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Abstract

Organic thin film transistors (OTFTs) fabricated with non-destructive patterning techniques are the building blocks in
realizing flexible electronic interface for sensing applications. In this study, a single stage differential amplifier is dem-
onstrated with flexible OTFTs. The OTFTs were fabricated with thermally evaporated Pentacene as the semiconducting
layer. The electrodes of the OTFTs were realized using a conductive polymer composite, poyaniline:polystyrene sulphonic
acid (PANi-PSS), patterned by a modified Parylene lift-off process. Electrical characteristics of bottom contact TFTs with
polymeric PANI-PSS electrodes is superior to those with conventional metal electrodes due to a lower charge injec-
tion barrier and resultant lower contact resistance. The measurement of the transistor characteristics and the amplifier
response reported has been carried out with a wafer probing test jig set up. The differential amplifier realized with p-type
Pentacene transistors with mobility, 0.5 cm?/Vs, exhibited a voltage gain of 10 dB in a frequency bandwidth of 1 kHz.

Keywords Amplifier - Patterning - Conducting polymer - Organic thin film transistor - Parylene lift-off - Wafer probing
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1 Introduction

Over the last decade, the field of organic electronics has
grown from discrete single unit fabrication to circuit level
integration, due to the development of high—-performance
organic semiconductors (OSCs), large scale fabrication
techniques and understanding of operation mechanism
[1]. Complementary circuits, wireless systems, memory
and processing units were successfully demonstrated,
leading to their potential implementation in different kind
of sensors [2, 3]. OTFTs are the primary building blocks of
numerous devices such as low-cost radio-frequency iden-
tification tags [4], flexible displays [5, 6], wearable sensors
[7-9], medical devices [10], digital and analog circuits
[11, 12]. Sensing and signal processing of various signals
using conformable flexible organic integrated circuits
have been actively researched to enable real time sens-
ing on curvilinear surfaces [13, 14]. In the analog regime,

from a fundamental viewpoint, signal amplification is the
simplest form of signal processing. Organic amplifiers find
application in devices which need monolithic integration
of any flexible sensor and the amplifying circuit. OTFTs
being the functional units of organic amplifiers, their per-
formance have to be optimized with respect to the materi-
als employed such as the OSCs, insulators, conducting and
passivating materials. Within this scope, ultrathin flexible
organic amplifier is the most important building block for
large-area signal recording and stabilization in close prox-
imity to the site of interest.

Organic amplifiers have been developed in different
layouts on flexible substrates to achieve good frequency
response and high gain. To harvest the response of cer-
tain materials to pressure/force/strain or temperature
stimuli, the sensors often are coupled to thin film tran-
sistors (TFTs) that convert the response generated by
the material to an amplified voltage signal, suitable for
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subsequent interfacing with readout electronics [15-19].
Due to the limitations of the inherent mobility of organic
semiconductors, the achievable gain and gain bandwidth
are comparatively lower than the inorganic counterparts.
Many amplifier topologies, from simple buffers to more
complex differential amplifiers have been shown using
unipolar p-channel OTFTs [20-22]. Marien et al. demon-
strated differential amplifier with Pentacene based tran-
sistors, optimizing basic differential pairs by following
four different techniques. Their circuit showed a gain of
18 dB. It was demonstrated that Pentacene based analog
circuits could deliver satisfactory and acceptable perfor-
mance, even after repeated use for four months and differ-
ent applied stress conditions [23]. Recently, Reuveny et al.
demonstrated organic amplifiers based on small organic
semiconductor, dinaphtho [2,3-b:2’3'-f] thieno [3,2-b]
thiophene (DNTT). They achieved voltage amplification
of 13 dB with cut-off frequency 2.5 kHz. A high uniformity
in the gain, among six amplifier circuits, 13.0+ 1.2 dB over
4x 4 cm? was also demonstrated. The open loop design
gave gain bandwidth product of 45 kHz with operating
voltage of 7 V [22]. The highest open-loop gain and the
highest gain-bandwidth, reported with organic amplifiers
is 36 dB [24] and 18 kHz [25], respectively, which are but,
adequate for application that do not demand very high
speed and very high frequencies.

