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ABSTRACT: Sensors based on two-dimensional (2B)d-e ect transistors (FETs) are extremely sensitive and can
detect charged analytes with attomolar limits of detection (LOD). Despite some impressive LODSs, the operating
mechanisms and factors that determine the signal-to-noise ratio in 2D FET-based sensors remain poorly
understood. These uncertainties, coupled with an expansive design space for sensor layout and analyte positioning,
result in a eld with many reported highlights but limited collective progress. Here, we provide insight into sensing
mechanisms of 2D molybdenum disté (MoS) FETs by realizing precise control over the position and charge of

an analyte using a customized atomic force microscope (AFM), with the AFM tip acting as an analyte. The
sensitivity of the MogSFET channel is revealed to be nonuniform, manifesting sensitive hotspots with locations that
are stable over time. When the charge of the analyte is varied, an asymmetry is observed in the devicerérain
response, with analytes acting to turn the devicéeading to a 2.8 increase in the signal-to-noise ratio (SNR). We
developed a numerical model, applicable to all FET-based charge-detection sensors, tha oan experimental
observation and suggests an underlying mechanism. Further, extensive characterization of a eetndMidS

FETs under various analyte conditions, coupled with the numerical model, led to the whian of three distinct

SNRs that peak with dependence on the layout and operating conditions used for a sensorndlimgsereveal the
important role of analyte position and coverage in determining the optimal operating bias conditions for maximal
sensitivity in 2D FET-based sensors, which provides key insights for future sensor design and control.

KEYWORDS:sensorgeld-eect transistor, molybdenum désw2D, signal-to-noise ratio, hotspot, sensing mechanism

rgely due to their high surface-to-volume ratiognents have been obtained while avoiding the pitfalls
nabling ecient gating by nearby, analyte-basedcompeting technologies; for example, the high opera
charge$. Graphene was therst 2D material to gain temperature and power consumption required by metal-0>
prominence as a sensing element and was eventually shé®miconductor (MOS) gas sensér@D material-based
to be capable of resolving the adsorption of a single gas
moleculé,among other achievemehfsLimitations arising  Received: May 19, 2020
from the lack of a bandgap in graphene led to increased wokkcepted: August 12, 2020
in sensors based on semiconducting 2D materials, suchFa$lished: August 12, 2020
phosphorené, tellurené®, or molybdenum disude
(M0S,).°*° The achievements of these semiconducting
nanomaterial-based sensors are notable, including attomolar

f insors based on 2D materiakr @xtreme sensitivities, limits of detection and label-free seriSifithese achieve-
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Figure 1. MoSFET-based sensor structure, device operation, and SGM setup. (A) Schematic illustrating the SGM process, showing that a
voltage is applied to an AFM tip to simulate a charged analyte while the tip is rastereded aeight above the FET being electrically
characterized by a synchronized electrical device characterization setup (Synch-Dev). (B) An optical image showing Ni source/drain
contacts (10 nm Ni/20 nm Pd) deposited onto an Mo%ke, forming a device. (C) An AFM scan showing the topology of a typical device.

(D) Transfer and (E) subthreshold characteristics of an example,M&S (identical data andt shown in each panel on linear and log

scales, respectively).

sensors have been demonstrated, among many othemtrolled environments or using one operational device out of
applications, for prenatal genetic scre€tsegsing antibiotic many that were fabricated. Furthermore, the literature abounds
concentration’s, and detecting cancer biomarkers. with conicting conclusions regarding key aspects of sensor
Although 2D material-based sensors show great promiggeration, including the ideal operating point.
considerable challenges remain, particularly related to conMost of these 2D material-based sensors arguced as
sistent sensor operation, selectivity in real-world conditionsld-e ect transistors (FETS) in which the 2D material is used
and device yield during manufacture. While the very nature a$ the FET channelWhen designing and fabricating such a
a 2D material with nearly all-surface charge transport provice=sor a number of key design choices need to be made,
sensitivity to electrical perturbations in its vicinity, the beshcluding the optimal location of analyte sensing (at the
practices to consistently transduce these perturbations remainarce, at the drain, localized in the channel, spread across the
elusive. Most demonstrations found in the literature occur ichannelgetc), the thickness of the encapsulation layer(s), the
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FET polarity p- or ntype), and the operating point boundaries and to suggest that electron beam exposure
transistor o-state (subthreshold regime) or on-state (satuimay lead to a phase transitidn.

