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Abstract

Flexible chemical sensors and biosensors are of interest in different industry sectors and have
advantages for being shape-friendly, lightweight, with potential of low cost. The performance factors
such as fast response and label free detection makes field effect transistors an attractive platform for
such sensors. While there is a large body of literature on ion sensitive field effect transistors using rigid
substrates, limited studies are reported on flexible substrates. Electrolytic gated field effect transistors,
aclass of ion sensitive field effect transistors, have a further advantage as no gate dielectrics are needed
(with the electrolytic solution itself acting as the gate dielectric) and need lower operating voltages;
there are no reports yet of electrolytic gated field effect transistor with amorphous indium gallium zinc
oxide as the semiconductor as well as a sensing layer on flexible substrates and this is the subject of the
present work, where fully flexible electrolytic gated field effect transistors are demonstrated on flexible
polyethylene terephthalate substrates for pH sensing and for detection of prostate specific antigen.
Bottom contact electrolytic gated field effect transistors structures with indium tin oxide as the source

and drain were fabricated on flexible polyethylene terephthalate substrates with amorphous indium
gallium zinc oxide as the semiconductor deposited over indium tin oxide at room temperature.
Materials and electrical characterizations (in alow operating voltage range of —1-1.5 V) were
conducted. A pH sensitivity of 20 + 2 mV pH ™' was demonstrated. Stability studies and bending tests
were also conducted. Label-free bio-sensing for prostate specific antigen was demonstrated in the
concentration range 1 pgml~'~10 ng ml ™" in phosphate buffer saline. This learning can be utilized to
fabricate wearable sensors for healthcare monitoring at low cost.

1. Introduction

There is a need for flexible diagnostic devices in several
industry sectors such as medical [1, 2], environmental
[3] and food [4—6]. Field effect transistor (FET) based
chemical and biosensors [7-9] are of interest because
of their fast response, simple structure, direct trans-
duction and label free detection [10—12]. While there
are a large number of studies reported for ion sensitive
FETs (ISFETs) [13-16] based chemical and bio-
sensors on rigid substrates [17-19] over the past few
decades, there are limited studies reported on flexible
substrates [20]. Flexible chemical sensors and bio-
sensors have advantages on account of being light-
weight, having potential of low cost, and being

form-factor amenable. Fabrication of ISFETs on
flexible substrates using vacuum based processes (such
as PECVD, sputtering and ALD) have challenges on
account of high thermal budgets associated with the
deposition and the subsequent annealing of the gate
dielectrics. A class of ISFETSs, electrolytic gated FET's
(EGFETs), have advantages on account of no require-
ment of gate dielectrics (with the electrolytic solution
itself acting as the gate dielectric), and the low
operating voltages of these devices make them suitable
for point of care applications. ISFET based chemical
and bio-sensors on rigid substrates have been demon-
strated with different semiconductor materials such as
Si, GaAs, ZnO and amorphous indium gallium zinc
oxide (a-IGZO). For improving the sensitivity of FET
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based sensors, 1D and 2D materials [7, 9] as the
semiconductor have been investigated; however, their
fabrication processes and the alignment of these
materials within the source-drain region have been
reported to be difficult [21]. The a-IGZO [22-24] is a
suitable candidate for flexible sensors because of the
room temperature deposition (low thermal budget),
superior electrical properties (high mobility, high
Ion/ Lo and low sub threshold swing) and properties
suitable for applications in transparent flexible elec-
tronics [22, 25].