For real time sensing on curvilinear surfaces, the ampli-
fier circuit has to be integrated in close proximity to the
sensor and should also be flexible. For such applications,
the basic building blocks of the amplifier, the flexible
OTFTs should have all the layers, including the dielectric
and conducting, preferably fabricated out of organic mate-
rials. This study was undertaken to fabricate an all organic
flexible OTFT, as it is the prerequisite for the realization of a
high performance flexible amplifier. There are not many lit-
erature available for flexible amplifier realized from OTFTs,
in which patterned conducting polymer electrodes have
been employed. Conducting polymer electrodes have
shown to have lower charge injection barrier and hence
lower contact resistance than metal electrodes, in OTFTs
[26, 27]. The present study aims at fabrication of flexible
OTFT based single stage amplifier that can amplify differ-
ential input signals on any curved surface. The electrodes
of the transistors are fabricated from solution processable,
conductive polymer composite, poyaniline:polystyrene
sulphonic acid (PANi-PSS), that are patterned by a modi-
fied Parylene lift-off process. The conducting polymer
electrode ensured lower charge injection barrier in the
OTFTs [28] and hence better performance of the flexible
amplifier.

For fabrication of such a flexible amplifier that can be
an integral part of an acoustic sensing system, optimized
materials and processes have been utilized that yielded
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optimum performance for the OTFTs. An effective passiva-
tion of OTFTs with a compatible material such as Parylene
Censured consistent and reliable performance of the flexi-
ble amplifier. A flexible amplifier fabricated with all organic
materials, demonstrated in this study, can be integrated in
close proximity to the output signal from any sensor. The
proximity between sensor and electronics minimizes sig-
nal loss by avoiding large lengths of cable used for signal
transfer. The signal amplification of acoustic signal from a
polymeric piezoelectric sensor was also demonstrated in
this study. Additional circuit techniques such as cascad-
ing and gain boosting can be applied to further maximize
the gain.

2 Experimental details
2.1 Thin film transistor fabrication

A clean silicon wafer was laminated with polyethylene
naphthalate (PEN) film. Prior to device processing, the PEN
was preshrunk at 165 °Cin an oven to improve its dimen-
sional stability. The mask design with 37 numbers of TFT
was designed so as to realize devices with different aspect
ratio, to be suitably employed as load or input devices in
the amplifier (Fig. 1a). To define the gate, a 70 nm thick
palladium metal layer was defined using photolithography
and lift-off process. For the gate dielectric layer, poly(4-
vinyl phenol) (PVP) solution was prepared by dissolving
PVP (12 wt% of solvent) and methylated poly (melamine-
co-formaldehyde) (3 wt% of solvent) as cross-linking agent
in propylene glycol methyl ether acetate solvent. The spin
coated PVP insulator layer was patterned using photoli-
thography and O, plasma etching. A modified Parylene
lift-off method was then adopted for patterning the solu-
tion processable electrodes of PANi-PSS as previously
reported by our group in [29].

The length of all the devices was 5 um and widths of
1700, 1000 and 300 pm were used. For comparing the
results of the conducting polymer electrode based OTFT
with conventional OTFT, devices with Pd source and drain
electrode were also fabricated and patterned by lift-off
process. Parylene C was employed for simultaneous pas-
sivation and patterning of Pentacene [30], as previously
reported by our group. The schematic of the fabricated
OTFT for studies on effect of electrodes is shown in Fig. 1b.
The yield of the devices fabricated was ~85%, with almost
equal number of TFTs with different aspect ratio. For the
convenience of testing, the support wafer beneath the
flexible substrate was removed only after the characteri-
zation of all the devices and the amplifier circuit.
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Fig. 1 a Mask design of OTFTs
employed as load or input
devices in the amplifier and

b Schematic of the fabricated
OTFT

65 nm

50 pm

2.2 Design and fabrication of wafer probing test jig
for testing of OTFT amplifier

The wafer probing test jig was designed and fabricated
to meet two main objectives. First was to probe all 37
device terminals simultaneously on the 3" substrate (PEN
film supported on wafer). Second objective was to test
the devices in an amplifier configuration by connecting
the TFTs to a matrix of configurable jumpers. The batch
fabrication of OTFT was done on a 3" flexible substrate
as described in Sect. 2.1. The design consisted of 37 num-
ber of OTFT (different W/L ratio) with the source, drain
and gate of the devices connected to metal contact pad
of dimension 500 x 500 um. To avoid the complications
involved in taking connections from each contact pad,
the wafer probing test jig was in-house designed and
fabricated for the purpose of testing the devices and con-
figuring them as amplifier. The wafer probing assembly
could probe the 500 x 500 um metal pad terminals of all
the devices on a wafer and connect to configurable matrix
of switchable jumpers. The jig could work with maximum
of 100 V DC voltage, hence the components used in this
test jig had sufficient voltage rating. It was designed to
have scalability to accommodate different aspect ratios
for different devices, in a totally independent manner by
shunting multiple devices together.

