ADVANL'_E“EC" for updates
ELECTRONIC
MATERIALS

www.advelectronicmat.de

RESEARCH ARTICLE

A Single-Stage Differential Amplifier Using Organic
Electrochemical Transistors

Farnaz Fahimi Hanzaee,* Ivan B. Dimov, Luke W. Gatecliff, Richard H. Bayford,
George G. Malliaras, Andreas Demosthenous,* and Nick de N. Donaldson*

Organic electrochemical transistors (OECTs) are attractive devices,
particularly for biomedical applications. The inherent quality of OECTs in
amplifying signals, combined with the possibility of directly interfacing with
biological tissue, make them unique candidates to replace recording
electrodes with the added advantage of providing on-site amplification (and
thus allowing them to be counted as active electrodes). While most amplifiers
using OECTs are transconductance amplifiers, having voltage-to-voltage
amplification is more desirable in many applications to make the output
compatible with any downstream conditioning circuit. Differential recording
of physiological signals has the benefit of rejecting the common-mode noise
sourcing from the environment or the body itself while amplifying the desired
signal. Here the considerations for and challenges of designing an
OECT-based differential amplifier are discussed and a three-transistor
amplifier is proposed that can provide a common-mode rejection ratio of up
to ~20 dB. To demonstrate its advantage, a differential amplifier is used to
record ECG signals from a human volunteer, and the collected data is

poly(styrene sulfonate) (PEDOT:PSS) is
a commercially available p-type conduct-
ing polymer that is commonly used
as the active channel due to its rela-
tively long-term stability in ambient con-
ditions and when in contact with wa-
ter and oxygen.’=! PEDOT:PSS is a
mixed ionic/electronic conductor with a
hole conductivity that can go beyond
1000 S cm~LI) The conductive chan-
nel is placed between the drain and
source electrodes and is indirectly in con-
tact with the gate electrode through an
aqueous electrolyte. PEDOT:PSS OECTs
operate in depletion mode, meaning
that the transistor is ON at zero gate-
source voltage. As opposed to field-
effect transistors, in OECTs the gate-
induced charge is not restricted to the
channel-electrolyte interface, and the ap-

compared with recordings from a Wheatstone bridge OECT amplifier,
showing the improved signal-to-noise ratio, gain, and power consumption.

1. Introduction

Since their emergence in the mid-1980s, organic electronics
have provided solutions to the fabrication of flexible and stretch-
able circuits that are attractive for making comfortable wearable
or soft implantable bioelectronic interfaces (for a chronologi-
cal review, see Ref. [1]). The organic electrochemical transistor
(OECT) falls under the umbrella of three-terminal organic thin-
film transistors.[23] Poly(3,4-ethylenedioxythiophene) doped with

plication of a positive voltage at the
gate forces the cations within the elec-
trolyte to move into the ion-permeable
channel. These cations then interact
with the sulfonate groups of PSS and
replace the holes in the conducting polymer. This would mod-
ulate the number of charge carriers by causing a reversible de-
doping through a reduction reaction and therefore control the
current flowing between the drain and source (Equation 1, where
M represents a cation).[*”]

PEDOT" : PSS™ + M* + e~ = PEDOT + M* : PSS~ (1)
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Figure 1. The architecture of differentially operated OECTs. a) An existing Wheatstone bridge configuration compared to b) this paper’s proposed

differential amplifier with a tail current source.

The penetration of ions into the OECT channel leads to a
volumetric capacitance that makes the transconductance (g,, =
0l /0Vs) of this type of device much larger (*mS) than organic
field-effect transistors (=uS), where the transconductance is lim-
ited by the interfacial charging of the channel capacitance.®*]
This results in OECTSs’ small operating voltage level (<1 V) that
adds to their unique properties of being biocompatible, compati-
ble with aqueous environments, and requiring a short, low-cost,
and low-temperature fabrication process.!'"! As such, OECTs are
suitable choices for providing local amplifications at the record-
ing site for physiological signal measurement.

Owing to their high g, OECTs are mostly used as transcon-
ductance amplifiers.['!] However, in order to be compatible with
the downstream processing circuitry, voltage amplifiers are more
favorable in many applications. Most of the currently available
OECT-based voltage amplifiers are made of a single transistor
usually in a common-source (CS) configuration, and differen-
tial amplifiers are not properly explored in the field. Biomedical
frontend amplifiers are typically differential since they can sup-
press common-mode interference while amplifying the differen-
tial information-rich signal. The requirement of an aqueous elec-
trolyte in OECTs makes them a direct transducer between biology
and electronics, giving them the combined benefit of a recording
electrode and a processing amplifier. However, mismatches, per-
formance degradation over time, and the fact that voltage drop
across each pair of terminals is limited to the water electrolysis
potential (i.e., 1.23 V),['2] make the design of OECT-based differ-
ential amplifiers challenging.