On rigid substrates, although there are several
reports on a-IGZO based ISFETs with separate sensing
layers such as SnO, [14, 18, 26], Ta,Os [16, 27], SiO,
[28], AL,O; [29], there are very few reports [30, 31] on
a-IGZO as the sensing layer as well as the semiconductor
(i.e. in EGFET) [20]. There are few reports in the litera-
ture regarding EGFET' on rigid substrates with organic
semiconductors [32] and grapheme [33] as the sensing
layers. Two classes of flexible ISFETs are reported in lit-
erature, (i) semi-flexible or flex-rigid and (ii) fully flex-
ible. As an example of semi-flexible ISFETs [34], the
sensing measurements were done on the flexible poly-
ethylene terephthalate (PET) substrates with indium tin
oxide (ITO) as the sensing layer, utilizing conventional
rigid metal oxide field effect transistors (MOSFETs)
(with Si as the semiconductor); as an example of fully
flexible ISFETs [35], all components of the device
(including the sensing region) were fabricated on flex-
ible substrates. In this work we focus on fully flexible
ISFETs. There is only one report, of a-IGZO semi-
conductor based ISFET on fully flexible substrates, and
this has an extended gate ISFET structure [36]; and there
is one report of a flexible ISFET with indium zinc-oxide
(IZO) as the semiconductor and nanogranular SiO,
(n-Si0,) as the sensing layer [37]. To the best of our
knowledge, EGFETs with a-IGZO as the semiconductor
as well as a sensing layer, at low operating voltages on
flexible substrates have not been reported yet and this is
the subject of the present work.

In this work, simple and low cost fully flexible
EGFETs were fabricated on PET substrates with
a-1GZO as the sensing layer for both (i) pH sensing as
well as for (ii) detection of prostate specific antigen
(PSA). A bottom contact EGFET structure with ITO as
the source and drain was fabricated by photo-
lithography on PET substrates, and a-IGZO as the
semiconductor was deposited over the ITO at room
temperature by rf sputtering. A reservoir of size
10 x 1 mm?* was made for the sensing application on
the a-IGZO surface with the help of SU 8 epoxy. Bend-
ing tests and stability tests were performed on the devi-
ces. For bio-sensing, few additional fabrication steps
were effected on the same structure at room temper-
ature by introducing a molecular stack to attach anti-
PSA (polyclonal) to detect PSA [11, 38]. Fluorescence
microscopy and atomic force microscopy were con-
ducted for the validation of attachment of the anti-
bodies on the a-IGZO surface.
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2. Experiments

2.1. Materials

ITO coated PET substrates were purchased from
Mianyang Prochema Commercial Co. Ltd (China). A
sputtering target (4’ diameter) for InGaZnO, was
purchased [16, 39] from Able Target Ltd (China). The
standard pH buffer solutions were purchased from
Merck Millipore (India), and made from potassium
hydrogen phthalate (pH 4.0), potassium dihydrogen
phosphate/disodium hydrogen phosphate (pH 7.0),
and boric acid/potassium chloride /sodium hydroxide
(pH 9.0); and were verified by a commercial pH meter.
Epoxy (SU-8 2002), photoresists (PR) 3510 and
tetramethylammonium hydroxide (TMAH) solution
were purchased from Microchem (USA), Allresist
(Germany), and Sigma Aldrich (Germany) respectivly.
Materials for biosensors such as hydrogen peroxide
(H,0,), branched polyethylenimine (BPEI), as used in
our previous work [40] with average molecular weight
of 60000, anti-PSA IgG (polyclonal) and prostate-
specific- antigen (PSA) were purchased from Thermo
Fisher Scientific India Pvt. Ltd (India), Sigma Aldrich
(Germany), Genetech Lab Biotech Park (India), and
Fitzgerald (USA), respectively.

