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Abstract
The uneven morphology and the trapped charges atsthface of the traditionally used

supporting substrate-based 2D biosensors producEstiering phenomenon, which leads to
irregular signal from individually fabricated deegicThough suspended 2D channel material has
the potential to overcome scattering effects frdva substrates but achieving reliability and
selectivity, have been limiting the biosensor tetbgy. Here, we have demonstrated nanogap
electrodes fabrication by using the self-assemébhnique, which provides suspension to the
2D-Mo0S,. These nano-spacing electrodes not only give sggme but also provide robust
strength to the atomic layer, which remains freetitey after coating of the Hafnium oxide
(HfO,) as well as linkers and antibodies. For evaluatihg electrical characteristics of
suspended MoSFET, gating potential was applied through elegtmlon suspended MgS
transistor, which achieved lower subthreshold swity mV/dec and ON/OFF ratio 10
Afterward, pH detection has demonstrated at roomp&rature, which shows an impressive
sensitivity of ~880 by changing 1 unit of pH. Be=sdwe have successfully shown Escherichia
coli (E. cali) bacteria sensing from suspended Mt8nsistor by functionalizing dielectric layer
with E. coli antibodies. The reported biosensor has shown3be of conductance changes with
a lower concentration d&. coli (10 CFU/mL; colony-forming unit per mL) as well agintain

the constant sensitivity in three fabricated dewidéhis type of the architecture has a potential to
detect range of biomolecules such as COVID-19 eswso by altering the oxide surface.
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1.Introduction

Due to their potential of providing continuous arehl-time information, biosensors are
prominent devices in the medical field and garrgesabstantial interest in other domains such as
forensic industries, national security, and ecalalgmonitoring (Mehrotra and research 2016).
Specifically, electrochemical field-effect transis{FET)-based biosensors have been recognized
as one of the promising candidates because of toempatibility with electronic devices, low
power consumption, label-free detection of spedifamolecules, and low-cost mass production
(Kim et al. 2016; Kuriyama and Kimura 1991; Suvaim@et and Pechprasarn 2017). In FET
based biosensor, the charged biomolecules gendnateelectrostatic effect and bring the
variation in the conductivity of the channel, whiatan easily measure by transistor
characteristics such as source to drain currens{ikz017; Sarkar et al. 2014a). To obtain better
electrostatic effects from charged biomoleculeshynaemiconducting materials have been
employed(Holzinger et al. 2014; Li et al. 2017; Ztual. 2012). Among the various materials,
two-dimensional (2D) semiconducting materials ateaeting much attention because of their
tunable bandgap, a high surface to volume ratibgtavides higher sensitivity for detection.

In the 2D domain, transition metal dichalcogeni@EgIDs) like MoS has gained much
attention in the field of FET-biosensor due to disect bandgap, biocompatibility, and high
mobility (Kalantar-zadeh and Ou 2015b). Despites¢hmerits, the performance and consistency
of such atomic layer crystals are easily affectgdipporting substrate interaction (Chen et al.
2018). The interaction of supporting substrate \aiibmic layers of MoSdegrade the transport
properties by scattering, which implies the inteefecontrol is vital for the performance and
reliability of biosensor devices (Du et al. 2008)r instance, the surface of silicon dioxide(g§iO

substrate is highly disordered as well as chenyi@adtive due to the trapped atmospheric gases,



chemical adsorbates, and unknown functional gr¢zpang et al. 2009). Therefore, transferring
another layer of MoSon the top of SiQor any other insulating substrate cannot conteliat
carrier charge transport distinctly, which leadsh® unreliable output of every single device. In
recent years, many efforts have been employed haree the quality of the substrate, such as
active layer interface by using Poly(methyl methtate) (PMMA) and polymer electrolytes [9].
These layers elude chemical bonding or surface moegs and improve carrier transport
properties, but they cannot be employed in bioseapplications due to the fabrication and
reproducibility issues. The other approach is @ngasuspension of an atomic layer in between
electrodes to enhance the carrier transport andwerscattering effect by wet etching of the
SiO, layer underneath the monolayer Mo&reestanding MagShas shown better performance
than the supporting on the SiBubstrate in terms of back gating electronic catida (Jin et al.
2013). However, the existing Si@equires hazardous chemical etchants such as hyolricf
acid (HF), which is difficult to handle and affe¢tse 2D film structure and purity (Zhang et al.
2017). Secondly, freestanding MoSags between the two electrodes because of the larg
spacing (~ 2 um), which makes it impossible to atiatectric layers such as hafnium oxide
(HfO,) and antibodies. Therefore, this structure impedaking top gate FET biosensors, which
allows only back gating. However, the back-gate Fe&juires more power (input gate voltage)
to turn ON the device than the top gate, which éiadnaking a low power and highly sensitive
biosensor. In FET based biosensor, the sensitisitgversely proportional to the subthreshold
swing (SS), which is defined as a change in theeatirwith respective dielectric surface
potential §S = dVyae/d 10810 larain, dVgate @aNdlarain @re a change in gate potential and drain
current respectively). Thus, in back gate requimigber input voltage to turn on the device than