In this article, a single-stage three-transistor differential ampli-
fier with OECTs is presented that can improve the amplified sig-
nal quality by providing common-mode rejection. Furthermore,
the circuit and layout design considerations to improve the am-
plifier’s common-mode rejection ratio (CMRR) and stability are
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discussed. Lastly, to demonstrate the benefit of the proposed am-
plifier in achieving higher signal-to-noise ratio (SNR), gain, and
power consumption for physiological measurements, the circuit
is used for ECG recording and the data is compared with signals
recorded from a Wheatstone bridge OECT amplifier.

2. Experimental Section

Despite the amplification that can be offered by OECTs at the
recording site, further signal processing and gain stages are nec-
essary downstream. To address this, the output signal from an
OECT-based amplifier should be compatible with the processing
electronics, which typically require a voltage signal as their input.
Here lies the significance of voltage-to-voltage conversion with
OECTs as reported by Rivnay et al.l'3l using a lithographic transis-
tor in series with a load impedance in a CS configuration. Further
studies were carried out on the same design by Braendlein and
colleagues!!® when biasing the transistor in both linear and satu-
ration regimes, demonstrating the advantage of working within
saturation to achieve a higher gain. Additionally, Braendlein et
al. integrated two parallel branches of OECT CS amplifiers in a
Wheatstone bridge configuration (Figure 1a) for reference-based
lactate sensing.'*) In this approach, the change of the analyte
concentration in the electrolyte of the sensing OECT was com-
pared with the fixed concentration of the reference OECT by
subtracting the outputs of the two branches. This removes the
common background noise that is symmetrical for both OECTs
(caused by, e.g., the evaporation of the electrolytes over time or
any side reactions). While this design can provide a better SNR
and double the allowable output swing, the output signal swing
remains dependent on the input common-mode voltage.!’! In
other words, in the bridge circuit, any common-mode changes
in the gate voltage alter the drain current, which in turn affects
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Figure 2. A depletion-mode PEDOT:PSS OECT characteristics and optimal operating point. a) An OECT’s transfer curves for 0 < V5 < 0.5 V (device
details discussed in Section 2.2). b) g, versus Vg for —0.6 V < Vs < —0.1V, and c) gy, versus Vps for 0 < Vg < 0.5 V. d) Selecting the operating point
within —=0.6 V < Vpgq, < Vgs—Vry, and the input linear range defined based on the given load line.

the output common-mode voltage level up to the point where the
output either is no longer within the linear range or violates the
water window.

To mitigate this dependence, a current source can be added
at the source of the input transistors, fixing the current of each
branch at half the total current of the source. This setup re-
sults in a single-stage differential amplifier configuration shown
in Figure 1b. As described by Equations (2)—(4), in this ampli-
fier, the paths for the differential signals (with a 180° phase dif-
ference) are the same as the ones in the Wheatstone bridge,
and the gain (Ap) is similar (see Equation S1, Supporting in-
formation for further details). However, for the common-mode
signals (with a 0° phase difference at the inputs), the current
source output resistance (r,;) should be taken into account, lead-
ing to a lower common-mode gain, Agy, (the gain in both cases
is viewed as V_ 1/ Viy1 = Voun/ Vinz)- Consequently, Ap/Aq, and
therefore the CMRR can be considerably improved. The role of
the CMRR is particularly important in physiological measure-
ments where the signals to both input transistors are provided
from the subject’s body, which could itself be a common source of
interference.

