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Abstract—Thereis limited work on understanding Schottky
barrier (SB) field-effect transistor (FET) behavior, and sub-
sequent evolution of sensitivity metrics under wet detection
conditions for neurotransmitter sensing applications. In this
work, we report low-power deep subthreshold (DST) charac-
teristics of SB InGaZnO4 (IGZO) thin film transistors (TFTs)
and implement this regime for sensitive and selective ex
vivo detection of Dopamine against Adenosine Triphosphate
(ATP). Device regeneration was performed under liquid solu-
tion environment over 34 days and sensor response was
observed to drift less than two orders of magnitude. Never-
theless, the quantified trends due to buffer solution baseline
versus target conjugation were virtually preserved across
the TFTs. Widely improved detection metrics were extracted
from the detection tests, namely the limit of detection (LoD)
in the 100fM-100pM range, a binding affinity (kp) between
2.03 x 10711-3.02 x 10~2M limits, and high sensitivity around
31-42mV/decade of target concentration. Although a steady
drift with clear, repeatable differences between the device
state at the start and end of the 34-day period were obtained,
these devices were functional even after the regeneration test
period. Such results can be used to estimate the regenerative
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lifetime of TFT biosensors under aptamer-immobilized solution environment detection conditions.

Index Terms— Biosensor, thin film transistor, IGZO, aptamer, dopamine, detection, drift, regeneration.

I. INTRODUCTION
O UNDERSTAND the evolution of brain functions
in the context of patterns in neuronal activity and
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their correlation to complex behavior, it is imperative that
next-generation sensors with high accuracy, multiplexed
operation, multi analyte detection capabilities with ultra-
sensitive and ultra-selective features are developed in a non-
destructive, non-invasive or minimally-invasive manner such
that they find applications in point-of-care platforms, diag-
nostics research, biomedical/healthcare industry, behavioral
modeling, and wearable technology domain [1]-[6]. Therefore,
it is important to quantify spatial and temporal neurotrans-
mitter dynamics in real-time to explore their influence on
neuromodulation of brain and body functions, on stimuli
response, and on processing information, whether in serum,
plasma, sweat, or urine. One of the major neurotransmitters,
Dopamine is a catecholamine with the chemical name 2-
(3,4-dihydroxyphenyl) ethylamine. It plays a crucial role in
brain functions, renal system, hormonal functions, motor func-
tions, and in the cardiovascular system. Within the cen-
tral nervous system, Dopamine controls neuroendocrine and
cognitive functions. The clinical concentration of Dopamine
varies in the 100pM-1nM range within the blood-brain barrier,
whereas in the 10pM-1mM range in serum and/or plasma.
Dynamic or long-term imbalances in such concentration
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ranges may lead to mainly neurodegenerative disorders and
psychiatric conditions such as Schizophrenia, Alzheimer’s,
Parkinson’s disease, etc. Dysfunction of the mesolimbic
dopaminergic system (Dopamine-DARPP32, PARK16, DRD4,
COMT) has been implicated in chronic pain, depression,
and opioid abuse as it plays salient roles in reward-risk
behavior [7]-[10].

Purely electronic devices such as field effect transis-
tors (FET) can reveal a change in transconduction due to
the presence of target modified charged or uncharged aptamer
motifs on channel surface, where the added advantage is one
of amplification, and in turn higher sensitivity to dynamic
changes in real-time as well as low power operation and
integration with flexible substrates. To have a holistic under-
standing of genomics, expression studies and proteomics are
essential, and it is anticipated that FET platforms can in
the future enable the analysis of quantitative and relative
changes in Dopamine concentrations in animal and human
brains. Such properties can be incorporated through amor-
phous oxide semiconductors like InGaZnO4 (IGZO). The
reason for the prominence of IGZO in display technology and
its foray into other disciplines can be primarily attributed to
the requirement of spherically symmetric conduction bands
with large ionic radius which allow efficient carrier transport
and circumvents the condition for organized lattice or long-
range order. This in turn scales down the thermal budget for
the development of such films. The simplest form for the
above criteria are ns orbitals which are predominantly found
in cations from Group 12 and 13 of the periodic table. Within
this group, In, Ga, and Zn have high incidence of binary
oxide formation, which means that each of their cationic
effects can be isolated and analyzed (details in SI). Therefore,
IGZO films exhibit conventional CMOS process complexity,
lower than CMOS thermal budgets, good structural flexibil-
ity, low leakage due to the wide bandgap, high mobility
due to primary ns orbital transport, and threshold voltage
stability [11]-[17].

IGZO thin film transistors (TFTs) mainly find applications
in display circuits and therefore their original motivation was
high drive current. For this reason, they were explored at
near-threshold or above-threshold operational regions with
equivalent high biases and Ohmic contacts. In above threshold
region, the high voltage biases restrict low power operation
and hence it is incompatible with wearable integration. When
it comes to biosensor applications, noise immunity and low-
power operation are more important. It is true that conventional
FETs can be operated in the subthreshold regime and allow
higher sensitivity due to the power dependency of the drain
current on the gate voltage and the subthreshold slope with
modulation from perturbations of the recognition elements
after target conjugation [18], [19]. However, in the subthresh-
old regime, although unity voltage operation is theoretically
possible, it comes at the cost of inhibited FET output resistance
(rp) due to the non-flat profile of output trends in saturation
and hence limited intrinsic gain (A;).