the top gate, which reduces the sensitivity of cteda (Sarkar et al. 2014a; Sarkar et al. 2014b).



Given the importance of reliability and sensitivial FET based biosensor, in this work,
chemical vapor deposition (CVD) grown Mo® transferred by using novel dry stamping
method on self-assembled photolithographically ggaid nano-gaps to achieve suspension.
Fabricated nanogap electrodes have 70 to 90 nningpachich provides mechanical strength to
the MoS monolayer and does not allow to sag between tloeetectrodes. This robustness in
the monolayer film permits the coating of anothdrint dielectric layer as well as
linkers/antibodies without interacting, supportihg substrate. HfOas a dielectric material was
considered, which is easily functionalized by &din(3-Aminopropyl)triethoxysilane (APTES),
glutaraldehyde, anH. coli antibodies to bring variation to the suspendedV&i%, by targeting a
chargedE. coli bacteria. The suspended FET architecture loweogdhdhe subthreshold swing
(SS) to 70 mV/dec by terminating the scatteringnameenon and enhance the sensitivity of the
pH as well ag€. coli detection (Liao et al. 2018). Freestanding natfi2D channel material i.e.,
MoS;, retains its intrinsic properties and providesatality and consistency in every single

device.

2.Experimental section

2.1. CVD synthesis. Experimental procedures of CVD (In-house builtpwn MoS are as

follows: quartz boat consists of Mg@Powder, and SigSi pieces (top of the powder) were
positioned in the middle of furnace whereas Sulpboat placed at the upstream of lower
temperature zone. In the typical process flow ofDC§fown Mo$S, Ar gas was passed for 20

mins at 250 sccm to wash out all environmental gas®& then ramp up the temperature till
75C°C in 15 mins. Afterward, the temperature was maieth at 750C for 20 mins. In this

condition, Sulphur starts evaporating and reduceDMo convert into metallic Mo® More
sulphurization of Mo@leads towards the triangular shape of Mo the SiQ/Si pieces.
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2.2. Photolithography of nanogaps. In this process, the self-assembly technique wagtad to
achieve nanogaps between the metal electrodes, Ksveparameters were optimized while
fabrication such as lift-off resists thickness, rpate of spinning photoresist, baking, developing
the photoresist, avoiding the residues during &aion, and most important optimization
thickness of metal electrode layer. The optical tplibhography technique of patterning the
substrate was done by coating the first positivet@iesist (MICROPOSIT S1800) and expose
(SUSS MicroTec Mask Aligner MA®) it for 80 mJ/értflood exposure). Then another layer of
photoresist 1811 is coated on the top and pattemith design chrome mask followed by
evaporation of the Ti/Au/Cr (thickness is 10 nm/ i@/ 80 nm). After patterning three metal
layers Ti/Au/Cr, wafer kept for 12 Hrs. to conttbermal oxidation of the chromium to achieve
nanogap. Nano-spacing between electrodes rely ematle of oxidation of the Cr layer, where
temperature controls the rate of the oxidation. réfeee, it is essential to maintain the
temperature as well as environmental gases of twerwconstant throughout the oxidation
process. To achieve the proper pattern of the setayer, the thickness of the Ti/Au (second
layer, whose thickness is 10 nm/ 50 nm) should exateed more than 50% of chromium
thickness. Liftoff the chromium as well as the set®u electrode is processed in chromium
etchant solution (Chromium etchant, Sigma Aldrich).

2.3. Electrical Characterization. Nano-gaps cannot be seen via microscope; therdbefere
transferring the 2D material, it was characterizgdthe current-voltage method. I-V curve
between two electrodes was measured by the sowete (Keysight B2912A).