ration or linear regime). These are only a few of the critical Although not traditionally used for this purpose, SGM is
choices, which together comprise an expansive parametery well suited to physically simulate many aspects of FET
space for determining the most appropriate sensor design. T@ensing with high degrees of precision and control. To perform
di culty of explicitly controlling many of these variables limitan SGM scan, a sharp tiprist scanned over the surface of a
the feedback that could illuminate underlying mechanisms addvice, as in AFM. Once the end of the scanline is reached, the
guide rational design iterations. For instance, when testingig is raised by a preset distarigg) @nd rescanned over the
biosensor, it is typically not feasible to maintain control ovesame line maintaining a constant height above the surface
the location of an analyte molecule relative to the sensiri§igure A). This second, raised line scan is referred to as the
element with nanometer precision. However, the specinap scan. During the nap scan, a voggeg applied to the
location of the analyte typically makes a sagriidierence  tip while a substrate gate voltagg)(and a device drain to

in the detected signal. Without an understanding of theource voltag&/gd are applied to the FET, setting the sensor
in uence of key variables thaga the detection mechanisms, operating point. The devieedrain current 1) is then

it is unlikely that 2D FETs will reach their full potential andrecorded during the nap scan and mapped to the position of
realize broad adoption. the tip, thus forming an image.

To address these shortcomings, we used a customized’he Synch-Dev system we developed in this work integrates
atomic force microscope (AFM) with a synchronized electricageveral instruments and interfaces providing compelling
device control platform (Synch-Dev) to explore the impact afapabilities. In this system, device chips are wire-bonded into
precise analyte position and charge on signal transduction ipa&ckages which are in turn inserted into custom printed circuit
2D FET-based sensor. The apex of the AFM cantilever thppards (PCBs). These PCBs make the use of micro-
acted as the analyte, with the tip voltage representing thganipulators unnecessary and thus increase the stability of
e ective analyte charge and the Synch-Dev providingectrical measurements while other system components are in
synchronized electrical biasing of the FET and tip voltagemotion. Source measure units (SMUs) interface with these
Utilizing this functionality, we explored the operation of alPCBs to provide stable voltage application and current
MoS, FET-based sensor and obsethietspots of sensitivity  measurement down to 10 fA. Furthermore, hardware triggering
distributed throughout the channel, with no evident prefereneghd communication bus paths were implemented between the
for the source-side or drain-side of the device. Through varyingM, four SMUs, the PCBs, and a control computer to
the height of the voltage probe, sensitivity to remote chargpgovide tight synchronization between the measurements.
was characterized, showing substantiatbémeeducing the  Extensive software was developed and deployed at each system
analyte channel separation. Importantly, an increased sengiode to facilitate control, synchronization, automation, and
tivity to local charge was observed when the charge gated thga fusion. Further details of this system are outlined in the
transistor toward the etate rather than the on-state. Three Supporting Information along witlyure S1
distinct types of signal-to-noise ratio (SNR) wereede The devices studied in this work were fabricated by forming
based on prior sensor demonstrations, and each of these wasial contacts on exfoliated Mo%kes (approximate
analyzed for ecacy in this controlled charge characterizationhickness 510 nm) using electron beam lithography (EBL),
setup. This analysis yielded evidence of the ideal range maétal evaporation, and a liftavocess. Channel lengths were
operation for many sensing modalities, which is around t®0 nm, with channel widths on the order of m
threshold voltage of the device and depends on the extent(gktermined by theake geometry). A doped silicon substrate
the channel that is gated. These observations provide insigis used as a device back gate with a 25 nm thergit8iO
for the design of 2D FET-based sensors and the mogkide. Full fabrication details can be found iStpgorting
appropriate operating mode for maximized SNR. Information Typical optical and AFM images of the