2.2.Fabrication and characterization

2.2.1. Fabrication and characterization of pH sensor
2.5cm X 2.5cm ITO coated PET substrates of thick-
ness 175 pm were used to fabricate the pH sensors. For
device fabrication, the source and the drain utilizing
ITO were fabricated by photolithography. We depos-
ited 30nm [19, 40] and 100 nm [39] amorphous
indium gallium zinc oxide (a-IGZO) by rf sputtering
using the deposition parameters i.e. at room temper-
ature, rf power, as reported in our previous work.
Unlike as in the previous works, here deposition
pressure and the annealing temperature of the a-IGZO
films were 1.0 x 10~ mbar and 100 °C, respectively.
We fabricated the reservoir with SU 8 epoxy using the
protocol described in our previous work [19—40]. For
photolithography, initially the ITO coated PET sub-
strates were placed on a hot plate for 10 min at 100 °C
(figure 1(i)), then positive PR 3510 was coated on the
substrates followed by prebaking at 100°C
(figure 1(ii)). The PR coated PET substrates were
subjected to ultraviolet (UV) exposure for 25 s with the
help of a mask aligner (Karl Suss MA 1006). The
substrates were then developed by tetramethylammo-
nium hydroxide (TMAH) solution and post-baked for
5min at 100°C as shown in figure 1(iii). The
developed substrates, were dipped in an ITO etchant
for the removal of the ITO as shown in figure 1(iv). For
removal of PR, the substrates were subjected to UV
exposure followed by development as shown in
figure 1(v). After fabrication of the source and drain
electrodes, 30 nm a-IGZO as the semiconductor was
deposited by sputtering at room temperature and at
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Figure 1. Fabrication steps of a-IGZO EGFET on PET, (i) ITO coated PET substrate, (ii) PR coating and prebaking of the PET
substrate, (iii) UV exposure and developing of the PET substrate, (vi) PET substrate after ITO etching, (v) PR stripping, (vi) a-IGZO
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9 x 10> mbar deposition pressure in an Ar atmos-
phere. Again 100 nm a-IGZO was deposited as a
sensing layer on top of the semiconducting layer
followed by the annealing of IGZO at 100 °C in
presence of oxygen. After fabrication of the EGFET, a
reservoir of 10 x 1 mm” with epoxy (SU-8 2002) was
made on top of the device by photolithography for
holding the pH solutions, as shown in figure 1(vi). For
the materials and electrical characterizations—x-ray
diffration (Panalytical XPert) measurements were
done for the confirmation of amorphous nature of
IGZO film by varying the 26 values from 20° to 80°,
and a semiconductor parameter analyzer (Agilent
1500 A) was used to measure the current voltage (IV)
characteristics of the EGFET at a low voltage
range (—1-1.5V).

2.2.2. Bending experiments

The bending tests could be performed on the EGFETs
by several methods [41], such as (i) wrapping the
EGFET on a curved surface (the static bending test)
and (ii) repetative bends to a fixed radii on a bending
machine (dynamic bending test). In this work we have
performed the dynamic bending test on the EGFET
using a custom-built set-up [42, 43]. The main part of
the custom-build set-up consists of two rods, the
upper one rotating about its axis and the lower one
being stationary, as shown in figure 2(a). The EGFET

was fixed in between the two rods as shown in
figure 2(b), and the upper rod was rotated a hundred
times in one minute; the bending radius varied from
infinity (figure 2(c)) when the films was planar and
6 mm (figure 2d) when the film was bent to the
maximum. The EGFET was then removed from the
set-up and flattened, and then current voltage (IV)
characteristics were measured. A schematic of the
device in the bent state is shown in figure 2(e). After
subjecting the devices to the bending regime, the
pH sensing of EGFETs were characterized by a
semiconductor parameter analyzer (Agilent 1500 A)
with different pH solutions.