Note that in the below equations, g, and g, are the transcon-
ductances of the input OECTs and should ideally be equal
(gm = 0I5/0Vs). Also, Ry = Ry, & Ry, is the load resistance of
the amplifier, r, =r,; =2 r,, = 1/g, is the output impedance of the
input-pair OECTS, and r,; is the output impedance of the current
source:

Ap = (Rpllo) g (2)

Aoy = (R |Ir) 8w/ (14 2r38,) 3)
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CMRR = 20log,, |Ap/Acy] ®)

While g, in OECTs is about three orders of magnitude higher
than in organic field-effect transistors, the OECT’s voltage gain
is limited by its relatively low output impedance. The output
impedance can be improved by reducing the channel width (W),
length (L), and thickness, which also increases the transistor’s
bandwidth. However, lowering the channel thickness or W/L
would in turn reduce g,,,. As shown in Figure 2a—c, at higher | V|
values, a larger g, and a smaller transimpedance, g, (0I,/0Vps),
can be obtained, which together result in a higher voltage gain.!'!
Nonetheless, measurements show that as the voltage drop across
the terminals approaches closer to the electrochemical poten-
tial of water electrolysis, the transistor’s stability can be compro-
mised and its performance can degrade faster.'2!] This means
that {V¢p, Vps, Vieg} < 1.23 V should hold at all times. Therefore,
i < 0) was always kept below 0.6 V to stay
well within the water window limit and ensure that increasing
the Vg up to 0.6 V would not damage the device. Also, for the
transistor to remain in the saturation region, Vpq < Veg — Vg
should apply,!'”!8] where the threshold voltage Vyy is typically in
the range of 0.6—0.9 V (Figure Slc, Supporting information).

In the configuration of Figure 1b the dc levels of the outputs
(Vounr2) are Vg — RpIgg/2 and a maximum gain and linear dy-
namic range can be achieved when the input OECTs’ operation
points are set within the range of —0.6 V < Vg, < Vg — Viy
(Figure 2d). Choosing the load impedance introduces a trade-
off among the gain, input dynamic range, and power consump-
tion. At a given operating point, increasing the resistance results
in higher voltage gain but at the cost of a larger supply volt-
age. Also, as the load resistance is raised, the slope of the load
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line decreases, restricting the allowable input range (Figure 2d).
Furthermore, increasing the gain by using a higher load resis-
tance will eventually saturate.l'”) This could be due to the tran-
sistor’s finite output impedance at the operating point that can
reach a maximum range of tens of kQ (Figure S1d, Supporting
information).

The tail current source in Figure 1b can be replaced by an
OECT biased at zero gate voltage. In this way, when V; , =0, no
additional voltage other than Vg is required to operate the cir-
cuit. According to Equation (3), a better CMRR can be achieved
when the output impedance of the tail OECT is larger. Given the
g, graph of the transistor (Figure 2c) and also that Vg, is fixed
at zero, the only way to increase r; = 1/g,; is to operate O, at a
higher V4 value. However, the overall lower output impedance
of the OECTS at zero gate voltage (< 5 kQ; see Figure S1d, Sup-
porting information) limits the maximum feasible CMRR. Con-
sidering V;; , = 0, the maximum value of (Vg , + Vpg;3) is again
bound by the 1.23 V water window. Since V| q; determines the
Vg of the input-pair OECTS, the transistors should be selected
such that I, , (Vs = Vpg3) is sufficiently high to satisfy the fol-
lowing relationship at the set V4 values:

In3(Vgs = 0) = Iny (Vgs = —Vpsgs) + Ipa(Ves = — Vpgs) (5)
2.1. Layout Design

As opposed to the common design approach where a global gate
is used for an array of OECTS (see, e.g.,['%), the current design
requires three individually gated transistors to form a differen-
tial amplifier, ensuring that there is no crosstalk across the de-
vices. The choice of the gate electrode can significantly influ-
ence the device’s performance and therefore needs careful con-
sideration. OECTs can be described by both an ionic-equivalent
and an electronic-equivalent circuits. The latter models the elec-
tronic charge flow between the drain and source using a resis-
tor. On the other hand, an ionic-equivalent circuit is composed
of passive components in series that account for the ionic charge
flow through the gate-electrolyte-channel interface via a gate-
electrolyte capacitance (Cg), an electrolyte-channel capacitance
(C4) and an electrolyte resistance (R).[*1! It is important to en-
sure that C, is considerably larger than C_, so that the majority of
the voltage applied to the gate is dropped across the channel and
is involved in the charge modulation process for efficient gating.
This can be realized by either using a non-polarizable electrode
such as an Ag/AgCl pellet or by allocating a relatively large area
to the gate in case it is patterned next to the channel with a po-
larizable metal (e.g., Au) and on the same substrate (given that
C « A/d).12" Using an external Ag/AgCl electrode immersed in
the electrolyte is not always favorable, especially for wearable de-
vices where the channels need to be gated separately.l’”] As for
the planar gate, coating it with a layer of PEDOT:PSS allows for
a smaller footprint while having a larger C;.[2%]