Low intrinsic gain leads to low sensitivity due to low
resolution of amplification of target conjugation signals. In this

context, a deep subthreshold regime (DST) at low voltage
biases can be easily extracted for Schottky barrier (SB)
TFTs due to the predominance of metal-semiconductor (M-S)
barriers which dictate the field emission and thermal emis-
sion transport at such low biases rather than the channel
resistance. The channel resistance for SB-TFTs only comes
into action when the Schottky barrier is overwhelmed by the
threshold or above-threshold operation points. Due to this
modulation of the barrier height even at low operation points
of Vps = 200mV and Vgs = 500mV in our devices, the
output resistance (rp) became virtually independent of the
drain-source bias and was a function of only the gate bias.
By its almost flat profile in saturation, rp magnitudes were
higher than conventional FETs, which led to a higher intrinsic
gain factor A; [20]. Since the above operation points are also
applicable when the TFTs are used as biosensors, therefore at
such small operation points and drive currents, any nanoscopic
perturbance on the active surface tends to manifest as an
incremental change in the current signal such that standby
power consumption is given by Io X Vpp &~ 1-100nW and
hence the ultra-low power is ascribed to this characteris-
tic. CMOS voltage operational points currently remain in
the 0.9V-1V regime and hence we aimed to define our
detection strategy within this range to promote CMOS
logic compatible unity voltage (<1V) and ultralow power
operation.

Recently, SB-IGZO-TFTs operated in DST have been
reported as biosensors for Dopamine detection [13], [21].
Here, the presence of a source side Schottky barrier and
depletion region in reverse bias, modulated by the gate bias,
facilitates carrier injection or extraction which predominantly
controls the carrier transport across the M-S interface. Though
these initial findings are promising, any biosensor in contact
with relevant tissues or fluids in vivo will demonstrate a drift in
performance over time due to slow surface reaction with the
tissue or fluid electrolytes, especially H species. This raises
question about the reliability and operation of FET based
sensors in liquid environments. Therefore, it is our endeavor to
quantify such drift and regeneration capabilities over a period
of time of the order of days instead of a general evaluation
over hours or minutes [22], [23]. A detailed understanding in
this area will help design of peripheral circuits with adequate
tolerances such that detection metrics remain within a sat-
isfactory range. Such an evaluation would allow the design
of readout circuitry which are drift-aware with necessary
calibration. In this paper, we first report the performance of
SiO, passivated SB-IGZO TFT as a Dopamine sensor with
high sensitivity and selectivity. Then, we perform short term
(~34 days) device regeneration studies with accompanied drift
under the presence of aptamer surface modification “click”
chemistry to evaluate the change in metrics of limit of detec-
tion (LoD), sensitivity (Hill slope), maximum saturation signal
(Smax), and binding affinity (kp). These studies provide a
comprehensive understanding on the changes and drifts in the
device behavior in pristine and under solution environment
aptamer-target conjugation conditions for acceptable biosensor
operation.
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Fig. 1. (a) Devices after deposition of W top electrode to form

source/drain contacts. (b) Patterned devices after UV lithography, devel-
opment, and W wet etch. (c) Sputter deposition of 2.99nm of SiO» as
the passivation layer on top of patterned areas. (d) Presence of hydroxyl
(-OH) bonds on SiO» after deposition, PR strip, and liftoff. (e) Alkyne
terminated carbamate silane modified surface. (f) “Click” chemistry
reaction between silane terminal alkyne and azide modified Dopamine
aptamer. (g) Before detection aptamer immobilized passivation layer
surface.

[l. MATERIALS AND METHODS
A. Schottky TFT Fabrication

The TFTs were fabricated on a 4-inch p-Si/SiO; substrate
with a bottom gated, inverted staggered topology (Fig. 1(a-d)).
Room temperature (RT) radio frequency (RF) magnetron
sputter process was used to deposit adhesion promoter Ti
and bottom gate Ru in situ with no chamber vacuum break
in an Ar gas environment. Thereafter, amorphous HfO, film
with short range order was deposited at 250°C as the high-k
dielectric through atomic layer deposition (ALD). This was
the maximum temperature used in the entire fabrication flow.
The precursors were Tetrakis(dimethylamido)hafnium (IV)
(Hf[N(CH3)2]4) as the Hf source and remote RF O, plasma
as the oxygen source. A 50mm (2”) diameter, 6mm thick
sintered ceramic disk of Inp03:Ga03:ZnO with a 1:1:5 molar
ratio was used to deposit stoichiometric InGaZnO4 layer on
top of the HfO; film through pulsed laser deposition (PLD)
at 25°C. A post IGZO deposition anneal was performed at
200°C in air ambient for 30mins to recover device properties,
repair any damaged tracks in the layers, and to improve
the IGZO/HfO; interface. Top electrode W was deposited
through sputter process and the TFTs were patterned into
active regions through UV photolithography. The devices had
mask dimensions of W/L=1300xm/200xm. Channel passiva-
tion layer (PL) SiO, was sputtered on the patterned wafer
after W was wet etched from active channel areas, whereas
the source/drain W areas were still protected by the positive
photoresist which formed a soft mask for SiO».