The performance of the amplifier topology could be
checked for multiple wafers by just inserting the wafer on

(b)

Pentacene
I" Source and Drain (Pd or PANi-PSS)
B poly (4-vinyl phenol)
- Pd Gate electrode
- Poly (cthylene naphthalate)

the jig. To account for a low noise amplifier design reali-
zation on the test jig, shielded BNC connectors (Keithley)
were used for feeding the input signal to the input devices
of amplifier. Similarly the output of the amplifier was also
routed though BNC connectors. Shielded coaxial cables
were provided for monitoring the signal. A guide card
with through holes was fabricated as per the mask design
of contact pads and lay out of OTFTs, which could guide
all the probe pins of test jig to correctly align and con-
nect to the metal pads on the substrate. Pins used in the
jig were special type of spring loaded POGO pins. The
electrical connections were not permanent, but could be
replaced with ease. Five stages of amplifier design were
also included in the jig for application in future, with each
single stage utilizing five TFTs. Through the matrix of con-
figurable jumpers, each TFT could be connected in place
of any other TFT location in any amplifier stage. The fabri-
cated wafer probing test jig is shown in Fig. 2.

A very straight forward design of a single stage differen-
tial amplifier was adopted for testing the achievable gain
with the fabricated TFT based amplifier. The gate termi-
nal of the load of p-type OTFT was connected to the drain
terminal. This resulted in a diode load with the load OTFT
biased in saturation region. For higher bandwidth (BW),
the diode-connected load performs better and is relatively
less sensitive to shift in threshold voltage (V;) over time.
The schematic of the design of single stage differential
amplifier used in the study is shown in Fig. 3.
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Fig.2 Photograph of the wafer probing test jig
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Fig.3 Schematic of the design of single stage differential amplifier
used in the study

In amplifier with diode connected loads, the voltage gain
is represented by Eq. (1) [31].
Voltage gain = gy /{gmi + 9ass + Jast | (1)

where, g,, is the transconductance and g, is the conduct-
ance parameter, defined by Egs. (2) and (3).

_ 0ly
Im = Wgs (2)
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9ds (3)
the suffix ‘I’ and ‘L, represent the input and load,
respectively.

The transconductance, g, is proportional to mobility
(1) and V; of the transistors. For the voltage gain to have
less dependence on u and V, the g,, factor of the devices
should be much larger than the g,. In such cases, voltage
gain being a ratio of two g, factors, will be a weak function
of uand V; of the TFTs. The voltage gain then simply will be
the ratio of transconductance of input pair of transistors
and that of the transistors acting as load devices.

2.3 Testing of TFTs on test jig
2.3.1 Placement and alignment of TFTs on test jig

For positioning the wafer with fabricated 37 devices on
the test jig, the split microscope and micropositioners of
mask aligner (ABM 6, USA) stage was utilized. The con-
tact pads on the wafer were aligned with the guide card
with through-holes (designed as per the TFT layout in
the wafer). The wafer was temporarily stuck with a dou-
ble side tape to the guide card after alignment. The wafer
along with guide card was then placed over the test jig
with POGO pins touching the contact pads of the wafer
through the through-holes. The photographs of the pro-
cess of aligning the TFT contact pads with the holes on the
guide card using the mask aligner is shown in Fig. 4a-c.
Figure 4a shows the wafer and guide card mounted on
the wafer stage and mask stage, respectively. Figure 4b
shows the process of alignment with the split microscope
and Fig. 4c is the electrode pads aligned with the holes on
the guide card, as seen by the split microscope. After the
alignment, the wafer along with guide card was mounted
on the wafer probing test jig for the electrical characteri-
zation. The schematic of side and top view of the wafer
aligned on test jig is shown in Fig. 5a, b.