To address the above considerations in this work, for each of
the three transistors in an amplifier, a 5 X 5 mm? gate electrode
coated with a #110 nm thick layer of PEDOT:PSS was patterned
next to its channels. This resulted in an average C; of 21 uF
that is significantly larger than the C,, value which is ~8 nF (for
more details regarding the ionic equivalent circuit parameter es-
timation please refer to Figure S2, Supporting Information, and
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see Ref. [8]). As shown in Figure 3a, four amplifiers with a sim-
ilar layout were placed on a single glass slide substrate measur-
ing 26 X 76 mm?. The pads were connected to a set of pins to
make the slide PCB-compatible and facilitate the testing process.
The transistors were arranged so that the two input-pair OECTs
of each amplifier were placed closer together to ensure better
matching. To avoid any perturbations due to additional external
wiring, the source of O, and O, were connected to the drain of O,
at point “X” on the slide. The drain of O, and O, were connected
to the pads where the two external load resistances could be at-
tached. The point “X” was also connected to an individual pad to
allow each transistor to be separately tested and characterized.

2.2. Device Fabrication

A careful fabrication procedure was followed as described in
Ref. [21] To briefly review, the drains, sources, gates, and connec-
tions were patterned by first spin-coating the slide with a negative
photoresist (MicroChemicals AZ nLOF 2035), exposing it to UV
light using a mask aligner (SUSS MicroTec MA/BAG6), deposit-
ing 5 nm of Ti to aid with adhesion and 100 nm of Au by an
e-beam evaporator (Kurt J. Lesker PVD 75), and, lastly, perform-
ing liftoff using acetone and isopropyl alcohol. After the slide was
silane treated, two layers of 2 ym parylene C (PaC) were coated
on the slide with an antiadhesive layer (2% Micro-90 diluted with
DI water) spin-coated in between for peel-off. Subsequently, the
30 X 20 um? channels, gate areas, and pads were formed by pho-
tolithography using a positive photoresist (MicroChemicals AZ
10XT), and then etching PaC with reactive-ion etching (Oxford
Instruments Plasmalab 80plus). The PEDOT:PSS dispersion
was then prepared by mixing 5% (v/v) ethylene glycol and 0.25%
(v/v) dodecyl benzene sulphonic acid (DBSA) with stocked PE-
DOT:PSS (Heraeus Epurio Clevios PH 1000) by sonication and
then adding 1% (v/v) fresh (3-glycidyloxypropyl)trimethoxysilane
(GOPS) as a linker. Following the treatment of the sample with
oxygen plasma, the blend was filtered using a 0.45 pm polyte-
trafluoroethylene filter, and one layer was spin-coated on the sam-
ple at 500 rpm for 5 s and 3000 rpm for 30's, resulting in 130 nm
thick channels (the channels’ thicknesses were estimated using
electrochemical impedance spectroscopy or EIS using an Auto-
lab PGSTAT128N potentiostat). Lastly, the top layer of the PaC
was removed and the slides were hard-baked for 1 h at 130 °C
and soaked in DI water overnight to remove any excessive low-
molecular-weight particles. Figure 3b—d show the channel micro-
graph, the final sample slide, and schematics of the microfabri-
cation layers of a transistor from the sample, respectively.

2.3. Device Characterization and Test Setup

To ensure improved stability, three considerations recommended
by Bidinger et al.?2] were taken into account in preparing the de-
vices: using fresh GOPS for fabrication, soaking the samples in
DI water overnight, and preconditioning. Therefore, all transis-
tors were preconditioned with a semiconductor parameter an-
alyzer (Keysight B1500A) before their first use. This was per-
formed by grounding the source and measuring the output curve
(Ip vs Vi) with V¢ changing from 0to 0.5 V (in 7 steps) and Vg
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Figure 3. Schematic and fabrication of OECT amplifiers. a) The layout of four differential amplifiers (each including three OECTs) patterned on a
26 x 76 mm? slide. b) Optical micrograph of the channel, drain, and source of the OECT (the scale bar shows 100 pum). c) One fabricated sample
with pin connectors for PCB compatibility. d) 3D and 2D cross-sectional schematics of the microfabrication layers of an OECT on the slide (not to scale).

varying between —0.6 and 0 V bidirectionally (101 steps). Precon-
ditioning also entailed measuring the transfer curve (I, versus
V) by bidirectionally changing V¢ between —0.5 and 0.5 V
(51 steps) while V4 ranged from —0.6 to —0.1 V (6 steps). For
all the experiments, 0.01 M phosphate-buffered saline (PBS) was
used as the electrolyte. PBS droplets for each transistor will re-
main well-separated from each other due to the hydrophobic na-
ture of the PaC coating on the slide.