B. Surface Modification and Aptamer Immobilization

The hydroxylated surfaces were treated chemically via
undiluted Silane coupling agent 90% O-(Propargyl)-N-
(Triethoxysilylpropyl) Carbamate with an alkyne termination
group which was drop casted on the devices laid in a
petridish for overnight reaction of approximately 16hours
to prepare alkyne-terminated SiO; hybrid interfaces. It is a
trialkoxy silane with olefin functional group that belongs to the
organoethoxysilane chemical family. The hydroxyl-terminated
Si0, surface associates through covalent Si-O bonds to bind
the hydrolyzable group such that the 57-nucleotide 1uM
Dopamine DNA oligonucleotide with a 5’ azide (NHS Ester)
modification can attach to the alkyne anchor (5’ — Azide — GT
CTC TGT GTG CGC CAG AGA CAC TGG GGC AGA
TAT GGG CCA GCA CAG AAT GAG GCC C - 3).
Thereafter, ethanol and DI water was used to clean the
surface. For the “click” reaction on SiO, surface, coarse amor-
phous powder Cu(I)Br was used as the catalyst. A calculated
amount of Cu()Br crystal was added in a volumetric flask
to SmL of 20mM TBS and vortexed for Imin to produce
a 10 mM strength of aptamer buffer solution (Cu(I)Br+TBS
solution). The Dopamine aptamer stock aliquots (2uL) were
centrifuged for 15s at 10000rpm. A 1000-fold dilution was
used to reduce the 200uM (0.2mM) aptamer stock to con-
centrations of 200nM for aptamer immobilization. This was
performed through the mixture of the entire 2ul. 200uM
aptamer stock aliquot with 2mL. 10mM Cu(I)Br + TBS
solution as prepared above and then vortexed for 1min. This
final Dopamine aptamer + Cu(I)Br + TBS solution was finally
placed on silanized devices at room ambient temperature
(Fig. 1(e-g)). Different incubation times were tried between
10mins to 18hours, and the best stable data was observed
from devices with 10mins incubation. Hence, for the rest
of the experiments, 10minutes was fixed as the standard
incubation time. This was followed by a DI water rinse
and Nj dry.

C. Target Preparation

ATP disodium salt target (Molecular weight 551.14g/mol)
was dissolved in 8mL 20mM (0.1X) TBS buffer and a
final concentration of 100mM was obtained after addition of
crushed NaOH pellets and DI water to bring the pH to 7.4 and
final volume to 10mL. Thereafter, the ATP target was seri-
ally diluted to 10nM/100 nM concentrations. Photo-unstable
Dopamine target could be prepared only before target conjuga-
tion to aptamers for detection studies. For this, 12.1M original
HCI solution was diluted to 100mL 0.1M HCI solution final
volume in DI water and vortexed for Imin. Dopamine activa-
tion was achieved through dissolution of synthetic Dopamine
hydrochloride in the 0.1M HCI (pH~1.14). For this, Dopamine
hydrochloride (Molecular weight 189.64g/mol) was dissolved
in 20mL 0.1M HCI solution prepared above and vortexed to
produce a ImM stock concentration of Dopamine target. Mul-
tiple target concentrations from 100fM to 100nM were then
prepared for target detection in 0.1X~20mM TBS through
serial dilution.
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I11. RESULTS AND DISCUSSION
A. Pristine Deep Subthreshold Behavior

The devices were electrically characterized under ambient
environment at RT of 298K in a Cascade Microtech MPS150
Probe Station with a Keithley 4200A Semiconductor Char-
acterization System (SCS). Factors such as channel carrier
density, passivation of oxygen vacancies in the channel, diffu-
sion/drift mechanism, architecture, and work function of the
metal electrode dictate the charge carrier injection or extraction
across a junction composed of a metal-semiconductor-metal
(M-S-M) [20], [21], [24], [25]. Traditionally, low resistance
Ohmic or bad Schottky contacts, are formed from metals
which have a low work function and form a low M-S
barrier profile hypothetically. In channel oxides with carrier
concentrations in semiconducting regimes (<10'%cm~3 carrier
density), such low barriers enable high conductance, high
mobility, and linear behavior. However, in higher carrier con-
centrations (>10cm™=3 carrier density), this can cause loss
of switching control, non-modulation of device behavior with
gate bias, increased gate leakage, and increased off current in
TFT operation. In such cases, high barrier Schottky contacts
can be used instead to tightly modulate channel conduction
due to a higher series drift resistance that induces rectifying
non-linear behavior and suppresses leakage. Particularly in a
positive quadrant operation, the source side Schottky barrier
limits the emission current in the deep subthreshold and
subthreshold regime, whereas in the above threshold or “on”
state, this barrier effect is transparent to carrier flow because
of the channel resistance dominance.

Due to such manifestation in device characteristics only
at below threshold operation, Schottky barrier TFTs in this
study have been demonstrated to operate at low voltage biases
(<1V) in the deep subthreshold regime (near “off” state) such
that their standby power consumption given by Iy X Vpp
is low (=1nW). In case of amorphous oxide semiconductors
(AOSs), the presence of electron rich cationic ns orbitals and
electron deficient oxygen np orbitals lead to an interesting
hybridization that occurs when these two species are brought
together within the amorphous microstructure as shown in
Fig. 2(a). Under normal oxygen deposition environments or
removal of oxygen post-deposition, there are fewer unbonded
oxygen present that leads to oxygen vacancies (Vo) whereas
the electron rich cations In, Ga, and Zn tend to donate their
electrons to the hybridized orbitals to achieve a lower energy
state, and hence become conduction electrons when they create
such shallow donor levels. Such vacancy content in a film is
qualitatively related to the lattice bound oxygen percentage
sans the interstitially bound oxygen. Therefore, it can be a
measure of the free carrier concentration in an AOS. Hence,
the passivation of vacancies and reduction in channel carrier
density go hand in hand. There seems to be an inverse relation
between increase of oxygen partial pressure on deposition
or thermal treatments in oxygen ambient, and a decrease in
the Vo levels with a corresponding decrease in the carrier
concentration.