2.2.3. Fabrication and characterization of the biosensor

For fabrication of the biosensor, few additional steps
(shown in figure 3) were made on the structure used
for pH sensing. These fabrication steps were similar to
that used in our previous works [11, 38] with some
modifications such as different concentrations of
glutaraldehyde, different times for hysdrolysis, amine
attachemt and crosslinking of H,0,, BPEI and glutar-
aldehyde, and different amounts (5 pl) of each of the
chemicals used for the immobilization processes. In
step 1, the EGFET was treated with 10% H,0, solution
in Millipore deionised (DI) water for 1 h to hydrolyze
the surface and then washed with DI as shown in
figure 3(a). In step 2, the EGFET was treated with 0.5%

3
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Figure 2. Schematics of (a) the set-up for the bending test, (b) fixing of the EGFET in between the two rods, (¢) inward bending of the
EGFET, (d) outward bending of the EGFET, (e) the EGFET at a state of bending, and (f) photograph of a device.
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Figure 3. Schematics depicting the fabrication steps of the biosensor (a) generation of -OH group on the a-IGZO surface, (b)
functionalization of amine groups, (c) functionalization of glutaraldehyde, (d) immobilization of anti-PSA and (e) detection of PSA

(b) Amine group
functionalization
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of BPEI for 3h for functionalization of the amine
group as shown in figure 3(b). In step 3, 2.5% of
glutaraldehyde in DI water was functionalized on the
reservoir of the EGFET for 1 h to immobilize the anti-
PSA IgG (polyclonal), as shown in figure 3(c). Finally
in step 4, 0.1 mgml " anti-PSA IgG (polyclonal)
solution in phosphate buffer solution (PBS) was drop
casted on the reservior of the EGFET (shown in
figure 3(d)) followed by keeping the substrate in an
incubator for 16 h at 4 °C for the immobilization of

the antibodies. For detection of PSA, 2 ul of PSA was
kept on the antibody immobilized EGFET surface with
concentrations ranging from 1 pgml ™' to 10 ngml ™"
and the sensor surface was rinsed with phosphate
buffer solution (PBS) to remove the adsorbed antigen
and then dried with N, gas figure 3(e) shows the
schematic of PSA bound with the anti-PSA.

Atomic force microscope imaging (AFM) (Atomic
Force Microscope Oxford Instruments, USA) in the
tapping mode and fluorescence microscope imaging
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Figure 4. XRD spectra of (a) ITO film on PET substrate, (b) IGZO film on ITO coated PET substrate annealed at 100 °C.
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(Fluorescence Microsystem, Leica Micro-systems,
Germany) at a wavelength of 494 nm were done for the
validation of immobilization of the antibodies on the
a-IGZO surface. For fluorescence microscopy,
0.1 mgml ' solution of anti-PSA IgG tagged with
Fluorescein isothiocyanate (FITC) in PBS was immo-
bilized on the reservoir. Again, a semiconductor para-
meter analyzer (Agilent 1500 A) was used to measure
the current voltage (IV') characteristics of the EGFET
for detection of the captured antigen.

3. Results and discussion

3.1. Material characterization for pH sensors

3.1.1. X-ray diffraction and atomic force microscopy
Figure 4(a) and (b) present the XRD spectra of ITO
coated PET substrate and the a-IGZO film on the ITO
coated PET substrate, respectively. A sharp peak at 25°
seen in figure 4(a) is attributed to the (222) plane of
ITO [44, 45]. The amorphous nature of the IGZO film
is evident from the spectra seen in figure 4(b).

Root mean square (RMS) roughness of 3 nm was
observed on the ITO coated PET sheets (figure 5(a)),
and while figure 5(b) depicts the surface morphology
of the a-IGZO film, and a n RMS roughness of 4 nm
was observed for the a-IGZO films (figure 5(b)). The
RMS roughness of the a-IGZO film observed here is
comparable to that observed for a-IGZO films on glass
substrates (4.5 nm) [46].

3.2. Material characterization for bio-sensors
3.2.1. Atomic force microscopy and fluorescence
microscopy
AFM was used to observe the attachment of FITC tagged
antibodies on the a-IGZO surface. The tagged Y shaped
antibodies on the a-IGZO surface are seen in figure 5(c).
The RMS roughness of the antibody coated surface is
16 nm (figure 5(c)), which also confirms the attachment
of the antibody on the a-IGZO surface [11].
Fluorescence microscopy was done to check the
antibody immobilization on the a-IGZO surface as
shown in figure 6. The FITC molecules which were
excited by the photons of wave length 494 nm and
emitted at 528 nm, confirmed the immobilization of
antibodies [11,47] on the a-IGZO surface.