completed devices are showiriure B,C. These devices

yielded on/o-current ratios of over 6 orders of magnitude
The customized AFM setup used in this study was leveragediidh on-currents on the order of 18 atVps= 100 mV (see
perform several types of scanning probe microscopy (SPNMBigure D,E). These device characteristics are similar to many
such as electrostatic force microscopy (EFM), Kelvin-probshers currently reported in the literature, making the results
force microscopy (KPFM), and scanning gate microscogyresented here broadly applicable. Transfer and subthreshold
(SGM). These and other similar measurement methods hagbaracteristics of the several devices studied are shown in
seen some use on 2D-FETs previdtdiyhile EFM and  Figure S2
KPFM are available with many traditional AFM instruments, Using the combination of these Malf®vices and our
our modied SGM approach required additional channels ofustom Synch-Dev measurement system, the response of a
synchronized measurements provided by a das$aofFET device was mapped across the in-plane location of the
characterization system (Synch-Dev), portions of which has@mulated analyte (charged tip). An example of this type of
been described previoust? This latter approach provided mapping is shown Figure B, where the topography of the
the most illuminating and pertinent data, enabling directame device is shown Figure A. The nature of the
correlation between the SGM tip position and the charge witinteraction between the tip and the channel was capacitive,
the MoS FET behavior under active bias. Many reports haveith no measurable curremwing to or from the tip. It is
presented SGM on graphene deVicésmostly from the  clear that the sensitivity of the device to the simulated analyte
perspectives of observing insights stemming from gimphenaries across both the length and the width of the channel, with
band structure. To date, however, application of the SGKbme regions showing a strong response to the presence of the
technique to other 2D materials has been limited. Fgr MoStip while the response is minimal in other regions. As can be
SGM has been used to highlight electrical domaiseen inFigure B, “hotspots of sensitivity occur throughout
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No systematic variation in the sensitivity across the channel
geometry was observed here, such as increased sensitivity near
one contact, as has been proposed previdtrsiyead, the
sensitive hotspots occurred randomly within the channel of the
device. When the same device was scannecemntidays
and under dierent operating conditions, the locations of the
hotspots remained constant, suggesting that they arise from a
stable characteristic of either the channel, the substrate, or
their interface. The presence of sensitivity hotspots was
observed across many devices and operating conditions.

If these hotspots truly occur at random, it would beuti
to conceive of a sensor design that could take advantage of the
higher sensitivity they @r. One valid approach to solve this
issue could be to establish precisely what type of defect or
contaminant leads to these hotspots and to determine if they
can be reliably placed during fabrication. This route is
recommended for future work; meanwhile, the focus herein
lies on characterizing existing behavior. As such, we have
worked to determine the most probable hotspot locations. By
taking the average response of all line scans acrosssa device
channel, the signal peak illustrates where, on average, the
channel exhibits a maximal response (i.e., highest probable
location of hotspots). An example of this type of line scan
average is shownHigure £, where it is clear that the device
response, or signal, is maximized halfway between the source
and the drain, on average.

When operating a sensor, maximizing the signal alone is
typically not the primary objective. Instead, the signal-to-noise
ratio (SNR) is often a more valuable metric, as it allows for the
determination of what levels can be resolved independent of
ampli cation. While mapping the response across a device has
made it clear that hotspots exist that cause the generation of
larger signals than other areasKspee B), these mappings
have not given any indication of what contribution these
hotspots may make to the observed noise levels. To determine
what this contribution may be, our custom Synch-Dev
measurement system was adjusted to allow for multiple
measurements of the same line scan, allowing a noise metric
to be extracted as the standard deviation of repeated
measurements. This capability allows signal, noise, and SNR
to be mapped with respect to each of the other system
variables. The noise was found to rise along with the signal, but
to a lesser extent, such that the SNR is maximized near the
center of the channel length along with the signafi(gee

Figure 2. Sensitivity and hotspot identation across the MgS 2C) This ImplleS that analyte wells or similar structures should
channel. (A) Topology scan corresponding to parts (B) and (C). be designed to expose analytes to the center of the channel to
(B) “Hotspots are shown in the nonuniformity of the device maximize SNR. It has been proposed that some sensors derive
response to a controlled local charge. The modulation of the the majorit;/ of their sensitivity from the contacts or contact
device drain current is shown versus the position of the local jnterfacé?® but this is not supported by the devices tested
charge above the device, at ¥ed height under the parameters pore.
listed in the inset (noteVgs of 0 V is in the on-state for these 1, 3 4gition to determining the dependence of the sensor
transistors seeFigure D,E). (C) The normalized signal (drain 2 . o
response on the lateral position of the simulated analyte, it is