24. Transferring of 2D material and coating of the HfO,. After achieving the optimum
nanogap electrodes, triangular shape Me&s transferred on the top of the spacing by uaing

novel dry stamping method. This method provideperglacement of CVD grown Mg the



desired area. Atomic layer deposition (ALD) frome tuniversity of Michigan, Ann Arbor
(Veeco Fiji ALD), was considered to deposit 25 ninthe high dielectric layer.

2.5. Raman and AFM Characterization. As prepared samples of Mp&e characterized by
Raman Spectroscopy using 514 nm laser, whereas GHEVINSOM) mapping was performed
by using a customized tip from App Nano.

2.6. Functionalization of the HfO,. 3-Aminopropyltriethoxysilane (99%) (Sigma Aldrich),
glutaraldehyde solution (50 wt.% in H20O, Bio BaslE)coli antibodiegRabbit polyclonal tde.
coli, Abcam) was considered for functionalization oé tHfO,. The suspended device was
absorbed into APTES for 2 Hrs in the mixture ofaetbl/water followed by the cleaning of the
chip by ethanol and blow-dried. Then, APTES funwiiized chip was immersed ia
glutaraldehyde solution for approximately 1 Hr.e&ftard,E. coli antibodies were incubated to
the suspended chip in 0.05 M PBS solution for 2 Ersoom temperature.

2.7. Bacteria growth. Bacterial specimens used in the study were predaned culture plates.
An isolated singer colony was added to 5 ml of media 14 ml culture tube. The culture tube
was placed on a shaker in a 37°C incubator andated overnight (18 hours). The overnight
culture was centrifuged at room temperature foributes at 3500 rpm. The supernatant was
removed, and the bacteria pellet was re-suspemd&dnil of filtered sterilized tap water. The
bacteria were centrifuged, and the washing proecgssated once. After the final wash, filtered
tap water was added to the bacteria pellet urdilaptical density (measured at a wavelength of
600nm using a Spectro Max PLUS spectrophotomefeheosolution reached the desired value.
After the optical density at 600nm was measuredtlier stock solution, serial dilutions were

employed.



3.Results and Discussions:
3.1. Suspended Biosensor Fabrications

Our approach for patterning the nanogap electusaés a self-assembly photolithography
technique, as shown in Fig. 1 (a). The metal liftroethod has been used for engraving the first
electrode gold (Ti/Au) and chromium (Cr), the thmeks of the Au kept less than the Cr because
it acts as a sacrificial layer as represented gn Fa) step |. After achieving the first electrpde
the wafer kept at ambient temperature for an ogétnivhere Cr gets oxidized and forms a thin
layer of CrO,. Due to the formation of Q®y, the overall volume of the Cr increases by a few
nanometers and overhangs on the edges of the betextrode, as demonstrated in Fig. 1(a)
step Il. It is crucial to keep the wafer in a colied environment to achieve uniform expansion
of the Cr to avoid unevenness in the nanogap andemion between two electrodes (Fursina et
al. 2008). In the next step, Au is deposited andepzed for the second electrode. However,
enlargement of the Cr layer in a few nanometergepts the second electrode from meeting the
first metal layer and creates the nanometer spaasghown in Fig. 1 (a) step Ill. At IV step, Cr
was stripped out left behind two Au electrodes,chhare separated by few nanometers. In this
self-assembly technique, the lateral resolutiothefgap between two gold electrodes achieved
nearly 70 to 90 nm at room temperature. The nanagmeing between two electrodes is
reproducible, constant throughout the wafer, arel fdasible for bulk fabrication due to the
involvement of the wafer-scale lithography. To mxae the fabricated electrode, which is not
electrically connected, the voltage sweep has beeriormed, and the resulting current
monitored. This electrical characteristic demonstitathat the open circuit or short circuit
between two nanogap electrodes (SupplementarylFighroughout the wafer scale fabrication

process of the nanogaps, there are several fagteodves for achieving high yield such as
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Fig. 1| Fabrication of suspended MoS, FET: (a) Schematic representation of the process
flow to achieve nanogap electrodes. Optical imageM mapping, and line diagram of
nanogaps (b) without Mggc) with MoS,. (d) high magnification SEM image of Mp8n

the top of nanogaps (e) Optical dark field imageMaiS, triangle on the top nanogaps. (f)

Image of biosensor device with Source, Drain, aateGAg/AgCI electrode) connection (g)
Schematic of Biosensor wita coli and antibodies.

chromium thickness, thermal oxidation, and thickned the second layer Ti/Au. In our
optimized process flow, the yield of the constgmacing was 70% to 80% (x4 nm), which are
mostly found in the center of the Silicon wafer.