3.3. Electrical characterization of the pH sensor and
the bio-sensor

The expression of the drain current (Ips) [30] for the
TFT and the EGFET is provided by the equation below

w
IDS = IU/FECO’CT(% - VTH)VDS > (1)

where pupg is the field effect mobility, C,y is the
capacitance of the dielectric, Vg is the gate voltage,
Vry is the threshold voltage, Vg is the drain to source
voltage, W and L are the width and the length of the
channel, respectively.

In case of the EGFET, the threshold voltage of the
device was determined by the surface potential, 1, which
is generated when the electrolytic solution comes in
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Figure 5. AFM images of (a) ITO coated PET substrate, (b) a-IGZO film, (c) a-IGZO surface after attachment of antibody.
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contact with the a-IGZO surface. The expression of the
threshold voltage is given by the equation [13, 30]

(p 0x
VTH = Eref -+ XSOI - = Q + 2¢F’ (2)
q  Cu

where E,¢is the potential of reference electrode, *lis
surface dipole potential of electrolyte, ® is work
function of a-IGZO, q is unit charge, Q, is combina-
tion of charges on the a-IGZO surface and the
depletion charges, and ¢r is the Fermi potential. In the
above equation, all the parameters are constant except
1; thus a change in the threshold voltage depends only
on V), and v is fixed for a given pH solution and
changes with the change in the pH (from 4 to 9 here).

3.3.1. pH sensing characteristics of the EGFET

The EGFET was operated at a low operating voltage
from —1 to 1.5V at a constant drain voltage of
500 mV. A positive shift in the gate voltage w as
observed when the pH varied from 4 to 9 as shown in

figure 7(a). In the EG FET, the protonation and
deprotonation [48] occurs at the a-IGZO surface when
the electrolytic solution comes in contact with it.
Depending on the concentration of the generated H"
ions, the corresponding positive gate voltage acts on
the a-IGZO surface, which causes increase in the drain
current as a function of gate voltage as shown in
figure 7(a). As the pH value is increased from 4 to 9,
the H" concentration decreased, and a higher voltage
is needed to turn on the device resulting in an
increased V. The change in the surface potential on
application of the charges, generated by the electrolytic
solution is given by the following equations [13, 49]

L L2 | 3)
dpH q
where o is the sensitivity parameter and is expressed as
-1
a=[2'3’2‘T9+1) , @
a O
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Figure 6. Fluorescence image of FITC tagged antibody.

where k, T, C; and [, represent the Boltzmann
constant, temperature, surface capacitance, and sur-
face buffer capacity [50, 51] respectively.

A pH sensitivity of 20 + 2mV pH ' (based on 3
devices) is obtained here, and the sensing character-
istics of one such device is shown in figure 7(a). As
mentioned, there are no other reports on EGFETSs on
flexible substrates, hence we benchmark our results
with rigid EGFETSs and with flexible ISFETs. For rigid
EGFETs on Si/SiO, substrates, pH sensitivities of
24 mV pr1 [40] and 32 mV pr1 [30] with a-IGZO,
and 26 mV pH ™' [33] with graphene as the semi-
conducting/sensing layer have been reported. For
flexible ISFETs on PET substrates, sensitivities of
37 mV prl [52] with IZO as the semiconductor, and
50 mV pH ' [53] with a-IGZO as the semiconductor,
both having extended gate structures have been repor-
ted; and on polyimide (PI) substrate with a-IGZO as
the semiconductor, sensitivity of 51 mV pH ™' [20] has
been reported. Recently, sensitivity of 55 mV pH '
[54] has been reported for flex-rigid ISFET on cellu-
lose paper with an extended gate structure.

