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Abstract: This paper presents circuit design and simulations of a high gain organic Op-Amp,
for use in quantification of real cholesterol, in the range of 1-9 mM. A 7-stage inverter chain
is added onto the design so as to enhance the amplifier gain. The circuit adapts PMOS
design architecture with saturated loads, simulated on a conventional platform, using
appropriate OTFT model and associated parameters. The effect of variation in threshold
voltage on circuit operation is also examined. For a supply voltage of +15 V, the DC output
voltage is found to be within an acceptable range of -1 V to -12.5 V, with a highest open loop
gain of 83 dB. The closed loop gain is also in agreement with theoretical values, in the range
of 1.5 dB to 39 dB, with corresponding bandwidths of 770 Hz to 275 Hz respectively. The
latter gain of 39 dB and/or gain-bandwidth product of 10.63 kHz is currently the highest
reported in the literature, for this lower supply voltage. The amplifier offers adequate
quantification factor, with linear sensitivity of -0.7 V/mM. This paper is the first to adapt
organic circuit designs in quantification of cholesterol, with promising outputs, for

implementation in low-cost sensor systems.



1 Introduction

Organic Electronics continues to emerge as a technology for flexible, high-volume and low-
cost systems. Over the past decade, the development of organic circuits, particularly for
digital systems [1-5], has continued to evolve steadily, however a more gradual improvement
has been observed for the analog counterpart [6-11]. The development of the latter has been
more challenging, due to the complexity of the fabrication processes [9], low charge carrier
mobility and instability of the organic semiconductors [12-19]. Nonetheless, efforts have
continued to develop simpler analog circuits, with minimal number of organic thin-film
transistors (OTFTs), including digital-to-analog converters (DAC) and operational amplifiers
(Op-Amp). Such analog circuits are gaining huge interest for implementation in smart sensor
systems, for example in point-of-care diagnostics, where there is a growing need for regular
monitoring of personal health, so as to identify any health issues at an early stage. The
opportunities have also been aided by the flexible nature of the technology on offer [20-24],
compatibility with biological materials, and possibility of high volume manufacturing at low-
costs. In order to implement organic Op-Amp in sensor systems, the optimum operational
conditions required include high gain and/or gain-bandwidth product, so as to generate a
sufficient output voltage range. The bandwidth of the Op-Amp, is not considered to be a
critical requirement, however adequate values in the range of few hundreds of Hz may be
desirable. Moreover, the supply voltage needs to be within a practical range so as to utilise
smaller area on the substrate. Equally important, is the design architecture used for the
circuit, as this defines the processing steps, which needs to be minimised so as to enhance
the overall circuit yield and reduce costs. Table 1 summarises the organic amplifier designs
reported so far in the literature [6, 8, 24-28], with respective key performance features and
design architectures. The highest closed loop gain presented is 42 dB [25], however with a
low operational bandwidth of 75 Hz. This subsequently results in a low gain-bandwidth
product of only 3.75 kHz and thus a lower output voltage range. To compensate for this, a
larger supply voltage is utilised, which also accommodates for the low charge carrier mobility

of the organic semiconductor. In terms of the design architecture, CMOS is traditionally



known to have attractive attributes however implementing such architecture in organics [6,
25, 29] is challenging due to its complex processing steps. For example, for CMOS
architecture, an additional input gate is required for every inverter in order to control the
different threshold voltages. Moreover, different metals are required for the source and drain
contacts, of the p-type and n-type OTFTs. Alternatively, the pseudo-PMOS (p-channel
transistors only) architecture [9, 26, 27, 28] has been commonly adapted, due to simpler

processing steps and higher mobility of the available p-type semiconductors.