For channel material in FET, CVD grown Mo&rystal used in this work, which was
characterized by using Raman spectroscopy and atofarce microscopy (AFM)

(Supplementary Fig. 2). After achieving nanogapgteteles, a single atomic layer of Moffake



was transferred on the top of nano spaced electbgdasing a novel dry stamping method
(Supplementary Fig. 3). The PMMA acts a sacrifitagler to transfer 2D material onto the nano
gap electrode. After the transfer is done the PMiBlAemoved by placing the device in acetone
bath, this will dissolve the PMMA without affectir2p material transferred onto the nano gaps.
This dry stamping method allows transferring a Eirggystalline Mo$ triangle precisely on the
top of nanogaps by using a micromanipulator. Ngrexsg between the electrode (90 nm) does
not allow the Mog membrane (0.65 nm) to touch the supporting suiestaad it is suspended in
between the two electrodes. To confirm the freebtennature of Mog AFM imaging was
performed on the nanogap region with and withoutSMtw elucidate the suspension of the
atomic layer on the electrodes. Fig. 1 (b) shovesdptical image and AFM mapping with the
line profile of the nanogap area without Moffake. AFM line profile of nanogap electrodes
demonstrates the step height of 75 nm in betwestwib Au electrodes, which confirms the two
metal layers are separated by nanometer spaciggl (€) represents the optical image and AFM
mapping of transferred M@SAFM line profile of transferred MaSon the top of nanogap
indicates the flat line and no step height, whiehify that the atomic membrane is suspended
and remarkably stiff as well as robust. This s&ffa of the atomic layer confirms that it is not
interacted with supporting substrates and elimmalbe scattering phenomena of the interface
between the 2D material and the holder substrdies Mechanical strength provided by nano
spacing does not allow the monolayer sags betweerelectrodes, which permits depositing
another layer, i.e., HfDand biological receptor for selective sensing.flidher validate the
rigid suspension of the Mg®&onolayer, a scanning electron microscope (SEM)dard field

image of the Mogtriangle on the top of the nanogaps were perfoyrasghown in Fig. 1 (d) &



(e). These images clearly illustrate that the Mtyangle does not sag in between the nanogap
spacing; it is suspended and flat on the top of Amelectrodes.

After confirming the rigidness of the MgSit is desirable to eliminate the density of
defects by covering the bare channel material wislulating material and then functionalizing
linkers and antibodies on the top of the insuldialantar-zadeh and Ou 2015a; Sarkar et al.
2014a). If biomolecule directly functionalized dmretsemiconductor layer without insulation, it
might attach to the metal electrodes and changewitwk function as well as the contact
resistance, which leads to the reliability issue &ming the electrical variation in the sensor
output. Therefore, the dielectric layer is essémtigpassivate the metal electrodes and eliminate
direct contact with electrolyte or biomolecules.efédfore, a 25 nm HfPdielectric layer is
deposited on the top of the suspended device womgic layer deposition (ALD). Afterward,
macro fluidic storage is fabricated using Polydinyétiloxane (PDMS) for encompassing
electrolyte droplets, which is placed preciselytba top Mo$ triangle covered with HfQ A
reference electrode (Ag/AgCIl) is used to apply Wlasugh the electrolyte for stabilizing the
process and better control of the operation ungerbiosensor regime, as shown in the optical
image of Fig. 1 (f) (Sarkar and Banerjee 2012). Eigg) represents the schematic structure of
the suspended M@&ET biosensor by selective detection of Eheoli bacteria.

3.2. Electrical Characterization:

The electrostatic effect of Me@FET investigated to compare the electrical pertoroe
of the supported and suspended devices. Fig. 2esepts the current-voltage (I-V)
characteristics by applying different gate voltaféss) of fabricated devices in a dry and wet
environment. Fig. 2 (a) and (b) illustrates tb&/k curve of supported and free-standing oS

at 100 mV bias voltage @4), where supported channel length is 2 pm and saiggkis ~90 nm.