To test the OECTs in the differential amplifier configuration,
a PCB was designed with two on-board potentiometers for the
load resistances (Figure S3, Supporting Information). The load
resistances were set to ~5 kQ for the amplifiers in this work to
be compatible with low-power wearable biomedical systems and
to ensure safety during ECG measurements. The input signals
of the amplifier were applied to the gates of O, and O, using a
waveform generator (RS PRO SDG1032X). The V¢ voltage was
provided by a DC power supply and the outputs were monitored
with an oscilloscope (Keysight EDUX1052A). For ECG measure-
ments, the gates of O, and O, along with the ground (the gate
of O,) were connected to commercial electrodes (Kendall Medi-
Trace) positioned on the skin through a 3-lead ECG cable with a
phone jack. In addition, for safety considerations, in this case, the
Vs was provided by a battery-operated power supply (Figure S3,
Supporting Information). The OECTs were operated with posi-
tive Vg atall times to improve the stability as suggested by Keene
et al.[?®] All tests were performed under ambient conditions with
an average temperature of 20 °C and a relative humidity of 40%.

3. Results and Discussion

Three OECTs with the output and transconductance curves
shown in Figure S4 (Supporting Information) were employed in
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a differential amplifier configuration. The load resistances were
both set at 4.9 kQ using two potentiometers on the testing PCB,
and the input transistors were initially biased at zero gate volt-
age. Although the input-pair OECTs had very similar characteris-
tics, any mismatch between them could be compensated by ad-
justing either their gate-source voltages or the load resistances.
Taking into account the limitations and considerations explained
in Section 2, the goal was to set the dc levels of V,,,, at 1V
with 0.6 V allocated to the Vg of O, and O,, and a 0.4 V drop
at Vpg;. Based on the set operating points and the given tran-
sistors’ characteristics, Ay, Acy, and CMRR could be calculated.
The g, values of O; and O, at the above operating points were
extracted as 1.64 and 1.66 mS, respectively (Figure S4, Support-
ing Information). Given that the output impedances (1/g,,) were
~80 kQ at this point, the differential gain could be estimated at
~7.6 V/V using Equation (2). The output impedance of O; at Vg3
of 0.4 V was extracted to be ~2.3 kQ, resulting in a common-
mode gain of 0.88 V/V (Equation 3), indicatinga CMRR 0 18.7 dB
(Equation 4).

A Verilog-A model for OECTs was implemented to simulate
the performance of the differential amplifier and adjust the op-
erating points prior to measurement. The model’s parameters
were extracted based on the characteristics of the selected OECTs
and the simulations were run in Cadence Virtuoso!'® (details of
the model can be found in the supplementary document). As
mentioned in Section 2.2, the transistors were fabricated with a
thickness of ~130 nm and a width and length of 30 by 20 pm.
Given the process variation among the transistors, the initial re-
sistance across the channel R, (polymer film resistance between
the drain and source) of freshly fabricated OECTs, when no volt-
age was applied to any of the terminals, was in the range of
150 Q < R, < 300 Q. Over long-term and continuous use, OECTs
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Figure 4. Measurements from OECT differential amplifiers. a) Differential-mode and common-mode outputs of the differential amplifier of Figure 1b
for the input of 30 mV,,_, at 100 Hz applied to the gates of both O, and O,. b) The g, versus frequency graphs of O; for 0 < Vg5 < 0.5V and Vps =
0.5 V. ¢) The drift of the maximum currents of three OECTs involved in a differential amplifier (O;, O, and O3 were biased at V5 and Vg values of 0.25
and —0.6 V, 0.33 and —0.6 V, and zero and —0.4 V, respectively), recorded after two 30-min consecutive measurements. d) The CMRR for three different
OECTs (O3) with R, values of 187, 311, and 452 Q, with the rest of the circuit being the same. A higher CMRR was achieved for OECTs with larger R,

while a lower supply voltage was required.

gradually degrade from their initial characteristics. This could
happen due to electrochemical side reactions such as oxygen
reduction reactions, microstructure degradation, or small varia-
tions in the ambient conditions.['*2-%] Ag a result, the channel
resistance goes higher and the drain current for any correspond-
ing gate-source and drain-source voltages decreases. As such, al-
though the simulation could greatly help with analyzing different
aspects of the amplifier, estimating the results and even improv-
ing the design, it can be expected that the measured values would
be slightly different from the simulations. Using the model here,
it was observed that the increase of Vj,g;, common-mode, and dif-
ferential gains upon raising the supply voltage stopped at a cer-
tain voltage level. Hence, increasing the supply voltage beyond
that point would not considerably improve the amplifier’s perfor-
mance.