Consequently, there are two main approaches to form the
non-ideal Schottky interface at the source/drain M-S contacts.
First would be to bring the carrier concentration to semi-

conducting levels through oxygen partial pressure adjustment
at the deposition stage itself or after-deposition or after-
fabrication thermal treatment to alter the oxygen vacan-
cies [15], [26], [27]. Second would be to use a semiconductor
with a work function (and electron affinity) that is sufficiently
different from the metal work function and therefore can form
Schottky barriers at the M-S-M junctions without any change
of deposition or thermal conditions. Furthermore, from previ-
ous studies, it has been inferred that as carrier concentration
increases, the barrier height decreases under constant molar
and atomic target compositions. Similarly, barrier height has
a direct dependency on temperature through the well-known
diode current relation. The molar stoichiometry as such can
be adjusted by adjustment of partial pressure of oxygen in
deposition, and therefore there is a direct linear correlation
between oxygen and barrier height.

From ideal heterostructure band analysis, we determined
that W as source/drain metal would theoretically provide a
built-in barrier height of ~0.35eV at the metal-semiconductor
junction [13]. This is theoretically above the Ohmic contact
ceiling and could play a role in the quasi-Schottky rectification
of the devices. However, we observed a higher experimental
zero bias barrier height qppo &~ 0.531eV as the two materials
were brought into contact such that there was movement of
majority carriers from one material to another due to the
equalization of Fermi levels based on discrepancy of their
individual work functions (electron affinity in case of the
semiconductor). Therefore, a barrier is created at the M-S
interface that impedes the carrier transport. Charged interface
states within the semiconductor bandgap may be created due
to the abrupt chemical termination of the semiconductor lattice
against the metal. Such metal-induced gap states (MIGS) may
be occupied by majority carriers that effectively lead to the
pinning of the bandgap center to the Fermi level and as
such, the barrier height has negligible dependence on the
work function of either material, in contrast to the Schottky
barrier definition, and hence the higher observed initial value
above. Fortunately, the pinned Fermi level at the M-S interface
showed an experimental dependence on the bottom gate bias
and a clear barrier lowering was observed across device
characteristics with incremental gate steps.

The qualitative behavior of metal-semiconductor junctions
at the source and drain can be evaluated by a sweep on
one terminal and the other terminal remains grounded. From
Fig. 2(b), a rectifying behavior is observed in the linear
current-voltage data of the M-S-M diodes with a floating gate
as well as stepped gate bias. The main contributor to this
charge transport is the highly resistive semiconductor channel.
For an n-channel, under positive applied bias, the predominant
limitation on current emission is the reverse biased Schot-
tky diode on the source side. An effective ideality factor
of 1.0014 was extracted from the reverse biased Schottky
trend. The ideality factor seems reasonable given the fact that
such values remain between 1-1.2 for Schottky diodes and
>1.2 for pn junction diodes. For the output IV plot, at an
extremely low bias on the drain terminal, the Schottky diode
on the drain side transitions from equilibrium to a forward
bias that governs the leakage and quasi-linear/quasi-Schottky
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Fig. 2. (a) Hybridization of ns (from metal M: In, Ga, Zn) and np orbitals (from oxygen O) in IGZO to form the shallow donor levels in the presence
of oxygen vacancies to provide conduction electrons for channel transport. Conduction electrons are scarcely available with the passivation of
oxygen vacancies. (b) M—S—M IV trends that show the Schottky nature of the barrier and the same in linear scale (inset). (c) Transfer characteristics
at Vpg = 0.2V wherein a deep subthreshold regime with low gate leakage next to the OFF state was extracted. (d) Output behavior within the
deep subthreshold regime (Vgs.Lo t0 Vgs-ni) to obtain the output conductance and resistance for intrinsic gain determination. (e) Complementary
transconductance (gn,) and output resistance (rg) behavior used to extract device intrinsic gain A;. (f) Stable intrinsic gain nearly two orders of
magnitude higher than ohmic IGZO TFTs for the deep subthreshold region of operation.

transport respectively. At some point, a larger drain bias firmly MOSFET devices. Although a 25nm thin HfO insulator layer
establishes the forward biased drain Schottky diode, in which should lower tunneling probability to limit the gate leakage
case, the source becomes reverse biased and governs the entire  to very small ranges (<1pA as achieved in our unpassivated
channel transport whereas drift phenomenon governs the drain  devices), we observed a higher <10pA leakage current across
carrier collection. Thus, at any given Vgs, the channel current the device due to the formation of a leaky SiO, PL, which
is dominated primarily by the reverse saturation emission structurally and optically plays the role of channel protection,
current of this source diode. Therefore, with a positive sweep but comes at the cost of increased interface state density as
of drain bias and fixed gate bias, there is a gradual transition evident from the total interface state density from these devices
of the drain barrier limitation to a source limitation until the ~6.65 x 10>cm™2eV~! compared to 3.72 x 10"2cm™2eV~!
Schottky barrier on the source side definitively dominates and from the unpassivated devices [21]. On translation to the gate
saturates the channel transport. Gate bias steps modulate this bias steps in the output characteristics, early saturation was
source Schottky barrier through a lowering of the barrier height achieved inside this deep subthreshold regime, and at the
to increase thermionic emission relative to thermionic field highest stepped gate bias of 0.5V, the upper limit of drain
emission or quantum mechanical tunneling across the M-S to source transition voltage was around Vps.r ~ 0.28V
junction, because of which the devices show earlier current (Fig. 2(d)). This can be used to define the operation of these
saturation with flatter output curvature profiles. This yields a  biosensor TFTs in the output saturation region which implies
higher intrinsic gain that is important for high sensitivity. the operation about unity voltages such that the measured
To enable unity voltage operation, a deep subthreshold signals in detection experiments remain stable with negligible
region between InA and 100nA near the OFF state was drift. The two drain biases, one where the drain side barrier
defined from the transfer characteristics (Fig. 2(c)) such that lowering allows a leakage to a quasi-Schottky barrier transport
the gate voltage limits were extracted as Vgs.Lo = OV and and another where this same transport changes from a quasi-
Vgs-ui = 0.5V for this deep subthreshold region. Hence under  Schottky to a saturation one due to the source side reverse
biosensor wet tests, these limits along with a drain bias of 0.2V bias limitation on the current, are Vps.1o, and Vps.tr.
would signify the upper and lower bounds of the high intrinsic Especially in the saturation region, at any increment beyond
gain unity voltage operation. The objective is to design the Vpgs.tr, almost flat characteristics were obtained that indicated
operation point of the biosensor TFTs specifically inside higher than normal output resistance. There is negligible
these bounds to incorporate the amplification attributed to relative change in both Vpgs.1, and Vps.1r between Vgs.1, and
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Vgs-ni- The output resistance and transconductance obtained
from the deep subthreshold regime at a drain bias of 0.2V
(Fig. 2(e)) show complementary behavior with increase in gate
bias. At Vpg = 0.2V, the intrinsic gain A;j = g, X rp was
determined to be highly stable (~1000) and the highest gain
was obtained at gate voltage of 0.5V (Fig. 2(f)). In preliminary
sampling at the noise floor and at Vgs = 0.1V, Vpg = 0.2V
(not shown), devices exhibited high stability in the pristine
state for approximately 20minutes, which strengthens the moti-
vation for biosensor operation because in biomolecule detec-
tion, average temporal resolutions lie within this range. Hinged
on the upper limit of the transition voltage Vps.tr ~ 0.28V,
we chose the drain bias for uniform saturation operation as
Vps = 0.2V, and together with Vgs = 0.5V, can be defined
for device operation to extract sensor metrics. Therefore,
the operating point of the biosensors may be defined and
selected according to the analysis above. In this way, the
low drain bias («1V) would not exceed the buffer solution
electrochemical windows that are placed on the back channel.
It should also prevent local work function change of the
source/drain contacts under wet buffers and allow the device
to be sampled at regular intervals with the target analyte for
real-time analysis.