10



The suspended device represents excellent ON/QRFLE and threshold voltage (¥3.9 V as
compared to the supported one, which is equal foat@ -9 V at room temperature. The
improvement of the Y i.e., switching of the device at low voltage, igedo the elimination of
the supporting substrate, which confines the edestimean free path by scattering as well as
from trapped charges on the surface (Masurkar 2030). Fig. 2 (a’) and (b’) represents the |
Vps characteristics at differentg¥¢ (-10V to 30V). In both cases, thedvaries from the 0 mV
to 100 mV, and the output current shows the limgavith the input voltage, which confirms that
MoS, has ohmic contact with the Au/Ti contacts. SuspednBET displays betterVand an
ohmic contact with metal in back gate voltage ctirstics. Still, due to the high power
consumption, it is not feasible to use in the biese domain. Therefore, we have used a thin
dielectric layer of the Hf@on the top of the channel and studied the iontmgaeffect on the
suspended MaSchannel, as shown in Fig. 2 (c) and (c’). PhospHaiffer solution as an
electrolyte has been used for the ionic gating omeasents by transporting a drop in macro
fluidic storage. -V, e analysis of suspended ionic gating FET displayedrassive
Subthreshold swing (SS) 70 mV/dec, which is neadéal at room temperature as well as the
mobility(13.5 cm2 V-1 s—1) ON/OFF ratio (3Cand \t (-0.29 V). The mobility of all three
types of the devices are calculated and shownreistipplementary Table S1 (Supplementary Fig
S4). Low SS, threshold voltage, high mobility atichenation of substrate scattering make these
types of the FET structure more sensitive as wetansistency with better gate controllability in
a wet environment.
3.3. pH sensing

After achieving excellent performance in the ioggting effect, the suspended device

investigated by changing the pH of the electrosddution. The pH sensing strongly depends
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Fig. 2| Electrical characterization of suspended MoS, FET: Current-gate voltage
curve at the constant bias 100 mV (a) back gatfreppported Mog(b) back gating of
suspended MaSwith 90 nm channel length (c) lonic gating of seisged Mo&
Current-drain voltage characterization (a’) SuppdrMoS with back gating voltage
from -10 V to 30 V (b’) Suspended Mg%iith back gating from -10 V to 30 V. (c))
Suspended MaSwith ionic liquid gating from -1 V to 1V.

upon the proton (B present in the electrolyte solution react witke thH group on the HfO
surface, which causes the protonation and deprttonas shown in Fig. 3 (a) (Shadman et al.
2016). Depending upon the pH value of the electeodplution, the dielectric surface charge of
the suspended FET varies, a lower pH value proésntiie surface by generating ©Otn the
HfO, whereas the higher pH value deprotonates the sutfg@xtracting H (Ameri et al. 2015;
Dinar et al. 2019). Fig. 3 (b) represents the deairrent (b) (100 mV bias voltage) at different
pH values (3, 5, 7, and 9) by changing the elegiieafjate voltage (\s). It is found that the ¥

of Ip-V e curves shifts to the positive side from low to thigH due to the negative charge
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developed on the dielectric surface. The changaVir found to be 59.1 mV/pH, which is
satisfied the Nernst limit at room temperature, 589.3 mV/pH and agree with early studies of
ion-sensitive field-effect transistor (ISFET) chetexization on HfQ (Van Hal et al. 1995; Zafar
et al. 2011). Therefore, HfQloes not require any functionalization for pH segss compared
to the SiQ whose change in threshold voltage found to be 36¥{pH (Bergveld and Physical
1996; Gao et al. 2009). Fig. 3 (c) represents #msifivity of the pH at three different regions
(Subthreshold, saturation, and linear), which ifingel by the equation (1), wherg, & the
sensitivity of pH, ju1 and pr2 are the transistor current measured from two whiffepH values

(where pH1>pH2).

s, =iz 0 1)

Iphz
The sensitivity at the subthreshold region founteéanuch higher because the drain current is an
exponential function of the gate voltage. In costiréhe saturation and linear parts are quadratic
and linear with the change in gate potential. Isuspended device, the sensitivity at the
subthreshold region was found to be ~876 from pbl 6 and ~880 from pH 7 to 8 respectively,
which is far better than the previous reports ofSYIBET biosensor on the supporting substrate
(Sarkar et al. 2014b). The suspended MEST possesses higher sensitivity than supported one
because of the lower SS, where SS defined asSthe dV,;/dlog,oI,. This equation
elucidates that the change in subthreshold cubgine decade is a function of the applied gate
voltage, whereas the consistency in the sensitofityhe suspended device at two differaptH
ranges is due to the elimination of the externattecing from the supporting substrate.