Figure 4a shows the common-mode and differential out-
puts (from V, ) of the implemented amplifier in response
to 30 mV,, and 100 Hz in-phase and differential inputs ap-
plied to each V,,. From the measurements, the amplifier pro-
vided a differential gain of 4.88 V/V and a common-mode gain
of 0.53 V/V, leading to a CMRR of 19.2 dB. The measured
voltages were Vg, = —0.581 V, Vg3 = —0.459 V, V;; = 0,
Vg, = 12 mV (adjusted by the signal generator offset to ensure
matching) and Vg; = 0 when operating with a —1.8 V sup-
ply voltage. It can be observed that the drift in OECTs’ char-
acteristics from their initial values resulted in the measured
gains being lower than the estimated values from both cal-
culations and simulation, while the CMRR values remained
close (simulation results are shown in Figure S5a, Supporting
Information).
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The output impedance of O, at the set operating point is
~2.5 kQ, and the current passing through it is 0.32 mA. Even
though the tail OECT is not operating in full saturation, the fact
that the I—Vpg graph’s slope is reduced at the operating point
makes the voltage drop at point “X” to be 0.35 V less than the case
where O, is replaced by a resistor of the same value (i.e., —0.8 V).
In addition to the lower supply voltage required when using an
OECT as the tail current source rather than a single resistor, the
larger voltage drop across the resistor can switch O, , to the OFF
state, as Vy sets the value of Vg, ,. Also, based on the simulation,
the Ap, Ay, and CMRR of this circuit plateau for Vgg < —=1.6 V
(Figure S5b, Supporting Information). This is because, for Vg <
—1.6 'V, V4, remains almost constant at 450 mV and, from the
transconductance graphs of O; and O, around Vg = 450 mV
(Figure S4c,e, Supporting Information), g, , only slightly varies
for =600 mV < Vi, < =400 mV.

Given that any common-mode perturbation would appear as
a voltage change at the gate of the input-pair OECTs, based on
simulations, the performance of the above differential amplifier
(with the outputs shown in Figure S5a, Supporting Information)
was compared with a bridge amplifier that uses the same input
transistors and load resistances. In both configurations, O, and
O, were biased at the same operating points by adjusting Vg
(=1.35 V for the bridge amplifier and —1.8 V for the three-OECT
design) and V¢, , to ensure similar balanced differential gains.
Applying a common-mode DC voltage of 20 mV to the gate termi-
nals of O, and O, in both amplifiers resulted in a 140 mV voltage
change in the output DC level of the bridge amplifier (changing
Vs, to —689 mV) thus expediting the shift of the transistors
toward their safe operating limit. However, due to the CMRR
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Figure 5. OECT-based ECG measurements. a) Electrode placements for ECG recording from a human heart. b) Recorded differential ECG signals with

commercial electrodes (the input signal for the subsequent two amplifiers).

c) Differential ECG recording from a Wheatstone bridge amplifier (gain of

3.5V V™), and d) from the proposed differential amplifier (gain of 5.3 V V~). ) Comparison of the power spectral density of the three ECG recordings
with removed dc level and the 50 Hz interference. Based on these, the SNR of the collected ECGs from commercial electrodes, the bridge amplifier, and
the differential amplifier are calculated as 7, 15.8, and 21.4 dB, respectively. f) A demonstration of a possible future implementation of the three-transistor
amplifier on a flexible substrate where the gates of the OECTs are placed in direct contact with the body.

offered by the proposed amplifier, in this case, the added DC
voltage resulted in only a 15 mV change in the output DC level
(i.e., Vpg1a + Vpgs). This indicates a wider input dynamic range
of the three-OECT amplifier and hence a better tolerance to any
common-mode variation.