2.3.2 Connectivity test for wafer probing test jig

The test is aimed to ensure that all the probe pins make
electrical contact with the pad locations on the TFTs
(gate, source and drain terminals). For this purpose, only
the contact pads of the TFTs were fabricated on a dummy
wafer, with positions exactly similar to the pad termi-
nals of OTFTs. All the three pads of each structure were
shorted during fabrication. Test was aimed at feeding
a voltage to gate terminal with respect to the ground.
Since the drain and source pad terminals were shorted
to gate pad, voltage would be available at the source
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Fig.4 Photographs of the process of aligning the TFT contact
pads with the holes on the guide card using the mask aligner a
wafer and guide card mounted on the wafer stage and mask stage,

respectively, b process of alignment with the split microscope and
¢ electrode pads aligned with the holes on the guide card, as seen
by the split microscope

SIDE VIEW
GUIDEPINS o CONNECTOR
GUDECARD o -
SPRING LOADED POGO PINS | | CONNECTOR
BASE SUPPORT FOR WAFER —— It - CONFIGURABLE
MOTHER BOARD
(a)
TOP VIEW
| I
(b)

Fig. 5 Schematic of side and top view of the test wafer aligned on test jig

and drain terminals also, which could be confirmed by
the glowing of a LED connected to the source and drain.
For the purpose of testing, all the gate terminals of 37
devices were shorted to a common point. A voltage of
—5V was applied to the common terminal. Since the
source and drain terminals were shorted with the gate
and connected to LEDs, on probing all the terminals with
the test jig, all the 37 LEDs were glowing. The test proved
that all the 37 contact pads were probed with the test
jig. The test is important to confirm the availability and
probing of all 37 devices with the test jig, during the pro-
cess of configuring the amplifier. The schematic of the
connectivity test with the test jig is shown in Fig. 6a and

the corresponding photograph of the testing is shown in
Fig. 6b. An EInova Model E-DC power supply was used to
give the voltage and Keysight 34450A digital multimeter
was used to measure the voltages.

2.3.3 Testing of OTFTs as switches

For simultaneously checking the ‘on’ condition of all the 37
TFTs fabricated on the 3" substrate, all the gate terminals
of devices were connected to a single pin, V,,,,. Jumper
positions were as shown by coloured locations in Fig. 7.
Vyq of 5V was applied, with V, sufficiently low than V7,
enabling the devices to turn on. Since, for each TFT there
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Fig.6 a Schematic representing the connectivity test with the wafer probing test jig for the 37 devices in a 3” substrate and b photograph
showing the devices tested for connectivity on the wafer probing test jig, indicated by the glowing of LED for the properly connected OTFTs
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Fig. 7 Schematic representing the testing of 37 OTFTs in a 3” sub-
strate as switches, with the wafer probing test jig
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is a separate diode string, all the 37 TFTs turn on, which is
indicated by the glowing of LEDs. For the testing of the ‘off’
condition of the TFTs, Vgs >0V was applied, the condition
in which all the devices are expected to be ‘off’ In the test
on different sample wafers, an average of 3 devices did
not turn off, indicating a low /,,/I ¢ ratio. Such TFTs were
marked and not used for configuring the amplifier.

2.4 Configuring and testing of TFTs as amplifier
for acoustic sensor

To determine the achievable gain and bandwidth with
the organic transistor based amplifier circuit, simulated
signal from a function generator was used. AC signal
was generated using Tektronix AFG 3102 dual channel
function generator. The output was recorded using Tek-
tronix TPS 2024 four channel digital storage oscilloscope
(DSO). The gate electrodes of the TFTs were protected
with transorbs externally, to avoid damage to the circuit
due to voltage spike from any other source. Connections
were established using the wafer probing test jig as per
the schematic shown in Fig. 3. Negative input terminal
of the amplifier was set to a DC voltage bias. A sinusoid
signal of programmable amplitude was added to the DC
voltage and given to the positive input terminal. Being a
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Fig.8 The schematic for testing the amplifier configured using
OTFTs on 3" wafer, mounted on the wafer probing test jig

differential amplifier, the sinusoid signal only got ampli-
fied and the constant DC voltage bias was discarded by
virtue of common mode rejection. Few input transistors
were connected in parallel to emulate the effect of multi-
ple fingers. Various load configurations for gain enhance-
ment were also implemented through the jig to achieve
the required gain. The schematic of circuit for testing the
amplifier is shown in Fig. 8. The amplifier was characterized

for different input voltages. Five numbers of single stage
amplifiers were tested and checked for the voltage gain.
The experimental set up used for measuring the amplifica-
tion of the signal using OTFT based differential amplifier is
shown in Fig. 9. The amplification of the signal was tested
from 100 to 2 kHz.