3.4. Bacteria sensing from suspended FET
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subthreshold, saturation, and linear regions from pH 5 to pH 7. (d) experimental
threshold voltage of suspended MoS, FET from pH 3 to pH 9 (Left-axis);

experimental current corresponds to threshold voltage (Right-axis).

One more time, suspended FETs are fabricated aslukxs$ in the fabrication section. To
specifically detect theE. coli bacteria from the buffer solution (pH=7.4), linkewere
immobilized on the top of the HEOFor evaluating the bonding of the linkers withdexsurface,
di-thiol and (3-Aminopropyl)triethoxysilane (APTE®ave used, followed by glutaraldehyde
treatment and antibodies immobilization (Gundale@14; Lee et al. 2006). From these two
molecules, APTES has shown promisingV ¢ curve shifts while detecting bacteria as
compared to the di-thiol (Supplementary Fig. 5).idt interesting to see that after the

functionalization of the APTES/glutaraldehyde lirk@n the surface of the HfOa small shift
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of the b-V g curve illustrated (Supplementary Fig. 6). The allgprocess flow of the linkers
binding, antibodies immobilization on suspended M&ET through macro storage fluidic
channel to detedt. coli as shown in the schematic of Fig. 4 (a) (Gundal.e2014; Wu et al.
2013). The -V transfer curve of the linkers, antibodies, PBSfdéugolution, and the 100
CFU/mL of E. coli bacteria was performed, as demonstrated in Fifh)4lt is essential to
introduce a buffer solution again after antibodresobilization to confirm there is no change of
conductance (Cyan curve in Fig. 4 (b)). A shifarid in the -V curve on the left side after
incubation of 100 CFU/mL dE. coli (Magenta curve in Fig. 4 (b)).This illustrated therent in
the MoS channel deteriorated due to the increment of loalecentration induced on the
dielectric surface by highly negative charged ba@zt@all (Huang et al. 2011).

After achieving considerable performance from thespgnded MoS FET device,
different E. coli concentrations ranging from 0 to *1GFU/mL were prepared and used for
detection. The increase in the concentration ofbieteria leads to the decrement of the MoS
channel conductance. For buffer solutiof,at (Vi = 0V) is illustrated 0.3 pA, whereas 10
CFU/mL shows the current response 0.274 pA, thagdan the conductance of freestanding
Mo$S, found to be ~9% with a low concentration of thetbaa. The change in conductance for
100 CFU/mL and TOCFU/mL with buffer solution illustrated 18% and 25%spectively, as
shown in Fig. 4 (c). Another essential factor ire thiosensor domain is selectivity, which
attributes the other bacterial strain should noat@ched withE. coli antibodies to achieve false
signals. ThereforePseudomonas aeruginosa (P. aeruginosa) bacteria (100 CFU/mL) were
considered to measure the\l ¢ signal by keeping ¥s = 100 mV. P. aeruginosa bacteria did
not show any change in conductance as comparée i toli (100 CFU/mL), as shown in Fig.

4(d). Fig. 4 (e) illustrates the sensitivity of thiesensor, which is defined as shown in equ (2),
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1 =1
buffer n(CFU/mL) % 100 (2)
In(cFu/mL)

Sn(cfu/ml) =
where Qcrumy Sensitivity, Buffer is a buffer solution curredcrumy is current after bacteria
bind to the FET biosensor. It was found that th& 8hlp-V\ g is more in the subthreshold region

as compare to saturation and linear regions. Theitsgty of the sensor in the subthreshold
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Fig. 4| E. coli bacteria detection on suspended MoS, FET: (a) Schematic diagram of
self-assembly process for immobilization of E. coli bacteria on HfO, surface. (b) I;-