B. Target Detection

For a bottom gated design, the semiconductor back-channel
may be exposed to subsequent source/drain etch process
steps, illumination degradation as well as other ambient
contaminants. Acceptor levels in the IGZO bandgap are
provided by the conversion of Oy(g) + e~ — 0>~ (s)
from the surrounding oxygen on the back-channel surface
and can push the device towards depletion mode operation
whereas HyO(s) + ht — H;O%(s) from moisture adsorbed
from the environment may allow the predominant forma-
tion of surface hydroxyls (-OH) on the unpassivated back-
channel and reinforces the enhancement mode operation of the
n-type channel. To prevent such unwanted effects of ambient
contamination, ingress of different environmental gases on
the surface, and bias illumination instability, however without
any protection from source/drain definition processes, back-
channels are normally protected by an insulative PL such as
SiOx, Si3Ny, HfOy, Al,O3, organic polymers, etc. On the other
hand, the Debye-Hiickel length on top of the unpassivated
surface allows closer proximity of the target biomolecules
towards the back-channel which is amplified by an intrinsic
gain of a purely electronic device such as a TFT and allows for
improved detection metrics [6], [21]. Therefore, there could be
a tradeoff between incorporation of back-channel/source/drain
protection schemes and detection metrics of a bio-detection
platform based on the quality and thickness of the protective
layers.

To partially answer the above issues, we incorporated a
back-channel PL SiO, on top of the IGZO layer through
sputter deposition. The signals that arise from target-aptamer
conjugation depends on a multitude of factors and for higher
sensitivity, it is important that any surface areal event induces
changes in some form on various electronic parameters in the
channel, in this case the drain current. This may be possible

through a better selection of surface recognition elements
which are as close to ideal as possible (maximum surface
coverage, zero non-specific binding, zero steric hindrance,
maximum specificity, etc.). Alternatively, the device itself can
intrinsically magnify any small signal if the inherent gain
factor of the device is high such that the resolution is also
improved. Since the calibrated response, and consequently the
sensitivity of a biosensor is dependent on the amplification
attributed to the electronic device, therefore SB-TFTs with
a higher inherent amplification factor have a complimentary
prospect of improved sensitivity. This supplements the use of
SB-TFTs for biosensor applications. Additionally, SB-TFTs
behave differently than conventional TFTs as they circum-
vent the need for weak inversion versus strong inversion in
conventional devices and operate primarily through charge
accumulation. For mass production purposes, traditionally
doped source/drain requires accurate activation and drive-in
process which is non-existent in metal-semiconductor based
SB-TFTs with a straightforward low temperature process that
bypasses the need to form operable Ohmic contacts and in
effect precludes complex fabrication flow.

Electrical data was collected from the devices in the form
of DC current-voltage (IV), capacitance-voltage (CV), and
sampling behavior under pristine and under the influence of
solution placed on the device surfaces within a polydimethyl-
siloxane (PDMS) well especially fabricated to define the
exposure of SiO> PL to such non-physiological buffer and
spiked analyte solutions. Additionally, the wells also prevented
any crosstalk by isolating the action of the solutions on spe-
cific devices in comparison to other surface modified devices
physically, although the inter-TFT distances were >5mm to
begin with. As can be seen from Fig. 2(c), the gate leakage
in relation to the transfer trends of the DC IV is extremely
low in the range of a few pA and in addition to the 200mV
bias on the drain side, presented another barrier to electrode
fouling, operation beyond the electrochemical window of the
buffer analyte solutions, and crosstalk.