3.3.2. Stability and bending of EGFETs

To characterize the stability of the devices, we have
tested the EGFET after 7 months of fabrication by
keeping it in ambient conditions. A small change in
the Vg from 1.0 to 1.3V, and change in Iog from
1.3 x 10"*to 4.3 x 10~'° A as shown in figure 7(b),
was observed after 7 months. We tried to understand
this behavior from previous related studies. Exposure
of a-IGZO TFT to dry ambient resulted in decreased
Vru accompanied by increased Iopp, and this was
attributed to the increase in the charge carriers due to
the decrease in the oxygen-vacancies which acts as

donor-like states [55]; exposure of a-IGZO TFT to
humidity resulted in increased Vry accompanied by
decreased Iogg, and this was attributed to the decrease
in the charge carriers due to the increase in the
acceptor-like states caused by the water molecules
[56]. In our case, the humidity in the air could be one
of the reason for the observed behavior. Figure 7(c)
shows the transfer characteristics of the EGFET at
pH 7 before and after the bending test. Before bending,
the Ion/Iopr of the TFT was 4.6 x 10° and after
bending, it decreased to 7.3 x 102, but still demon-
strated the TFT characteristics. As mentioned, there
are no reports on flexible EGFETSs, and there are very
limited reports of bending tests on ISFETs; in one
report, Liu et al [52], found no change in the TFT
characteristic after static bending where the device was
wrapped on a cylindrical surface of radius 1.0 cm (i.e. a
bending radius of 1.0 cm) and the current voltage (I-
V') characteristics were measured, while in our case we
performed dynamic bending with the help of custom-
built set-up with bending radii 6 mm.

3.3.3. Bio-sensing characteristics

The objective of this part of the study was label free
detection of PSA by the EGFET at a low operating
voltage (—1-1.5V). PSA  concentrations of
3—4ngml " have been reported to be threshold for
prostrate cancer [57]. In this work, studies on the
detection of PSA in the concentration range
1pgml '-10ngml~" in PBS were conducted. The
drain current in the EGFET was investigated before
the immobilization of anti-PSA, after the immobiliza-
tion of anti-PSA, and after binding of PSA (10 ng ml "
in buffer solution) with the anti-PSA. In the bare
device, a lower Iopr (4.8 x 107'°A) was observed

7
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Figure 7. (a) The transfer characteristics of flexible EGFET at pH value ranging from 4 to 9, with the sensitivity curve shown in the inset,
(b) stability of EGFET as fabricated and after 7 months at pH 7 and (c) change in the drain current before and after bending at pH 7.
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which increased (4.6 x 107 A) after the attachment
of anti-PSA, and this is attributed to the accumulation
of higher negative charges inside the a-IGZO channel;
a similar trend was observed by Reyes et al [58] in a
ZnO based immunosensor where the epidermal
growth factor receptor (EGFR) protein was used. PSA
is usually a negatively charged molecule [59] thus
when it is attached with anti-PSA, a slightly positive
charge is generated at the a-IGZO surface because of
the electrostatic interaction (non-covalent bonding) of
the antigen-antibody pair [11]. Thus after the binding

of PSA with anti-PSA, the Iopp was further decreased
(5.9 x 107" A)as shown in figure 8(a).

The detection of PSA in the concentrations
1pgml ™" to 10ngml " in PBS were tested and the IV
curves are shown in figure 8(b). It is observed that as the
concentration of the PSA antigen increased from
1 pgml~" to 10 ngml ™, the Vy; of device increased and
the Iopp of the device decreased. As the PSA concentra-
tion increased, the negative charges inside the a-IGZO
channel decreased because of the decrease in the effective
positive voltage at the a-IGZO surface, resulting in higher
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Figure 9. pH sensing of (a)—(c) three EGFETSs (d) another bio-sensing EGFET.