Closed Open Unity gain Gain- Supply Organic
Bandwidth
loop gain, loop gain,  bandwidth (H2) Bandwidth Voltage circuit
z
AcL (dB) Ao (dB) (Hz) product (kHz) V) technology
Our paper 39 83 770 275 10.63 30 PMOS
[6] 27 Unknown Unknown 70 1.9 80 CMOS
9] 15 23 10k 10k 13 15 PMOS
[25] 42 50 Unknown 75 3.75 50 CMOS
[26] 30 20 10k 10k 30 15 PMOS
[27] 27 27 600 Unknown 13.2 40 PMOS
[27] 22 22 1.02k Unknown 13.4 40 NMOS
[28] Unknown 36 7.5 7.5 0.47 5 PMOS
[29] Unknown 23 Unknown Unknown Unknown Unknown CMOS

Table 1: Summary of the state-of-the-art in the development of organic amplifiers.

In this work, we propose appropriate approaches in the design and simulation of the organic
analog circuit, for use in quantification of real cholesterol in the range 1 — 9 mM. The circuit
comprises of an organic Op-Amp, in connection with an inverter chain, so as to boost the
gain and/or gain-bandwidth product, and a latch to amplify and enable the output current.
The circuit operates with a relatively low supply voltage of +15 V, and generates adequate
output voltage range, for the proposed application; namely quantisation of cholesterol levels.
The design utilises saturated PMOS architecture, simulated on a Cadence platform, with the

aid of appropriate experimental organic OTFT parameters and model, derived and validated



elsewhere [30-32]. From the simulation, key outputs including voltage range, bandwidth and
overall gain are determined, with respect to fluctuation in the threshold voltage, which is a
common concern in the field. Subsequently, the functionality of the circuit, in connection to
cholesterol sensing is demonstrated. The circuit designs offer practical outputs including
high gain-bandwidth product, lower supply voltage and appropriate design architecture, to
allow its implementation as a key functional block in low-cost smart sensor systems. This
paper is organised as follows: Section Il provides the methodology, commencing with an
overview of the integrated cholesterol sensor system, and subsequently input and output
specification of the organic circuit design, and defining the OTFT model and parameters.
Section Il presents the simulation results of the Op-Amp, and discusses the effect of adding
an inverter chain and a latch. Subsequently, the functionality of the overall circuit in

quantification of cholesterol is presented, and finally, section IV draws the conclusion.

2 Methodology

2.1 System overview and organic circuit input/output specifications

To establish the design architecture for the organic circuit, it is essential to initially describe
the functionality of the integrated sensor system, for use in semi-quantitative measurement
of the cholesterol levels. The system, labelled here as SIMS i.e. Smart Integrated
Miniaturised Sensor System, and depicted in Fig. 1a, comprises of mainly printed
components such as an electrochemical cell, battery, and electrochromic display, and an
organic circuit, as shown by respective real images. The three printed components were
successfully integrated on a same substrate, using compatible processes, whilst the organic
circuit was to be designed and developed on a separate substrate. Ulitmately, all of the
components were to be integrated on a same flexible substrate, using minimal number of

steps, so as to maintain low processing costs.
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Fig. 1 Integrated smart sensor system with respective organic circuit.

(a) Sensor system for semi-quantitative measurement of cholesterol comprising of real
printed electrochemical cell, organic circuit, printed display, and printed battery.

(b) Block diagram of the organic circuit including an Op-Amp (shaded) comprising of
differential amplifier, current source and inverter chain, connected to a latch.

(c) Schematic diagram of an inverting Op-Amp with respective input connected to the
electrochemical cell terminals. Rpg;, represents input resistance between 276 kQ to 1.38

MQ, corresponding to cholesterol of 9 - 0 mM respectively.



The input of the organic circuit is connected to the electrochemical cell, whilst the output to
the electrochromic display bars (i.e. non-numeric). When blood sample containing
cholesterol is introduced onto the electrochemical cell, the organic circuit computes the level
of cholesterol present in terms of charge, and subsequently generates an ouput voltage. The
magnitude of this voltage depends on the level of cholestrol present in the sample. This
voltage is then fed onto a latch, which is connected to the display bars. Depending on the
voltage attained from the circuit, respective bars turn on. The range of cholesterol
corresponding to the bars (x 6)are 0 -2 mM, 2 -4 mM, 4 -5 mM, 5-6 mM, 6 — 7 mM and
> 7 mM respectively. Figure 1b shows the block diagram of the organic circuit to be
designed and simulated. Detailed discussions on the designs of the other sensor
components are beyond the scope of this paper.