Additionally, Figure 4b illustrates the frequency response of O,
(which is similar to O,), suggesting that regardless of the gate-
source voltage, the cutoff frequency is ~2 kHz. This cutof} fre-
quency is also aligned with the value estimated based on the tran-
sistor’s ionic model with R; = 7.5 kQ and C; ~8 nF extracted
using EIS (f. = 1/2xR;C;). This shows that the transistor pro-
vides a wide enough bandwidth for monitoring ECG signals that
span below 150 Hz. Figure 4c depicts the degradation of three
transistors that were utilized in a differential amplifier and over
two 30 min of continuous measurements. In this case, the tran-
sistors O,, O,, and O, were biased at V5 and V¢ values of 0.25
and —0.6 V, 0.33 and —0.6 V, and zero and —0.4 V, respectively. As
is evident, all three transistors were subjected to a gradual irre-
versible degradation over time. However, the drift is sufficiently
slow that the operating points would remain close to their set val-
ues during one hour of experimentation.

As pointed out earlier, the achievable CMRR can be improved
when O, has a higher output impedance at the operating point.
To demonstrate this, three transistors of different characteristics
with channel resistances (Ry,) of 187 Q (fresh OECT), 311 Q, and
452 Q (both of which were used and degraded) were incorporated
as the tail transistor in an amplifier. In each case, the rest of the
circuit was kept the same, and the V¢ values of O; and O, were
set to —500 mV. Figure 4e shows that the CMRR improved from
4 to 11 dB as the R, and therefore the r, of O, went up, while
the required power supply (Vys) decreased from 3.6 to 2.4 V. The
reason for the latter was that the current level for O, with a higher
Ry, is lower and thus requires a larger Vp; to provide the current
to O, and O,. As a result, Vi, and Vg, go higher, which in turn
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can lead to smaller I, and I, values to balance the current lev-
els that consequently lower the power consumption. Therefore,
a suitable tail transistor can be chosen based on the Vg and V¢
values set for the input-pair devices.

3.1. ECG Monitoring

To demonstrate the advantage of the proposed OECT-based dif-
ferential amplifier, the circuit was used to measure ECG sig-
nals from a healthy volunteer; informed consent was obtained
for the ECG recordings from the human subject (one of the au-
thors). The results were compared with recordings from a Wheat-
stone bridge amplifier using the same input-pair OECTs. Note
that here, as an initial proof-of-concept, the experiment was per-
formed using OECTs fabricated on a glass substrate that was
connected to the body through commercial electrodes (placed as
shown in Figure 5a). However, the discussed differential ampli-
fier could be implemented on a flexible and wearable substrate
as well, with the gates of OECTs placed in contact with the body
through a gel electrolyte. The electrodes ¢, and e, were connected
to the gates of the input OECTs (O, and O,) and e, was connected
to the ground (GND). Itis important that the skin is properly con-
ditioned, and electrodes are placed appropriately to obtain a min-
imum and equal DC level at the input signals (V,, and V,,). This
is to avoid any unexpected change in the dc levels of O, and O,
and thus in the set operating points. To ensure safety during ECG
measurements, a battery-operated power supply was used, and a
relatively low load resistance (~ 5 kQ) was chosen that requires
lower V at the desired operating points. All the ECG signals in
Figure 5 were conditioned in MATLAB by applying a notch filter
to remove the 50 Hz powerline interference and a high-pass filter
to remove the dclevel. Figure 5b shows the differential input ECG
signal from the electrodes (V,,—V,,), where V., and V,, had dc
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levels of —3 and —1.5 mV (Figure S6a, Supporting Information).
Figure 5b,c demonstrate the differential ECG recordings from
the outputs of the bridge amplifier and the differential amplifier
(Vouz— Voun)» Where V,; and V,, were applied to V; and V,, re-
spectively (unfiltered recordmgs are shown in Figure S6b,c, Sup-
porting Information). To avoid any additional biasing voltage, it is
desirable to set the gate voltages of the input-pair OECTS to zero.
In the case of the differential amplifier, despite the zero-gate volt-
age, Vg3 < 0 provides a positive V¢ for O, and O,, and therefore
they operate at a lower drain current, leading to less power con-
sumption. As for the bridge amplifier, for the same V|5, a higher
current level is achieved when Vg, , = 0, and thus a larger power
supply is required. Also, despite a larger g, at V5 =0, the output
impedance of the transistor is lower and could be comparable to
the load resistance. Hence, the overall gain might also be lower
compared to the differential amplifier.