Vry and decrease in Iogg, Similar trends in the IV char-
acteristics and a comparable limit of detection
(~6pg ml 1) [8, 11] were obtained for PSA detection in a
dual-gate TFT device with MoS, as the semiconductor
on Si/SiO, substrate [59], and with a silicon nanowire
based FET [60, 61]. In the calibration curve the voltage
shift with the concentration of PSA is shown in
figure 8(c). There are two slopes in figure 8(c)—one of
about 2.5 mV dec ™" for the PSA concentration range of
1-100 pg ml ™" and other being about 22.5 mV dec ™' for
the PSA concentration range of 100—10 000 pg ml ™.

3.3.4. Reproducibility of EGFET
We tested the reproducibility of the process for making
the devices for both pH sensing and bio-sensing. Three
EGFETs fabricated under identical conditions provided
pH sensitivities of 18 mV/pH, 22 mV/pH and
20mV prl as shown in figures 9(a)~(c). For PSA
detection, we have fabricated one more EGFET bio-
sensor and found the same trend in the transfer
characteristics such as (Vry increasing and Iopg decreas-
ing with increasing in the PSA concentration
(1 pgml~'-10 ngml ") as shown in figure 9(d). These
devices were best used for a one time measurement only.
As mentioned in the introduction section, in the lit-
erature there are no reports on EGFET based chemical

and biosensor on flexible substrates, there are a few
reports on ISFET for chemical and bio-sensing on flexible
substrates, and there is only one report of EGFET on rigid
substrates. In table 1, we have compared the device struc-
tures, materials used, and the sensitivity of other flexible
ISFETs with our work.

4. Conclusions

In this study, we have demonstrated a-IGZO based
flexible EGFETs on flexible PET substrates as pH sensors
and as label-free biosensors for the first time. IGZO was
used as semiconductor/sensing layer with ITO as the
source and drain electrodes. Materials and electrical
characterizations of the devices were conducted. pH
sensitivities of 20 - 2mV pH ' were obtained. Further
improvement in the sensitivities could be obtained by
using different materials (e.g. 2D) and device structures
(e.g. dual date) which are a subject of future work. The
stability of the devices was tested by comparing the test
parameters after 7 months of storage in the ambient. A
slight increase in Vry (1.0-1.3 V) and a decrease in Ig
(1.3 x 1078 t0 4.3 x 107'° A) was attributed to the role
of moisture. Dynamic bending tests (100 repetitions
in a minute of varying the radius between infinity and
6 mm) were performed and the device showed TFT
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Table 1. Comparison of ISFET based chemical sensor and bio-sensors on flexible substrate and EGFET based chemical and bio-sensor on rigid substrates.

Performance
S.N. References Structure Substrate Semiconductor Sensitivity (mV/pH) Detection range of bio-sensor
1 Nakata et al [20] ISFET with extended gate Flexible (PT) IGZO 51
2 Bhatetal [35] Flexible (PET) Si — 1-80 mM
3 Lueetal[62] Si 50 —
4 Smith et al [36] I1GZO 50 —
5 Liuetal [37] 1GZO 37 —
6 Leeetal [59] MoS, — For human IgG 100 pg ml~'-10 fg ml ™!
Rigid ForPSA1 pgml~'-10 ngml ™!
7 Huangetal [61] polySi nanowire — For PSA —5 fg ml~'-500 fg ml ™"
8 Chaeetal [30] EGFET 1GZ0O 32 For alpha-synuclein (aS) proteins —10 fg ml'-1 ng ml™!
9 This work Flexible (PET) 1GZO 20 ForPSA1pgml ™' —10 ng ml™'
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characteristics with a reduced Ion/Iorr (4.6 x 10° to
7.3 x 10°) after the test. The use of thinner substrates and
other substrate materials for improved bending perfor-
mance is a subject of future work. As a biosensor, PSA
detection of concentrations ranging from 1 pgml " to
10 ng ml~" was demonstrated.
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