V., curve of SAM process at 100 mV bias; Functionalization of APTES (Red),

immobilization of E. coli antibodies (Blue), buffer solution 0.01 M PBS solution of pH
7 (Cyan), and detection of E. coli bacteria of 100 CFU/mL (Magenta). (¢) I-V,
characterization of E. coli bacteria from 0 CFU/mL to 10°CFU/mL. (d) Comparison of
I,-V, ; characterization of E. coli and P. aeruginosa bacteria (100 CFU/mL) with PBS
buffer solution. (e) Sensitivity measurement of E. coli bacteria at subthreshold, linear,
and saturated regions. (f) Sensitivity comparison of three suspended MoS, FET
devices by immobilizing the 100 CFU/mL E. scoli bacteria.
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region achieved 83.3 for 100 CFU/mL of bacteria0aB5 V. After obtaining higher sensitivity,
the other most crucial factor in the 2D FET biosens the reliability in every fabricated sensor,
which can be easily affected by external scattefrogh supporting substrate or the contact
resistance from metal. In our case, we have maietiihe constant work function between the
electrode and the M@Sn every single device as well as eliminate thppsuting substrate
interaction, which attributes the constant senigjtivn three suspended MeSET at the
subthreshold region (100 CFU/mL and -0.35 V) asalestrated in Fig. 4 (f).

The sensitivity presented in this report is foundbe impressive as compare to the
previous reports of biomolecule detection via 2DTHiased technology. Graphene-based FET
biosensor has shown the conductance change of 3aR3%CFU/mL okE. coli, which is almost
three times smaller than the presented value (920 &FU/mL) (Chang et al. 2013; Huang et al.
2011). The detection limits of the graphene aretdube zero band gap in nature, which leads to
an increase in the off-state leakage current aads® value (SS is inversely proportional to the
sensitivity) (Schwierz 2010). On the other hand,TFBRased Mo$ biosensor has shown
promising sensitivity in biomolecule detection diwe~1.8 eV bandgag-dowever, the uneven
morphology from the supporting substrate leadstaraeliable output from every single device
due to different interface resistances caused iyalyr trapped charges, chemical adsorbates,
and unknown functional groups (Jin et al. 2013; $taki et al. 2018). This is a significant barrier
in proliferating this technology in biosensor intlies. Therefore, elimination of the scattering
effect in the proposed biosensor shows the ovetahge of conductance in the 2D film is
entirely by the change in concentration of the lmteoule. Table S2 in Supporting Information
represents a comparison of different 2D materialedaFET biosensor in terms of channel

materials, detection limits, biomolecules, and #afity, whereas Table S3 in Supporting
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Information illustrates the comparison betweenadéht dimension and materials with respective
their sensitivity, feasibility in bulk fabricatiorand reliability. Due to these merits i.e., the
involvement of the CVD method, direct transfer t@ge, and optical lithography open the new

avenues for the bulk fabrication of suspended Mu&sensor.

4.Conclusion

In summary, we provide an approach for a compraheriavestigation of the highly
sensitive and reliable biosensor based on suspeid&IFET to detect the pH as well Bscoli
bacteria. CVD grown MaoSchannel material transferred on photolithograghjicpatterned
nano-gaps to achieve suspension and covered witliudaoxide (HfQ) as a dielectric material
to eliminate direct functionalization on the chanmeaterial. The proposed biosensor
demonstrated the reliable and quantitative deteatiopH and biomolecule by eliminating the
scattering effect from the supporting substrate&oAtrol experiment of pH sensing confirms the
high sensitivity (~880/pH) as well as the constgnA¥ s curve shift at different pH range (3 to
9). Suspended MQS-ET biosensor provides selective detection oed#ht concentration of the
E. coli bacteria as low as 10 CFU/mL via changing the ootahce by 9% of MoSchannel at
ultralow power (\bs=100 mV). This architecture can detect the low eomi@tion of
biomolecule because of the atomic layer as a chanaterial, scalable due to the involvement
of optical photolithography, dry stamping, and CMBchnique as well as reliable and
reproducible due to the elimination of the suppaytsubstrate. These merits of suspended,MoS
FET biosensor makes it promising next-generatiomsisg device for on-spot detection of

biomolecule such as COVID-19 viruses and bioelextapplications.
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Highlights:

1. A suspended MoS, atomic layer field-effect transistorsis reported.

2. Sdf-assembled nanogap electrodes provide remarkabl e robust strength to the MoS,
atomic layer.

3. Suspended MoS; field-effect transistor device exhibitsimpressive pH sensitivity and
Escherichia coli bacteria detection.

4. The sensing mechanism highly selective to Escherichiacoli bacteria
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