The circuit comprises of an organic operational amplifier (Op-Amp) consisting of differential
stage and current source, with added inverter chain, connected to a latch. The schematic
diagram of the Op-Amp is as depicted in Fig. 1c, with its input connected to the output of the
printed electrochemical cell, comprising of three terminals, namely Reference (RE), Working
(WE) and Auxiliary (AE) electrodes. For accurate operation of the cell, the voltages at the
reference and working terminals need to be fixed at - 0.2 V and - 0.1 V respectively [33].
Typically, this results in a potential difference of 0.1 V between the terminals, assuming no
current is drawn by the reference electrode. Due to such voltage requirements of the cell, the
operating point of the Op-Amp needs to be shifted, from a theoretical zero to - 0.2 V.
Furthermore, in order to define the input impedance of the Op-Amp, the resistance of the cell
is determined by measuring the variation of the current with changes in cholesterol levels.
The cholesterol sample comprises of phosphate buffered saline (PBS)/triton solution added
onto 100 U/mL enzyme cholesterol oxidase (ChOx). This method measures free cholesterol
rather the ratio of high to low density lipoprotein cholesterol [34]. The measurements are
taken after a settling time of 400 seconds, to allow the current from the cell to stabilise to a
steady-state, followed by a reaction time of 180 seconds. Subsequently, such timing defines

the bandwidth of the sensor, which is not considered here to be a key design parameter, and



thus a bandwidth of > 1Hz is deemed to be sufficient. From the measurements in Fig. 2, the
current is found to range between 220 — 500 nA for cholesterol levels of 0 — 9 mM, which
corresponds to resistance, referred hereafter as Rjg, in the range of 276 kQ — 1.38 MQ, with

the highest resistance corresponding to no cholesterol in the cell.
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Fig. 2 Current measured from electrochemical cell with changes in concentration of free

cholesterol. The current corresponds to resistance Rg;, between 276 kQ2to 1.38 M£2 (no

cholesterol).

For sensing applications, the closed loop gain Ac, and/or the gain-bandwidth product of the
Op-Amp are considered to be key parameters. The variable resistor Rg;, in Fig. 1c,
represents the input impedance, which defines the amount of cholesterol present in the
sample. When cholestrol is added onto the cell, the organic Op-Amp siginifies a change in
Rsi, and subsequently generates a corresponding output voltage V,.. The load resistor R;
relates to the impedance of the display, and the external feedback resistor Rr establishes
the theoretical minimum and maximum output voltages. It can be shown that the closed loop

gain of the circuit is given by Eq. 1, where Ve and V,e are voltages at the working and

auxiliary terminals respectively.
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For accurate operation of the cell, the voltages need to be fixed at V;, = Vyye =- 0.1 V and
Vae = - 0.2V, with Rg;, varying between 276 kQ to 1.38 MQ. With a supply voltage of + 15V,
the maximum theoretical output voltage is -15 V, which would subsequently yield a
maximum A, of 146 (or 43 dB). However, assuming a value of Rg to be 22 MQ, this results
in Ac. in the range of 81.7 — 17.9, with respect to the range of Rg, given above. These
values will be compared later with the simulation results on the Op-Amp, taking into
consideration appropriate parameter values of the OTFTs on the PMOS designs, including
low charge carrier mobility and variation of the threshold voltage. In regard to the output
impedance, the output of the organic circuit is connected to the electrochromic display
comprising of 6 bars. For accurate operation of the electrochromic display, a nominal voltage
of 1.1 V and current of 25 pA are required to turn-on the bars and maintain sufficient
luminescence respectively. With such input and output specifications, respective designs for

the organic circuits are discussed and simulation results presented in the next sections.