The amplification of the acoustic signal was tested
with a 10 cm X 10 cm electroded piezoelectric sensor. The
schematic of the test set up is shown in Fig. 10a. A tone
burst was fed to a projector (speaker) through an audio
power amplifier. The sensor placed in front of the projector
senses the acoustic signal. The schematic of circuit repre-
senting the amplification of signal from the acoustic sen-
sor is shown in Fig. 10b. The top plate of sensor electrode
was connected to a constant DC bias voltage. A resistor
of 100 kohm was connected across the electrodes of sen-
sor.The charge in the piezoelectric sensor, upon receiving
the acoustic signal varies and flows through the resistor
and created a voltage. This voltage is the equivalent of the
sensor generated voltage. The bottom plate of the piezo-
electric sensor would be at a voltage equal to fixed DC
bias + the sensor generated voltage. The amplifier ampli-
fied the difference in voltage between the input termi-
nals (fixed DC bias being common in both the nodes, gets
cancelled) and only the voltage generated by the sensor
is amplified. The output voltage from the sensor and the

37 devices on PEN substrate supported on 3" Si
wafer Ioadedon the tes

b ]

Fig.9 Experimental set up used for measuring the amplification of the signal using OTFT based differential amplifier
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Fig. 10 Schematic of a the test set up used for the testing of amplification of acoustic signal generated from a piezoelectric sensor and b

circuit representing the amplification of signal from the acoustic sensor

voltage amplified by the OTFT based test amplifier were
received at two different channels of the digital storage
oscilloscope, through a precision conditioning amplifier
(Fig. 10a). The ratio of the voltage at channel-ll to voltage
at channel-I gave the gain of the OTFT amplifier.

3 Discussion on the results
3.1 OTFT characteristics

The OTFTs fabricated for realizing the flexible amplifiers
in this study were passivated with Parylene C. The process
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of passivation also simultaneously patterned the semi-
conductor layer, which reduced the leakage current and
increased the I, /I ¢ ratio. The results of effect of passiva-
tion have been discussed in detail in [30]. The mobility of
the Pentacene OTFT passivated with Parylene C remained
constant during the period of study of four months. The
mobility values were not affected even after six months.
The electrical characteristics of unpassivated and unpat-
terned TFT were beyond the measurable ranges even after
60 days. However, the pin hole free photolithographically
patterned and Parylene C passivated Pentacene TFT is
quite stable and does not affect the characteristics of the
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Fig. 11 Time dependent a /,~V,, transfer and b |/,|"~
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Fig. 12 a Microscopic image and b SEM image of fabricated Pentacene OTFT with PANi-PSS electrode
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Fig. 13 [,-V,, characteristics of OTFT fabricated with a PANi-PSS as source and drain electrode, b Pd as source and drain electrode
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Fig. 14 Photograph of the input and output signals, observed on a DSO, revealing the amplification of signal at a 1 kHz and b 2 kHz (V,,, and

V.t represent the input and output voltage, respectively)

OTFT with time. The transfer characteristics of unpatterned
and Parylene C passivated OTFT are shown in Fig. 11a, b.

The microscopic image and the Scanning Electron
Microscopy (SEM) image of a discrete OTFT with PANi-PSS
patterned by Parylene lift-off method, as source and drain
electrode are shown in Fig. 12a, b, respectively. The devices
exhibited lower charge injection barrier when compared
to the ones with metal, Pd electrode. The /,-V,, charac-
teristics of the OTFTs fabricated with PANi-PSS and Pd
electrode as the source and drain electrodes are shown in
Fig. 13a, b, respectively. The non-linearity usually observed
with metal electrodes, such as palladium and nickel [32,
33]in the /4-V,, characteristics, at lower V, (circled por-
tion in Fig. 13a) values is nearly absent in Fig. 13a. The
non-linearity is a direct consequence of the higher con-
tact resistance due to metal electrodes used in OTFTs. The
non-linearity at low V,, values in OTFT with Pd electrode is
evident in Fig. 13b. The results are also discussed in detail
in [29]. The conducting polymer electrode, PANi-PSS, with
lower charge injection barrier, due to lower contact resist-
ance and an effective passivation with Parylene C, aided in
the realization of amplifier circuit with these OTFTs.

3.2 Amplifier characteristics

In this study an in-house designed wafer probing test jig
was employed to select the required OTFTs from a group
of 37 discrete transistors and connect them to form a sin-
gle stage differential amplifier. The connection between
the test jig and the OTFT was established using POGO
pins provided on the jig. Screening of the OTFTs as switch
and for their functioning at the start of the experiment,
enabled to discard the devices that were non-functional
or had low I,/ ¢ ratio. Such devices were not included in
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the amplifier circuit. As independent jumpers were pro-
vided on the test jig to connect to any of the OTFTs on
the 3" wafer, they could be selected irrespective of their
position on the wafer. The conventional method of taking
connections from such circuits is through wire bonding.
Wire bonding is a permanent process and hence, there is
no possibility of discarding any non-functional TFT from
a circuit. In such cases, due to the improper functioning of
any one device, a whole set of 5 or more OTFTs, configured
as an amplifier, would have to be discarded.