current modulation), noise (standard deviation from multiple | luabl h lati hip b h
repeated line scans), and SNR of an average scan line across th@/SO valuable to measure the relationship between the sensor

device (i.e., average of all scan lines), showing that both the signafesponse and the out-of-plane distance of the analyte. Many
and the SNR peak near the center of the channel, on average. 2D material-based charge detection sensors are likely to
require a passivation layer to protect the sensitive material
from degradation from either the environment or the
the channel. This observation is similar to results reported @malyt&** (for example, 2D materials like black phosphorus
other systenfs?® It has been proposed that these hotspotsare degraded by both oxygen and Wat&ther sensors will
arise from defects’’ inhomogeneities in the density of require bioreceptors, linkers, or adhesion layers to attract or
states® charge irregularities in the substrafeor di erences  bind the intended analyte. Any such layer, whether intended
in adhesion/contamination between the 2D material and thior passivation or analyte binding, will increase the distance
substraté’ between the 2D material and the analyte. Although it is clear
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that sensitivity will decrease as the analyte is moved fartherages and a more complete breakdown of percentiles are

from the device channel, the utility or even necessity ahown inFigure S3

interlayers motivates determination of the precise relationshiplTo further explore this trend, we developed a model in

between device response and analyte distance. This relatiwhich a device channel was represented as a transistor mesh

ship can be used to evaluate tradel®tween interlayer grid, with the gating of each node calculated from a

thickness and sensitivity during the sensor design process.geometrical electrostatics model, as described in the Support-

To this end, SGM scans were taken across a range of heigimtg. Information (see alsbigures S4S6. This model

As expected, the device response was reduced and broadewedrately reproduced the qualitative shape of the device

as the out-of-plane distance to the simulated analyte wasponse as a function of tip height for small distances;

increased, as shown in the example scaigiie A. Note however, at larger distances, it predicted that the response
would drop o more slowly with distance than was observed
(seeFigure B). The qualitative similarity between the model
predictions and our observations provides some validation of
the data collection and analysis methodology. The assumptions
of the model are general to all FET-based charge detection
sensors, suggesting that the observed trend may be general-
izable beyond the specidevices and materials used in this
study. We were surprised how steeply the response declined
within the rst 100 nm, even without the large amount of
charge screening present in some sensors. This fast decay in
sensitivity with distance highlights the need for developing
ultrathin capping layefsshort linker molecules, aptamers to
replace antibodieSpolymer brush layers allowing use of the
Donnan eect>® and other methodologies that enable smaller
distances between the device channel and the analyte.

Although the majority of the details of our numerical model

are spect to localized charge detection and are described
primarily in theSupporting Informatiorour general FET
model is more broadly applicable and will be ybrie
summarized here. This model was adapted from previous
work%*°to provide a single equation with no conditionals that
is valid, continuous, and alientiable across all operating
regimes. Furthermore, this model isneé in terms of
common device performance metrics, so that it can be easily
used by experimenters to extract performance metrics from a
typical device or bé to data in order to obtain estimates and
estimate uncertainties for key parameters that are commonly
reported. In this model, the FET drain currkgy)ti§¢ given by

2
ST % 2a
Ip = 2%?1@@5 S qidz)

where q_= W[ 68 W72 nigT) q, = W[ 65 VS Vo2 i
- a SS

Figure 3. Dependence of the sensitivity on analyte height. (A) . kel !”(10),. . .
SGM maps showing the magnitude of the drain current N Kelvin,q is the charge of an electrgp,is the device
modulation versus the location of the simulated analyte for a transconductanc¥ps is the device drain voltagl,is the
range of heights (indicated in the top right corner of each map). lambertW function (real part, available in most scienti
(B) Relationship between the device response and the analytecomputing packages, can also be globally approximated in
height is expressed by summarizing each full scan with a respons¢erms of IogrithmAsE with arguments shown in square
metric (99th percentile of modulated drain current across the scan prackets)\Vgs is the device gate voltayg, is the device
image), while the inset shows a similar trend predicted by our threshold voltage, asSis the device subthreshold swing in
numerical model. volts/decade. At of this model to example device data is

