalability for massively parallel
recording by screen-printing manufacturing, e) electrolyte
nature at the input (gates of OECTs) for good interface to skin
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and organs, and f) potential signal filtering and processing with
OECT-based circuitries.

4. Experimental Section

Materials: The polyethylene terephtalate (PET) substrate Polifoil Bias
was purchased from Policrom Screen. Silver ink (Ag 5000, DuPont) was
used for printed interconnects. Carbon ink 7102 printing paste (DuPont)
was used for drain/source/gate contacts. Insulating ink (5018, DuPont)
was used for electrode isolation. PQ-10, PSSNa, and BBL were purchased
from Sigma-Aldrich and used as received. P(g,2T-T) was synthesized
following the procedure reported previously (M, = 24 kDa, polydispersity
index = 3.3).16%]

Sample Preparation: The P(gs2T-T) and BBL inks were fabricated
through a surfactant-free method. P(g,2T-T) (30 mg) was dissolved in
chloroform (15 mL) to form a dark magenta solution, then the P(g,2T-T)-
chloroform solution was dropwise added to IPA (75 mL) under high-
speed stirring (1500 rpm). During the solvent-exchange, bright blue
nanoparticles were generated. BBL (30 mg) was dissolved in MSA
(15 mL) to form a deep red solution, then the BBL-MSA solution was
dropwise added to IPA (75 mL) under high speed stirring (1500 rpm).
During the solvent-exchange, dark purple (for BBL) nanoparticles were
generated. The P(gs2T-T) and BBL nanoparticles were, respectively,
collected by centrifugation (5000 rpm, 30 min) and washed by IPA for
6 times until neutral. The neutral P(g,2T-T) and BBL nanoparticles were
re-dispersed in IPA to obtain a dispersion ink (about 0.006 mg mL™" for
P(g42T-T) and 0.1 mg mL™" for BBL). The preparation of the electrolyte
hydrogels was done as follows. PQ-10 (2.5 g) was added to water
(7.5 mL) in a 20 mL reaction vessel and was then sealed and stirred at
150 °C for 4 h until a uniform, bubble-free highly viscous hydrogel was
formed. The PQ-10 hydrogel was then cooled down to room temperature
before use. PSSNa (4.0 g), d-sorbitol (1.0 g), and glycerol (1.0 g) were
added to water (4.0 mL) in a 20 mL reaction vessel and the mixer was
sealed and stirred at 150 °C for 4 h until a uniform, bubble-free highly
viscous hydrogel was formed. The PSSNa hydrogel was then cooled
down to room temperature before use.

Fabrication of OECTs and Inverters/Amplifiers: All materials were
deposited by flatbed sheet-fed screen-printing equipment (DEK
Horizon 03iX) on top of PET plastic substrates (Figure S3a, Supporting
Information). The printed features of the design layout covered
approximately the area of an A4 sheet. A layer of carbon was first
deposited on the substrate by screen-printing to form the contacts.
Ag 5000 silver ink was then patterned by screen-printing, followed
by an insulating layer of 5018 ink patterned by screen-printing, which
was UV-cured to define the area of the gate and channel. Ag/AgCl
gate layer was fabricated by spray-coating in air using Ag/AgCl ink
through a shadow mask, by means of a standard HD-130 airbrush (0.3
mm) with atomization air pressure of 1 bar, then annealed at 100 °C for
2 min. The P(g42T-T) and BBL layer were fabricated by spray-coating in
air through a shadow mask. The PQ-10 or PSSNa hydrogel electrolyte
layer was fabricated by screen-printing.

Spectroelectrochemistry: Absorption measurements were performed
on BBL and P(g,2T-T) electrodes on FTO glass using an AvaSpec
ULS2048L fiber optic spectrometer and an Avalight HAL-S-Mini light
source (Avantes BV). The electrode was immersed in 0.1 m NaCl
solution inside a three-electrode electrochemical cell with a platinum
wire counter electrode and a Ag/AgCl reference electrode. CV scans were
performed with a potentiostat (BioLogic SP-200). The electrodes were
first fully dedoped by applying a potential of —=0.7 V for BBL and 0.5 V
for P(g42T-T) for 10 s, during which time the absorption baseline was
measured, followed by running a CV scan between —0.7 and 0.7 V for
BBL and between 0.5 and —0.7 V for P(gs2T-T) to match with the gate
voltage range applied to the transistors. The scan speed was 50 mV s
The potentiostat triggered the absorption measurement to begin at the
exact same time as the CV scan, with averages of 8 absorption spectra
saved every 10 ms.
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Morphology Characterization: Atomic force microscopy (AFM) was
performed with a Dimension 3100/Nanoscope IV system operating in
tapping mode. Si tips having a force constant of 40 N m™ were used to
record the topographies.

Characterization of OECTs and Amplifiers:  All  measurements
are performed in ambient at a temperature of =20 °C and at a relative
humidity of =45%. Transfer and dynamic switch measurements were
performed by using a semiconductor parameter analyzer (Keithley
4200 SCS) and a probe station.

Supporting Information

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