Measuring the circuit characteristics using a test jig is
easier when a new set of materials have to be proven for
their utility in analog or digital circuits. Establishing elec-
trical connection through manual wire bonding is tedious
and also a time consuming process. Noise characteristics
of the circuit will essentially be higher when using a test
jig, as the connections are established externally and the
discrete OTFTs are placed far apart (= 1 cm) on the wafer.
But, after proving the feasibility of realizing functional cir-
cuits, complete design can be made on wafer itself with
connections established by wire bonding, thus minimiz-
ing the noise levels, improving the amplifier gain and
bandwidth.

The photographs of real time measurement of ampli-
fication of signal by the OTFT amplifier, recorded with a
DSO, at 1 kHz and 2 kHz are shown in Fig. 14a, b, respec-
tively. The X-axis and Y-axis represent time and amplitude
of voltage, respectively. The single stage amplifier realized
with the organic TFTs exhibited a constant gain of 10 dB up
to 1 kHz, which is the frequency band of interest for large
area flexible acoustic sensors. The cut off frequency (f,) was
1.2 kHz, where the gain dropped by 30%. Bode plot repre-
senting the voltage gain of the amplifier as a function of
frequency is shown in Fig. 15. Similar output was observed
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Fig. 15 Bode plot showing the voltage gain of the flexible OTFT
amplifier as a function of frequency

on feeding differential input from a piezoelectric sensor
to the organic TFT based front end electronics. A flexible
amplifier realized on PEN substrate, consisting of OTFTs
with solution processable conducting polymer electrode,
patterned by the novel Parylene lift-off method is reported
for the first time. The OTFTs configured as the amplifier
showed good repeatability and gave reproducible results
during the period of study of 4 months, under various bias
conditions. This could be achieved only due to the effec-
tive passivation with photopatterned Parylene C.

For the flexible amplifier, single stage voltage gain
of 10 dB and frequency bandwidth of 1 kHz has been
achieved as a result of employing conducting polymer
electrode, PANi-PSS with lower contact resistance and
an effective passivation technique with photopatterned
Parylene C. PANi-PSS electrode aided in reducing the
charge injection barrier in TFTs and Parylene passivation
protected the active semiconductor layer, Pentacene from
degrading and in giving a consistent amplifier response.
The frequency response and the voltage gain of the ampli-
fier remained almost constant for a period of four months,
the period for which the response was monitored. The
conventional OTFTs, with metal electrodes have also been
tested for the amplifier response, the gain of which was
found to be 6 dB in a frequency bandwidth of 800 Hz. The
biasing circuit and interconnections have been realized
in the present study with the help of an external jig. The
observed voltage gain is comparatively lower than that
reported with novel semiconducting materials. However,
the gain and bandwidth can further be increased by min-
iaturizing the circuit design at wafer level, fabricating the
interconnections on the wafer and applying additional cir-
cuit techniques such as cascading the transistors. Reduc-
ing the size of the crossing lines thereby decreasing the

parasitic capacitances and noise within the circuit can
also improve the achievable single stage gain. By applying
techniques to reduce the overlap capacitances between
gate and drain & gate and source, the frequency response
of the amplifier can be improved. The amplifiers optimized
for high gain and minimum chip area are important step
towards the realization of flexible electronic systems. Sen-
sor signal amplification and analog-to-digital conversion
on a flexible substrate, coupled to a flexible sensor such
as acoustic sensor is highly essential for flexible electronic
applications. Fabrication of flexible acoustic sensor in close
proximity to the amplification circuit, enabling monolithic
integration can reduce parasitics to a great extent for large
area flexible sensors.

4 Conclusions

The method adopted for configuring the discrete TFTs
fabricated on a 3" flexible substrate as a single stage dif-
ferential amplifier has been discussed. Feasibility of real
time sensing of acoustic signal generated by a standard
piezoelectric sensor was tested with a fabricated single
stage flexible differential amplifier. The flexible amplifier
consisting of OTFTs with solution processable conducting
polymer electrode, patterned by the novel Parylene lift-off
method exhibited a gain of 10 dB in a frequency band-
width of 1 kHz. It is proposed that the gain can be further
increased by miniaturizing the circuit design at wafer level
and applying additional circuit techniques, including cas-
cading the transistors.