2.2 OTFT Model and Parameters

Prior to discussions on the simulation results of the respective circuit block designs, it is
essential to consider the tools that are to be utilised in the accurate simulation of such
designs. Typically, organic circuits are simulated by editing existing silicon model and
parameters on a conventional platform, so as to accommodate the properties of the OTFT.
In this paper, we follow this approach and utilise Cadence circuit simulator (V.5.10). The
revised model, referred hereafter as the OTFT model, is illustrated in Fig. 3a and expressed
by Eq. 2 and Eq. 3, operating under unsaturated and saturated regimes respectively. The
models comprise of the drain current attributed with the silicon model, with added current

components, through a Verilog file, to take into account the properties of the organic



transistor, including the higher power dependency of the gate and drain voltages, as

commonly observed in OTFT models [30], [31].

Ips unsat = Ips siticon unsat + Karipe[(Vos — Vep) 4y H — (Vs — Vpy — Vps)arift™](2)

where,

2
— Ip(Rs + Rp))
2

(Vs
IDS_silicon_unsat (VGS' VDS! RS' RD) = ﬁ (VGS - IDSRS - VTH)(VDS - [DS(RS + RD)) -

And,
IDS_sat = IDS_silicon_sat + Kdrift[(VGS - ‘/'TH)CGmft+1 - (VGS - VTH - VDS)Cdrift+1] (3)
where,

[DS_silicon_sat(VGS’ Rs) = :B(VGS — IpsRs — VTH)2

Here Ips is the drain current of the OTFT under saturated and unsaturated regime, @ is the
device constant, Ips siicon IS the drain current associated with the silicon model, Vps and Vs
are the drain-source and gate-source voltages, Rs and Rp are the contact resistances
associated with the source and drain contacts, V7 is the drift threshold voltage, and, Ky
and cqz incorporates the material and device constants of the OTFT operating under drift
condition. As it can be observed, the model takes into account the contact resistance effect,
in the form of sheet resistance, such that R../W = Rp = Rs, where W is the channel width of
the transistor. However, it should be noted that the contact resistance effect was taken into
account within the silicon model only, and not within the added Verilog current component.

Using the expressions above, key parameter such as the threshold voltage can be extracted
from experimental data of solution-based 6,13-bis(tri-isopropylsilylethynyl) pentacene (TIPS)
OTFT, of structure as in Fig. 3b. Here, aluminium (Al) is used as the gate contact and
aluminium oxide (Al,O3) as the gate dielectric with a relative permittivity of 10 and thickness
of approximately 45 nm. Gold (Au) is used for the source and drain contacts, which

consequently has high source/drain (contact) resistance in the range of 240 kQ to 24 MQ,

corresponding to channel widths of 10 mm to 100 pum respectively. The transfer



characteristics above and below threshold, are as shown in Fig. 4a and Fig. 4b, for a
channel length L of 100 um and channel width W of 2 mm, with drain voltages of -1 V and
-10 V respectively. These drain voltages were chosen so as to allow extraction of the value
of the threshold voltage, under diffusion and drift regimes, which were found to be
approximately -0.75 V and -1.5 V respectively. Such threshold voltages are commonly
observed in polycrystalline OTFTs [30], [35], and are essential in OTFT modelling,

particularly at low voltages where the leakage current dominates.
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Fig. 3 Model and structure of the OTFT

(a) Conventional model (left) with added features to account for organic characteristics,
resulting in appropriate OTFT model (right) for simulation.

(b) Cross-section structure of the TIPS OTFT, with Al,O3 as the gate dielectric and Au as

source/drain contacts.