The detection tests were performed in identical settings
as the pristine device tests with a bottom gate top contact
configuration and liquid solutions were placed within the
PDMS wells, different from ion sensitive FETs (ISFETSs)
whereby an electrolyte gate is used to gate the channel directly
through the electrolytic solution in the absence of an intrinsic
device gate. Dopamine target-concentration dependent changes
were observed in the transfer current of the devices across a
wide range from 1pM to 100nM under the presence of 0.1X
TBS buffer with different Dopamine concentrations which
were placed on the surface with a volume of 2uL through
a micropipette. These currents remained uniform through the
entire gate sweep range as shown in Fig. 3(a) and to operate
within the DST regime as defined in the previous section,
a gate sweep range between O and 0.5V range with fixed
drain bias of Vps =0.2V was chosen and device behavior
was extracted from this region as shown in Fig. 3(b).

Furthermore, to confirm the device conductance due to
the channel and to preclude the contribution, if any, from
the buffer solutions, another wafer was fabricated with an
insulative material as the channel and tested to observe any



7556

IEEE SENSORS JOURNAL, VOL. 22, NO. 8, APRIL 15, 2022

(a) No IGZO ‘g; (b)
-5 ((siisiorsrTiow)|_ 7.0x10°4
1.2310° 7 "\ Tes’ € X
——TBS EPS e
- 9.0x10°4licz0 33T A0 . 6.0x10°1
< ——TBS Vs (V) <
- Cou= e
— 6.0x10°{—1pM = p
——10pM 5.0x1074
— 100pM
3.0x10°4 1™
—188::\4 W/L=1300um/200pum 4.0x10° W/L=1300m/200um
0.0 V=02V : V,=0.2V
T3 2 0 1 2 00 01 02 03 04 05
Vs (V) Vg (V)
DA Concentration| 10onm (10"M 4.2x10°®
8.0x10° 10nM l
1pM DA
4.0x10°
< 6.0x10°
_8 [=]
3.8x10°4
4.0x10® 0.1X TBS
W/L=1300pm/200pum 3.6x10° W/L=1300pm/200pum
0.1XTBS V,s=0.2V, V =0.1V ’ Vps=0.2V, V=0.1V
2.0x10 Irrrrrrrrrprrrrrrrrererrrerrrer——" . e r———r
0 200 400 600 800 1000 1200 35 85 135 185
(c) Sampling Time (s) (d) Sampling Time (s)

Fig. 3. (a) Preliminary changes in transfer current and transconductance dependent on Dopamine target-concentration measured against 0.1X TBS
buffer as the baseline signal over the entire gate sweep range. Additionally, same sweeps were conducted under solution detection conditions across
insulative SrTiO3 channels with W S/D with uniform resistive behavior across the bias range in the pA current levels (inset) to confirm the carrier
transport only through the IGZO channel. (b) Selective target-concentration dependent changes in S/D current in the DST regime for Dopamine in a
linear increment from 1pM to 100nM against ATP at 100nM. (c) Real time cycling of Dopamine target-concentration that led to changes in sampling
current across the time scale. (d) 0.1X TBS to 1pM DA evolution of real-time cycling signal to show a zoomed version of ligand binding to aptamer

on channel surface and its diffusion time response.

conduction due to the buffer solutions or spiked target concen-
trations. Highly insulative SrTiO3 was deposited on Si/SiO2
wafers through sputter deposition under similar conditions and
thickness as used for other channel depositions in this article,
where the thermally oxidized SiO, acted as the gate dielec-
tric, and 40nm W was deposited and patterned to form the
source/drain electrodes. The Si/SiO,/SrTiO3/W TFT devices
were tested under pristine conditions and their behavior was
found to be highly resistive as undoped SrTiO3 behaves as
an insulator. Moreover, the SrTiO3 devices were immobilized
in the same manner as described previously and thereafter
tested under the same liquid environment as above where
again they showed highly insulative behavior for 10nM and
100nM of Dopamine as can be seen in Fig. 3(a) and inset.
This observation confirms that the channel conductance has
negligible contribution from the ionic charge transfer in an
electrolytic environment on top of the channel surface.
Initially, silanization leads to the hydrolysis of the three
alkoxy groups which then undergo condensation and deproto-
nate the hydroxyl bonds present on the SiO, PL to form cova-
lent bonds. Consequently, fewer H' ions are available on the
PL surface to form a surface accumulation layer within IGZO,
along with the fact that these ions are now at a farther distance
from IGZO surface compared to no PL. On reaction with the
azide-linked aptamer, the alkyne group from the silane reacts
to form a 1,4-benzene isomer as shown in Fig. 1(g) such that
the aptamer undertakes a folded primary spatial arrangement

on top of the PL. The increase in channel conductance with
fixed bias conditions but incremental target-concentration on
aptamer immobilized IGZO TFTs points to the fact that upon
target-aptamer conjugation, the aptamer undergoes a primary
to secondary conformational rearrangement of its phosphodi-
ester backbone which is primarily negatively charged. This
rearrangement leads to an electrostatic charge redistribution
through the buffer ions present in the solution, in the vicinity
of the channel surface, or in this case, the SiO; PL. As this
aptamer was specifically designed for Dopamine, the device
response was tested against 100nM ATP which presented a
minimal response compared to the highly selective Dopamine
response.

It is pertinent to point out here that due to Debye screening
beyond the Debye-Hiickel length, it is ideal to have the bare
semiconductor channel in direct exposure to the target analytes
to enable highly sensitive detection of biomolecules. The
addition of a PL on top of the active channel layer may
lead to a tradeoff between improved channel protection and
sensitive detection of analytes. Nonetheless, the target-induced
signals are maximal from SiO, PL/IGZO TFTs compared
to the SrTiOsz devices. In this state of the device, given
that Dopamine has a single positive charge and there is a
progressive increase in the channel current trend lines with
an increase in target-concentration, it can be hypothesized
that the aptamers, in their secondary confirmational motif,
spatially move farther away from the channel and thus orient
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the backbone negative charges at a distance from the n-type
carriers, which leads to a top-gating effect and allows more
surface accumulation through the IGZO surface. Real-time
cycling of different Dopamine concentrations was applied
on the device surface in the sampling mode to qualitatively
determine the time response and reproducibility (Fig. 3(c)).