Acknowledgements The authors thank Director, Naval Physical and
Oceanographic Laboratory, Kochi, India, for fruitful discussions and
permission for publication of this work. The support rendered by Shri.
P Srinivasan, MosIC Solutions, Bengaluru, India, for the fabrication of
wafer probing test jig is also acknowledged.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Gates BD (2009) Flexible electronics. Science 323:1566-1567
Myny K, Veenendaal EV, Gelinck GH, Genoe J, Dehaene W, Here-
mans P (2012) An 8-bit, 40-instructions-per-second organic
microprocessor on plastic foil. IEEE J Solid-State Circuits
47:284-291

3. Sekitani T, Takamiya M, Noguchi Y, Nakano S, Kato Y, Sakurai
T, Someya T (2007) A large-area wireless power—transmis-
sion sheet using printed organic transistors and plastic MEMS
switches. Nat Mater 6:413-417

N —

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2019) 1:767 | https://doi.org/10.1007/s42452-019-0787-7

Myny K, Genoe J, Dehaene W (2016) Design Case: RFID tags.
Robust design of digital circuits on foil. Cambridge University
Press, Cambridge, pp 92-123. https://doi.org/10.1017/cbo97
81316411483.006

Noda M, Kobayashi N, Katsuhara M, Yumoto A, Ushikura S, Yas-
uda R, Hirai N, Yukawa G, Yagi |, Nomoto K, Urabe T (2011) An
OTFT-driven rollable OLED display. J Soc Inf Disp 19:316-322
McCarthy MA, Liu B, Donoghue EP, Kravchenko I, Kim DY, So F,
Rinzler AG (2011) Low-voltage, low-power, organic light-emit-
ting transistors for active matrix displays. Science 332:570-573
Someya T, Kato Y, Sekitani T, Iba S, Noguchi Y, Murase Y, Kawa-
guchi H, Sakurai T (2005) Conformable, flexible, large-area net-
works of pressure and thermal sensors with organic transistor
active matrixes. Proc Natl Acad Sci USA 102:12321-12325
Mannsfeld SCB, Tee BCK, Stoltenberg RM, Chen CVHH, Barman
S, Muir BVO, Sokolov AN, Reese C, Bao Z (2010) Highly sensitive
flexible pressure sensors with microstructured rubber dielectric
layers. Nat Mater 9:859-864

Tien NT, Jeon S, Kim D-I, Trung TQ, Jang M, Hwang B-U, Byun K-E,
Bae J, Lee E, Tok JB-H, Bao Z, Lee N-E, Park J-J (2014) A flexible
bimodal sensor array for simultaneous sensing of pressure and
temperature. Adv Mater 26:796-804

Kuribara K, Wang H, Uchiyama N, Fukuda K, Yokota T, Zschi-
eschang U, Jaye C, Fischer D, Klauk H, Yamamoto T, Takimiya
K, Ikeda M, Kuwabara H, Sekitani T, Loo Y-L, Someya T (2012)
Organic transistors with high thermal stability for medical appli-
cations. Nat Commun 3:723

. Chang J, Zhang X, Ge T, Zhou J (2014) Fully printed electronics

on flexible substrates: high gain amplifiers and DAC. Org Elec-
tron 15:701-710

Mandal S, Noh Y-Y (2015) Printed organic thin-film transistor
based integrated circuits. Semicond Sci Technol 30:064003
Maiellaro G, Ragonese E, Castorina A, Jacob S, Benwadih M,
Coppard R, Cantatore E, Palmisano G (2013) High-gain opera-
tional transconductance amplifiers in a printed complementary
organic TFT technology on flexible foil. IEEE Trans Circuits Syst |
Reg Papers 60:3117-3125

. Guerin M, Daami A, Jacob S, Bergeret E, Benevent E, Pannier P,

Coppard R (2011) High-gain fully printed organic complemen-
tary circuits on flexible plastic foils. IEEE Trans Electron Devices
58:3587-3593

. Grazl, Kaltenbrunner M, Keplinger C, Schwodiauer R, Bauer S,

Lacour SP, Wagner S (2006) Flexible ferroelectret field-effect
transistor for large—area sensor skins and microphones. Appl
Phys Lett 89:073501

. Thuau D, Abbas M, Chambon S, Tardy P, Ayela C (2014) Sensitivity

enhancement of a flexible MEMS strain sensor by a field effect
transistor in an all organic approach. Org Electron 15:3096-3100

. Spanu A, PinnaL, Viola F, Seminara L, Cosseddu P (2016) A high-

sensitivity tactile sensor based on piezoelectric polymer PVDF
coupled to an ultra-low voltage organic transistor. Org Electron
36:57-60