Using the extracted value of the threshold voltage under drift regime Vg, other key
parameters such as Ky;z and ¢4z were determined at approximately 7 x 1072 (SI units) and
Cqrire OF 2.8 respectively, and subsequently utilised in model [30], so as to generate better fits
between the model and data. As it can be noted, the value for cg;r is slightly higher
compared to that of silicon, corresponding to the power exponent on the voltages of typically

2.

0.3 . T . T - 3
—s— Experimental data | ]
. <« —o— OTFT model 410
<_£L —o— Silicon model E <
2 02} i
£ J10° £
5 ; 2
= —_ ] 5
3 O
c 0.1F - 0 c
‘T 1107 O©
a : a
0.0 . | , ] 10"
-10 -5 0 5
Gate Voltage, V4 (V)
(a)
—a— Experimental data |
< 15¢ —v— OTFT model E
= —o— Silicon model —~
4107 <
] @
- _D
£ 10} 1
o c
E - o
o —
- — 110° 3
T 05 3 £
a o
(@]
0.0 s 1 & 10-11
-10 -5 0 5

Gate Voltage, V (V)

(b)

Fig. 4 Fits of the sub-threshold plots and transfer characteristics of TIPS OTFT, to the
standard silicon and revised OTFT model at drain voltage of (a) - 1 V and (b) - 10 V.



The plots in Fig. 4 also show fits of the data using both silicon and TIPS OTFT models,
assuming a field-effect mobility for both, of 0.035 cm?®V's™. This value is lower than those
reported in the literature; however it is more practical since the reported values are extracted
from individual transistors rather than circuits, where the mobility is expected to decline, due
to the additional processing steps. As expected the OTFT model shows better agreement
with the experimental data than the silicon model, at both low and high drain voltages. Some
deviation in the fits is also observed, particularly at low drain voltages, which is believed to
be associated with the high contact resistance on the source. At low drain voltage, the
contact resistance is pronounced, and a higher error is observed between the model and
data, however as the drain voltage increases with respect to the source, the error reduces
due to a decrease in the resistance. As indicated earlier, the model does take into account
the contact resistance effects through the silicon model in terms of sheet resistance. The
divergence observed could be associated with the lack of contact resistance component,
within the added model (in Verilog), which could have potentially under estimated the
resistance values and thus drive current of the OTFT. Nonetheless, the divergence are
deemed plausible, and justifies the application of the proposed model, in generating

accurate simulation of the organic circuit designs, as discussed in the next section.

3 Circuit design and simulation

3.1 Differential Amplifier

Referring to Fig. 1(b), the simulation commences with the differential amplifier with saturated
loads, comprising of a differential stage and a current source, with OTFTs labelled M1 to M5
and M6 to M8 respectively, as in the schematic diagram in Fig. 5a, for a supply voltage of
+15 V. It can be shown that the single output voltage of the differential amplifier can be
represented by Eq. 4 [36], where Sy, and pu, are the drive constant of devices M1 and M4

respectively, Vi, is the input voltage difference between negative input in- (AE) and positive



input in+ (RE) terminals, Ipys is the bias current through M5, and Vss is connected to the

negative terminal of the supply rail at - 15V.

0.5 0.5
Vour = (22)" (Vinar =2 (82)" Vi = Vos) + 425~ (Vi) 4)

And the gain of the differential amplifier is defined by Eq. 5, which suggests that a maximum

gain is attained when V4 approaches zero.