The differential amplifier used to record the ECG signal of
Figure 5d was operated by a —1.7 V supply voltage, where 460 mV
was allocated to Vg, and 330 mV to Vg, (here the operating
points were chosen more conservatively to ensure the electrodes’
dc levels would not damage the devices). The load resistances
were slightly adjusted to 4.88 and 4.67 kQ to achieve symmetrical
outputs without changing V,, , offsets. The differential amplifier
provided an A =5.3 V V! and an A, = 1.1 V V7!, resulting
in a CMRR = 13.65 dB. On the other hand, to adjust the V4 of
the OECTs in the bridge amplifier at 460 mV when Vi, =0, a
supply voltage of 4 V was required, and the gain achieved was
Ap = 3.5V V! (Figure 5¢).

Figure 5e shows the power spectral density of the three ECG
recordings of Figure 5b—d, where the dc and the 50 Hz inter-
ference were removed. The SNR for the differential ECG from
the commercial electrodes (input), the bridge amplifier, and the
proposed differential amplifier were calculated as 7, 15.8, and
21.4 dB, respectively. This shows a 5.6 dB improvement over the
bridge amplifier’s output in the SNR for more than two times
lower supply voltage when using the differential amplifier con-
figuration. Lastly, Figure 5f provides a demonstration of a poten-
tial future direction for implementing the proposed amplifier on
a flexible substrate that could be used as an ECG recording pad.
As mentioned earlier, in this case, the gates of the OECTs can
be placed in direct contact with the body using hydrogel as the
electrolyte.

4, Conclusion

A novel OECT-based differential voltage amplifier was proposed
in this paper with applications for on-site recording and ampli-
fication of physiological signals. This work is a proof of concept,
discussing the potential of using OECTs in a differential ampli-
fier configuration with common-mode rejection. The amplifier
can currently offer a CMRR of ~20 dB which helps to improve
the SNR by mitigating common-mode interference. Matching be-
tween the input-pair OECTs and the stability of the transistors are
important factors in this design. It was demonstrated that despite
the drift of OECTs during constant measurement, given a proper
fabrication methodology, the transistors could work close to their
set operating points in the course of the experiment. Moreover,
the matching between the input OECTs was improved by plac-
ing them in close proximity to ensure an even film thickness of
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the channels in both devices. The maximum achievable CMRR
is dependent on the input OECTS’ g, , and r; , along with r,
and the load resistances. Choosing an OECT with a sufficiently
large channel resistance (R,,) as the tail transistor (O;) results in
alarger r,; and can thus improve the CMRR. This also raises the
value of | Vj,¢;| and therefore increases Vg, , (given that V,, =
0V). As such, alower Ij,; , and g, ,, a larger r,; ,, and less power
consumption are expected for a set V4. Grounding the gate of
the tail OECT eliminates the need for any additional biasing cir-
cuitry other than the main power supply. However, the overall low
r, of the transistor at Vg = 0 V limits the CMRR. To obtain a large
voltage gain, the load resistances (R, ,) can be increased at the
cost of a higher supply voltage and a narrower bandwidth. While
itis beneficial for all three transistors involved in the amplifier to
be operated at a higher |Vpq| level (due to the increase in their r,),
the water window limits the maximum voltage drop across the
terminals and should be accounted for in the design. Moreover,
simulations show that for a given load resistance, the increase
in the gain and CMRR, as the absolute value of Vg goes higher,
plateaus after a certain voltage, and increasing| Vys| beyond that
point will not add much to the performance of the amplifier.

Lastly, a differential amplifier with a 13.65 dB CMRR was used
for ECG measurements from a human volunteer. The recordings
were compared with data collected using a Wheatstone bridge
amplifier with the same input OECTs. The results demonstrated
that the proposed differential amplifier could improve the SNR
and input dynamic range while providing a higher voltage gain
using less than half of the supply voltage required for the bridge
amplifier. The presented amplifier has the potential to be fab-
ricated on a flexible substrate, allowing the OECTs’ channels to
contact the body through a gel electrolyte and thereby eliminat-
ing the need for external recording electrodes. Whether utilized
as a voltage or transconductance amplifier, the advantages of-
fered by the proposed three-OECT configuration could also ad-
vance signal quality in a variety of other applications such as
implanted or cutaneous recording and biosensing (where a sin-
gle OECT is normally used). Additionally, given suitable gate-
source biasing, the same configuration can be implemented us-
ing enhancement-mode OECTs. It is hoped that this work will
contribute to the development of more advanced signal condi-
tioning circuits with OECTS, enabling them to fulfil their poten-
tial in low-power biomedical applications.
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