. Trung TQ, Tien NT, Seol YG, Kim DI, Lee N-E (2012) Transparent

and flexible organic field-effect transistor for multi-modal sens-
ing. Org Electron 13:533-540

. Cosseddu P, Viola F, Lai S, Raffo L, Bonfiglio A (2014) A tem-

perature transducer based on a low-voltage organic thin-film

SN Applied Sciences

A SPRINGERNATURE journal

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

transistor detecting pyroelectric effect. IEEE Electron Dev Lett
5:1296-1298

Binkley DM, Verma N, Crawford RL, Brandon E, Jackson TN (2004)
Design of an autozeroed, organic thin-film field-effect transistor
amplifier for sensor applications. In: Proceedings of SPIE - The
Int. Soc. for Opt. Eng. Colorado, vol 5522, pp 41-52

Chang J, Zhang X, Ge T, Zhou J (2014) Fully printed electronics
on flexible substrates: high gain amplifiers and DAC. Org Elec-
tron 15:701-710

Reuveny A, Lee S, Yokota T, Fuketa H, Siket CM, Lee S, SekitaniT,
Sakurai T, Bauer S, Someya T (2016) High-frequency, conform-
able organic amplifiers. Adv Mater 28:3298-3304

Marien H, Steyaert M, Veenendaal EV, Heremans P (2010) Analog
techniques for reliable organic circuit design on foil applied
to an 18 dB single-stage differential amplifier. Org Electron
11:1357-1362

Nausieda I, Ryu KK, He DD, Akinwande Al, Bulovic V, Sodini CG
(2011) Mixed-signal organic integrated circuits in a fully pho-
tolithographic dual threshold voltage technology. IEEE Trans
Electron Devices 58:865-873

Boroujeni BK, Schmidt GC, Hoft D, Bellmann M, Haase K, Ishida
K (2016) A fully-printed self-biased polymeric audio amplifier
for driving fully-printed piezoelectric loudspeakers. IEEE Trans
Circuits Syst | Reg Pap 63:785-794

Hong K, Kim SH, Yang C, An TK, Cha H, Park C, Park CE (2011)
Photopatternable highly conductive and low work function
polymer electrodes for high-performance n-type bottom con-
tact organic transistors. Org Electron 12:516-519

Kang HS, Lee JW, Kim MK, Jooa J, Ko JM, Lee JY (2006) Electrical
characteristics of pentacene-based thin film transistor with con-
ducting poly (3, 4-ethylenedioxythiophene) electrodes. J Appl
Phys 100:064508

Nair S, Kathiresan M, Mukundan T (2018) Two dimensional sim-
ulation of patternable conducting polymer electrode based
organic thin film transistor. Semicond Sci Technol 33:025006
Nair S, Kathiresan M, Mukundan T (2017) Patterned water dis-
persible conducting polymer electrode in organic thin film tran-
sistor through a parylene lift-off process. Synth Met 234:29-37
Nair S, Kathiresan M, Mukundan T, Natarajan V (2016) Passiva-
tion of organic field effect transistor with photopatterned par-
ylene to improve environmental stability. Microelectron Eng
163:36-42

Sedra AS, Smith KC (2004) Microelectronic circuits, 5th edn.
Oxford University Press, New York

Necliudov PV, Shur MS, Gundlach DJ, Jackson TN (2003) Contact
resistance extraction in pentacene thin film transistors. Solid-
State Electron 47:259-262

Nichols JA, Gundlach DJ, Jackson TN (2003) Potential imag-
ing of pentacene organic thin-film transistors. Appl Phys Lett
83:2366-2368

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1017/cbo9781316411483.006
https://doi.org/10.1017/cbo9781316411483.006

	Signal amplification with patterned conducting polymer electrodes based organic thin film transistor circuit
	Abstract
	1 Introduction
	2 Experimental details
	2.1 Thin film transistor fabrication
	2.2 Design and fabrication of wafer probing test jig for testing of OTFT amplifier
	2.3 Testing of TFTs on test jig
	2.3.1 Placement and alignment of TFTs on test jig
	2.3.2 Connectivity test for wafer probing test jig
	2.3.3 Testing of OTFTs as switches

	2.4 Configuring and testing of TFTs as amplifier for acoustic sensor

	3 Discussion on the results
	3.1 OTFT characteristics
	3.2 Amplifier characteristics

	4 Conclusions
	Acknowledgements 
	References