. Bu1\ 0> Vinds
Gain = (—) 1l —— 5
DA_DC Bria foMs o 2 (9)
Bm1 Vlndf

The bias current Ipys is set at 1.8 yA, which corresponds to a gate to source voltage Vs of -
3.5 V. By reducing the bias current, the drain to source voltage Vps across M5 is also
reduced, which subsequently increases the final output voltage swing. The magnitude of this
voltage from the differential amplifier is dictated by the Vps of M5 as well as the difference in
the aspect ratios between M1/M2 and M3/M4 respectively. The aspect ratios of M3 (M4)
dictate the final output voltage of the differential amplifier, and are required to be large
enough so as to sink the current supplied by M5. Moreover, the aspect ratio of M1 dictates
the speed at which M1 (M2) can react to the changes in the input voltage i.e. slew rate. In
such case, the differential amplifier can be observed to have a maximum gain of (SBuyi/Bus)">.
Such that for a gain of 10, the width of M1 needs to be 100 x greater than that of M4.
Assuming W/L of M1 = M2, M3 = M4, M5 = M6 and M7 = M8 of respective dimensions as
represented in Fig. 5a, the DC output voltage of the differential amplifier is simulated, with
the aid of the OTFT model discussed earlier, for drift threshold voltages V74, of -1.5 V and
-2.5 V. Figure 5b shows the variation of the output against input voltages of the differential

amplifier, with respective minimum and maximum output voltages at -2.5 V and -13.4 V for



Vi =-1.5V, and -2.6 V and -12.4 V for V7, = -2.5 V respectively. As the threshold voltage
increases, the maximum output voltage reduces, and the switching point shifts slightly by
350 mV, which is thought to be associated with the reduction in the drive current of the
OTFTs. Moreover, the output voltage range for both cases corresponds to approximately
73% of the maximum theoretical value of -15 V, and a differential gain of 1 and 1.4
respectively as from Fig. 5¢c. Such reduced values of the voltage swing and gain are believed
to be attributed to the design architecture comprising of saturated loads, low charge carrier
mobility and high contact resistance. Nonetheless, if the input voltage is taken within the
range of £3 V, then the gain is approximately 1.5 for both threshold voltages. Such gain
values are within reasonable agreement with the theoretical value of 1.6 (or 4 dB), as

estimated from Eq. 5.
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Fig. 5 Organic Differential Amplifier

(a) Schematic diagram comprising of a differential stage with OTFTs M1 to M5, and current
source with OTFTs M6 to M8.

(b) Simulation of the output against input voltages, for different threshold voltages, with
voltage on the positive terminal set to -0.2 V.

(c) Simulation of the frequency response with changes in threshold voltage, resulting in
open loop gain of 4 dB, bandwidth of 4 kHz, and thus gain-bandwidth product of 16 kHz.



The frequency response of the gain of the differential amplifier is given by Eq. 6 [37], where
Cgomz2, 9mmz, Gasmz are the gate to drain capacitances, transconductance and output
conductance for transistor M2 respectively, Cgmqr and Cgsvs are the gate to source
capacitance of My; and M4 respectively, and gn,us, and gusus refer to the transconductance
and output conductance of transistor M4 respectively. The value of R4 is the inverse sum
of Gusm2, Gusms @Nd gmue. The bandwith of the amplifier is dictated by the poles and zeros,

which are determined by gmu/Cgamz and -1/Ryams (Cgamzt Cgsmi+Cysmz) respectively.

ngMz)
Imm2
1+sRym2ma( Cgamz+Cgsma+Cgsmio)

_gmMZRM2M4(1_5

GalnDA—AC -

Figure 5c indicates a 15 dB/decade roll-off for both values of threshold voltages, since the
pole is unchanged in the M1:M3 branch of the circuit. The pole frequency of the circuit
agrees with the theoretical value of 3.6 kHz with a 15 dB/decade roll off. The unity bandwidth
is approximately 4 kHz for Vr4 of -1.5 V, which reduces slightly as the threshold voltage is
increased, due to the associated reduction in the transconductance g,. The open loop gain
is found to be 4 dB, with a corresponding gain-bandwidth product of 16 kHz. In order to

boost the gain of the amplifier, an inverter chain is added as discussed in the next section.