Initially, TBS buffer was filled into the PDMS wells before
the start of the test, and the response was allowed to stabilize
for some time. This was considered as the response base trend
for comparison against subsequent incremental and decre-
mental target-concentrations which were spiked into the TBS
buffer at successive time intervals. Device response increased
with an increase in Dopamine concentration and decreased
vice versa, with a lag time for the target to diffuse through the
solution ions, in conjunction with the transfer response seen in
Fig. 3(b) with similar current values. Non-saturation of some
jumps could be due to the longer time required for the target to
equilibrate in solution. In an ideal environment, non-specific
binding should not occur on the active layer surface, but due
to presence of some unpassivated voids in the PL, physico-
chemisorption of ambient molecules, or surface radicals, such
steric hindrance cannot be entirely negated and can play a role
in the non-saturation of real-time response steps. The cycling
test demonstrates the efficacy of the device to respond to rapid
target-concentration changes and shows the stability of the
devices across the entire sampling range. To further understand
the temporal resolution, the jump from TBS baseline signal to
1pM Dopamine conjugation has been depicted in Fig. 3(d)
where a step in the response is observed on target-aptamer
conjugation, with response interval of several seconds, as the
target diffuses through the electrolytic buffer ions to arrive at
the surface.

C. Device Regeneration Under Solution Environment

Metal oxides, especially from the ZnO family, are known
to chemically react with different pH solutions (particularly
low acidic pH) under biosensor operation, to form electrolytic
ions. It is important to understand the shelf life of these
devices when exposed to repeated detection tests and for
this purpose, a regeneration study was carried out. Across
the lifetime of these devices, we expected a drift in device
response due to the multiple immobilization trials performed
on them, and since the detection signals are dependent on
the channel transconductance, in turn a drift in the detection
response as well. For this reason, we performed experiments
where we subjected these devices to surface modification
chemistry through a 34-day period and extracted sampling
response under solution environment from the pure buffer as
well as 10nM Dopamine target. The devices were regenerated
by a standard clean process as described in the fabrication
method by an extended solvent clean process that included
Acetone, Methanol, and Isopropyl alcohol.

At each of these individual tests, the evolution of drift in
these devices was quantified as shown in Fig. 4(a-e) with a
regeneration of the sampling and DC IV response, with uni-
form and stable sampling response across the individual mea-
surement, although the tendency was towards a lower current
level over the total days. From Fig. 4f, it can be inferred that

the detection response decreased by 98.67% over the original
initial current response (from 1.5 x 1073A to 2 x 10710A)
across which, the differences (Al = Ipajonm — ITBS) between
the TBS buffer and Dopamine response themselves tended
to remain uniform, although some convergence can be seen
around the 30-day mark, but fortunately, the devices still
respond to target detection tests as of the preparation of this
article, albeit at the reduced current levels. In the present
state of these devices and at the close of the 34-day period,
detection data has been presented in Fig. 5(a-d). This time,
the transfer currents were obtained for a serial range between
100fM and 100nM with all other conditions identical as earlier
(Fig. 5(a)). There were clear target-concentration dependent
signal changes across the relevant devices. Similar trends in
terms of increase of drain current values with increase in
target-concentration were obtained.

In the real-time cycling tests shown in Fig. 5(b), a match
with transfer current values from Fig. 5(a) can be seen, where
the steps in response jumps are clearly observed for increments
in Dopamine concentration. This could be attributed to the fact
that since diffusion times were reduced due to multiple immo-
bilizations, the targets could better equilibrate on the surface
and lead to a saturation of responses. To evaluate the selectivity
of these devices, 10nM ATP was also spiked into the PDMS
wells and negligible response was obtained from the real-time
response of the sensors. Even though the devices themselves
settled to a high resistive state after rigorous immobilization
trials over 34 days, their response still maintained distinction
between different target-induced values and the TBS base
trend. Around 100nM, in both the transfer curves as well as
the sampling response, the current jumps towards a higher
value, indicative of the start of non-specific binding on the
surface. Due to reorientation of the negative DNA charges
away from the surface, more electrostatic attraction occurs
and greater participation of surface accumulation charges in
the conduction process.

This change is reflected in parameters such as the threshold
voltage, device transconductance, and obviously the on cur-
rent, after ligand-binding. We mainly considered the transcon-
ductance (gm) and the change in DST current at the operation
point of Vgs = 500mV and Vps = 200mV to extract a
calibrated response which would be dependent on the capac-
itive coupling effect from the gate electrode bias, the carrier
mobility or charge transport, and the geometry of the top
surface (TFT dimensions), as follows:

Calibrated—response = M

&M
[Vgs = 500mV, Vps = 200mV

This was individually done for each device and a mean
calibration response could be extracted from the set of devices.
The calibration responses were determined for initial wet
detection tests as well as final ones and have been presented in
Fig. 5(c-d). Hill function isotherms were used to fit the calibra-
tion dose responses and major detection metrics such as max-
imum saturation sensor signal (Smax), binding affinity (kp),
limit of detection (LoD), and detection sensitivity (Hill Slope)
were obtained from the fits. In this regard, a clear distinction
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target solution against 0.1X TBS buffer for fixed sampling bias across the TFT gate and drain. (f) Drift evolution of the device signal across 34 days
through which the devices could be regenerated where the trends seem to converge as the regeneration tests approached 30 days. Devices are
still functional as of September 2021.
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the end of the 34-day regeneration period. (b) Real-time cycling of target-concentrations against 0.1X TBS buffer to show incremental changes
in sampling current due to Dopamine and negligible changes in current on equivalent addition of ATP to quantify selectivity of the devices.
(c-d) Hill function isotherms fitted to the calibration response obtained from the devices before and after regeneration experiments to quantify
detection metrics of saturation sensor response (Smax), binding affinity (kp), limit of detection (LoD), and sensitivity (Hill slope).

can be observed from the detection responses between the
initial and final tests. The initial calibration response has a

higher maximum response than the final calibration isotherm,
whereas the final calibration trend is right shifted compared
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Fig. 6. Signal change after device drift from regeneration tests that
show marginal change in calibration response to Dopamine compared
to a minor change due to ATP.

to the initial calibration response. At the same time, the dose
response fits produced a higher sensitivity for the right shifted
final calibration response, whereas all other parameters are
inferior to the initial response curve. Specifically, initially the
detection metrics were an Spax ~ 215mV, kp ~ 2.03 x
10~'1M, a sensitivity of 31mV/decade of Dopamine concen-
tration and an LoD between 100fM-1pM. Counterintuitively,
the final dose response curve had a higher sensitivity of
42mV/decade of Dopamine concentration, whereas all other
parameters such as Spax ~ 176mV, kp =~ 3.02 x 107°M,
and LoD ~ 100pM were secondary to the initial detection
parameters.

In any case, their trends and values remain similar, and can
be used to quantify the regenerative nature of such sensors
through the evolution of drift in their electrical parameters
over time. Therefore, Dopamine was successfully detected in
a linear range between 100fM-100nM with reliable detection
metrics. Such a range is sufficient for dopaminergic activity
evaluation, whether in vivo or ex vivo. Finally, a comparison
of relative calibration between initial Dopamine response, final
Dopamine response and selectivity against ATP is depicted in
Fig. 6, where signal change due to ATP is a minor fraction
of Dopamine response, although it cannot be completely
neglected. Such cross-reactivity has been reported for ATP as
it is secreted by neurons with a regulatory function to inhibit
glial cells around the dopaminergic synaptic space and has
similar backbone.

Currently, the primary methods for real-time neuro-
transmitter detection comprise electrochemical techniques,
optical methods, high performance liquid chromatography
(HPLC)/mass spectroscopy (MS) through microdialysis, and
nuclear imaging. Specifically, implantable electrochemical
probes, positron emission tomography (PET), and magnetic
resonance spectrometry (MRS) are used to analyze neuro-
transmitters in vivo. Typically, due to economic reasons, fast
scan cyclic voltammetry (FSCV) and differential pulse voltam-
metry (DPV) are preferred over other methods. However,
there is no CMOS compatible fabrication process or inherent
amplification in electrochemical methods, along with the fact
that at high scan rates, there is a non-practical amount of
background current noise and due to the redox label nature,

non-electroactive species are difficult to detect. Although there
is drift over 34 days, the objective of this report is to reinforce
the fact that even with such drift, the delta difference between
buffer baseline signals and target-aptamer conjugation signals
are preserved. Once such deviation is quantified, any periph-
eral readout circuitry can be calibrated to Fig. 4(f) at different
time points through negative feedback to take advantage of the
uniform delta and hence provide insightful information over
the period of reliable biosensor operation.

IV. CONCLUSION

In summary, we used a minimal reagent, simple and facile
2-step chemistry to immobilize Dopamine-specific aptamers
on SiO; passivation surfaces to provide a recognition element
to identify and capture low concentrations of Dopamine target
molecules. TFTs with PLD IGZO as the active semiconductor
and sputtered SiO» as the top passivation layer were fabricated
and their pristine solid-state characteristics were used to define
a deep subthreshold regime of operation with specific choice
of gate and drain biases, such that the Schottky related
high intrinsic gain (>1000), only apparent in low operation
voltage regions (unity voltage in this case), leads to improved
calibrated responses and detection figures of merit. It should
be noted that since channel passivation is different from
source/drain protection layer, hence these devices, no matter
how reliable, were expected to show some drift over short
periods of regeneration time such as over a month. To quantify
such device regeneration and drift, the devices were subjected
to rigorous immobilization chemistry over a 34-day period and
the detection metrics at the start and end of this period were
LoD ~100fM-100pM range, kp 2 2.03 x10~11-3.02x 10~°M
limits, and sensitivity ~31-42mV/decade of concentration.
In this way, shelf life of such biosensors can be determined
for commercial applications and can give an idea about sensor
regeneration under different solution environment conditions.
At the same time, future work is required to examine and
evaluate the role of pH in the immobilization chemistry to
further understand if it interferes with the active TFT layer on
one end and target molecule on the other such that dependable
operation of the sensor is preserved. Alternatively, other inor-
ganic PLs such as SizNy, SiNy, HfOy, etc. should be explored
and validated for comparison of pristine device operation
as well as detection metrics. In this regard, hydroxyl based
surface tethers have been well studied. However, nitrogen rich
surfaces may need the creation of an oxidation layer or silanol
groups through oxygen plasma treatment or an alternative
tether layer such as positive synthetic amino acid chain like
Poly-L-Lysin (PLL) with amine or epoxide based functional
groups on the 5’ end of the aptamer such that it may react
with the amino acid [28], [29].

APPENDIX
All supplementary results and figures are provided in the
file “Supplementary Information”.
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