3.2 Addition of an Inverter Chain

To increase the overall gain of the organic Op-Amp, and counteract the change in the
switching voltage of the differential amplifier, an inverter chain is added after the differential
amplifier stage. The gain of a saturated load inverter is given by Eq. 7 [37], where the term /

relates to an inverter stage and j to the next inverter in the chain.

chd_driver_i)

—9m_driver_i X Rinvout.i (1 - - -
Im_driver_i

Gain; =
inv_AC .
- 1+ SRinvout_l( Cgd_driver_.i + Cgs_load_i T Cgs_driver_j)



Here gm anver is the transconductance of the driver, Cy, is the gate-drain capacitance, Cys is
the gate-source capacitance, and Rinvout = 1/gm 10a¢- Simulation of the Op-Amp with a 7-stage
inverter chain of schematic diagram as in Fig. 6a was carried out. Respective aspect ratios
for the OTFTs are as shown in the diagram, and were chosen so as to shift the switching
point of the amplifier to -0.2 V by increasing the gain, which was required for accurate

operation of the electrochemical cell.
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Fig. 6 Organic Differential Amplifier with 7 stage inverter chain

(a) Schematic diagram of a 7-stage inverter chain with saturated loads, connected to the
output of the differential amplifier.

(b) Simulation of the output voltage of the organic Op-Amp with inverter chain, with respect
to changes in threshold voltage. The switching point is at - 0.2 V and output voltage
reduces with higher threshold voltage.

(c) Simulation of the frequency response of the organic Op-Amp with inverter at Vr;; = -1.5V.

(d) Simulation of the frequency response of the organic Op-Amp with inverter at Vi, = -2.5V.



Figure 6b shows the corresponding variation of output voltage with respect to the input
voltage, with threshold voltages of -1.5 V and -2.5 V respectively. For both voltages, the
switching point is found to be nearly the same, at a fixed input value of -0.2 V. For a
threshold voltage of -1.5 V, the output voltage range is found to be from -1 V to -12.5 V,
which is 77 % of the ideal range. As observed earlier in the differential stage, this output
voltage range is slightly higher (by 0.95 V), compared to when the threshold voltage is
-2.5 V. For comparisons, simulations were also carried out on a 5-stage, 7-stage and 9-
stage inverters, which resulted in respective open loop gain Ao, of the Op-Amp of 913 (59
dB), 14k (83 dB) and 100k (100 dB) respectively. It should be noted that with increasing
number of OTFTs in larger inverter stages would impact the circuit yield. Thus, the 7-stage
inverter was selected for integration onto the Op-Amp design due to its adequate gain for
sensor application, and potentially better yield compared to a 9-stage inverter chain. Figures
6¢ and 6d show the frequency response of the Op-Amp with inverter stages, for different
threshold voltages respectively. As expected, the gain increases as the bandwidth reduces
for an overall system range, with R, between 276 kQ to 1.38 MQ, corresponding to
cholesterol of 0 - 9 mM. Here, the feedback resistance Rr= 22 MQ and load resistance R, =
1 GQ, with the latter reflecting the input gate capacitance of an OTFT. The inverter stages
add additional gain, and also provide ample stability within the closed loop response. The
maximum operational frequency, is found to be 302 Hz for V7, = -1.5 V, and 280 Hz for V4
= -2.5V, attained at a gain of 26 dB. The highest open loop and closed gains are 83 dB and
39 dB respectively, at a frequency of 275 Hz, for both threshold voltages, with a gain-
bandwidth product of approximately 10.6 kHz. Table 2 gives the summary of the closed loop
gains and loop gains with corresponding bandwidths, with respect to changes in cell
resistances. The bandwidth also depends on the number of inverter stages, as observed in
Fig. 6d, such that as the number of stages reduces from 7 to 5, the bandwidth also reduces
from 280 Hz to 190 Hz, for a gain of 26 dB. Moreover, the closed loop gain of the amplifier

with a 5-stage inverter is found to be 2 dB lower than the theoretical value of 26 dB i.e. at 24



dB. Each inverter stage in the final design inserts a pole which degrades the frequency

response of the final amplifier to 120 dB/decade, with each pole frequency determined by

Eq. 7.
Closed Vigy=-15V Vip=-25V
Cell Loop
) . loop
resistance gain . Gain-
gain Bandwidth Bandwidth  Gain-Bandwidth
Rgi, (kQ) (dB) Bandwidth
(dB) (Hz) (Hz) product (kHz)
product (kHz)
1225 57 26 302 7.85 280 7.28
516 50 33 288 9.43 275 9
360 47 36 239 8.73 218 7.97
253 45 39 275 10.63 275 10.63

Table 2: Amplifier outputs extracted from Fig. 6¢c and Fig. 6d for a differential amplifier with a

7-stage inverter chain for R = 22 M2 and R, = 1 GHz.

3.3 Use of a Latch

With regard to the output specification discussed earlier, the output resistance of the Op-
Amp is considered to be insignificant due to the feedback topology, and thus the loading
effect of the display on the output is insignificant in this application. As highlighted earlier, a
current of > 25 PA is required to drive the display bars. To achieve this, an output latch is
utilised, of schematic diagram as in Fig. 7a, which comprises of inverter stages with
saturated load, and an enabled clock (M7), with respective aspect ratios as highlighted in the
diagram. Such values of the aspect ratio were chosen so as to eliminate the threshold
voltage dependency and to supply a maximum current of 25 yA as required for accurate
operation of the display elements. Moreover, the latch also serves to convert the voltage
output from the inverter chain to a current, and thereafter provide amplification to meet the
specification. The clock enabled transistor M7, controls when the current is supplied to the

display bars. Figure 7b shows the simulated variation of the current and voltage from the



latch. When the latch is off, negligible current is supplied to the display bar, however once
the latch is on, a relatively constant current of > 25 pA flows to the bars, as required for
optimum luminesce. Moreover, the voltage across the display bar is initially constant at a
specified value of 1.1 V, so as to allow the bars to turn on, and remains above this range

with time.
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Fig. 7 Organic Latch
(a) Schematic diagram of the latch connected to the display.

(b) Simulation of the variation of current and voltage from a latch with respect to time.



3.4 Functionality of the Organic Op-Amp

The overall functionality of the organic circuit, comprising of the Op-Amp with a 7-stage
inverter chain and a latch, for use in quantification of cholesterol levels is simulated, as in
Fig. 8. The output voltage ranges between -1.8 V to -8.5 V, with linear scaling of about
-0.7 V, between each milliMolar of cholesterol. Such linear scaling reflects the initial
measurements in Fig. 2, from the electrochemical cell. The output voltage range can be
enhanced further by reducing the contact resistance of the OTFTs, which strongly depends

on the potential barriers between the organic semiconductor and the source/drain contacts.
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Fig. 8 Simulation of the ouput voltage from the organic circuit with changes in cholesterol

levels, with a linear quantification factor of 0.7 V/mM.

4 Conclusion

An organic analog circuit with saturated load PMOS architecture was designed to signify
changes in sampled cholesterol levels, from an electrochemical cell, in the range of 0 — 9
mM. The circuit comprised of a current source and differential amplifier, in conjugation with a
7-stage inverter chain and a latch. The designs were simulated with the aid of revised

conventional model and parameters, so as to reflect the properties of the OTFT. The



amplifier operated with a highest open loop gain of 83 dB, and a close loop gain in the range
of 26 — 39 dB, with corresponding bandwidth of 302 — 275 Hz respectively. At a maximum
gain of 39 dB, the bandwidth was 275 Hz, resulting in gain-bandwidth product of 10.63 kHz.
This value is currently the highest reported in the literature for a lower supply voltage of £15
V. Moreover, the output voltage from the circuit showed linear scaling with changes in
cholesterol level, with a quantification factor of -0.7 V/mM. Such practical results validate the
implementation of the proposed organic circuit design, as key functional block in a
cholesterol sensor system. The development of such systems, for point-of-care diagnostics,
is becoming ever more attractive, as it allows regular monitoring of personal health, at a low-
costs and user's convenience, with significant potential in enhancing overall health of

patients.
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