shown inFigure D,E. A series of plots demonstrating the

model outputs across a range of input device metrics is shown
that the lateral locations of the hotspots remained constaint Figure SAalongside an expanded version of the model
across analyte heights. To quantify the relationship encodedrnicluding mobility degradation. This model can be easily used
this set of images, we ded a metric of device to extract device metrics from current versus voltage data or to
responsiveness; speally, the 99th percentile of the device model the eect of device metrics on observed results, as in our
response across the scan image was used to capture ¢kpanded sensor numerical model.
e ective maximal response while avoiding susceptibility toln sensing applications, it is typically quiteudt to make a
potential outliers. We then extracted this metric from eacthange to the charge of the analyte to determine velcat e
image and plotted it against heighFigure B. More scan  the magnitude of that charge entails. The few studies that have

ks is Boltzmarns constantl is the temperature
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managed to vary this parameter for speensors had to use of the operating range, such that gating perturbations pushing
impressive experimental feats to d6 Bere, however, our the device further into the on-state may be expected to
experimental system allows precise control over the analinerease the drain current slightly more than perturbations
charge, which enables us to determine therine of both the  pushing it toward the estate. This argument would not hold
magnitude and the polarity of the charge. To this end, fuif the operating point set by the substrate gate were far enough
SGM scans were taken across a range of tip voltages witto the on-state to set the device past the point of maximal
repeated measurements to enable extraction of a noise mefti@isconductance, but we observed the same trend at multiple
(the standard deviation of the multiple measurements). Agperating points, all on the subthreshold side of maximal
discussed previously, the magnitude of both the response drahsconductance. Sinceest devices experience some
the noise were extracted from each scan. This allowed an SNysteresis, the scan through tip voltages was completed in
value to be calculated from each scan image. We found that the direction that would minimize the observed asymmetry,
system noise was not sigantly aected by the analyte such that the asymmetry would have been larger should the
charge, suggesting that the SNR was governed by the sigriiogression of tip voltages proceeded in the opposite direction.
Although, as expected, the SNR increased with thelt could be argued that when the device is held near the
magnitude of the analyte charge, we found that the SNWRreshold voltage (i.e., transition voltage between-thad
increased more rapidly when the charge was acting to turn tp@-states), gating perturbations would encounter an exponen-
FET to the o-state compared to the on-stefeg(re A). tial relationship toward the-state and a linear relationship
This may seem counterintuitive, since the slope of the FEfpward the on-state (see the log-scale subthreshold curve in

transfer curve is increasing with gate voltage over the majofitgure E), explaining the obsed asymmetry in the
response. This argument, however, does not hold because

the slope of the exponential relationship is everywhere lower
than the slope of the linear relationshipkggee D). Since

the signal is deed as an absolute change in drain current
rather than a percentage change in drain current, it is the slope
of the drain current versus gate voltage relationship that should
determine the result. Additionally, the fact that this trend was
exhibited at multiple operating pointsg(re 4) demon-
strates that it is not specito operating at or near the
threshold voltage.

Because the two lines of reasoning just presented do not
appear to explain the observed results, the numerical model
discussed above (i.e., using a 2D mesh grid of transistors to
represent the FET channel) was employed to discover the root
cause of the measured asymmetry. The predictions of this
model were in good agreement to the measurements, as shown
in Figure 8. The modeling process helped to illuminate an
underlying reason for the asymmetric response with simulated
analyte polarity: the analyteeetively perturbs the con-
ductance of a segment of the channel. For small perturbations,
the magnitude of a positive conductance perturbation will be
similar to that of a negative perturbation. In a model as simple
as a chain of three resistors, if the conductance of any single
resistor is decreased by 50% or increased by 50%, the overall
conductance of the chain will change B§% or +12.5%,
respectively (sekigure S} The numerical mesh model,
although much more sophisticated, follows roughly the same
principle as the mental model of the three-resistor chain. Both
models indicate that a local disruption in current (decrease in
conductance) leads to a larger global impact on current
across the channel than an equal and opposite local
enhancement (increase in conductance).

With this underlying mechanism idesd; it is reasonable
to project that the asymmetry between response to a positive
analyte charge versus response to a negative analyte charge is a
result that is generalizable to all types of FET-based sensors in

) _ ) _ similar congurations. The mechanism discussed is notcspeci
Figure 4. SNR is asymmetrically ienced by analyte charge 4 5 certain operating point or operating range, Nnor is ittspeci
polarity. (A) SNR dependence on the tip (simulated analyte) 1, 15 or even 2D materials. With all else equal, a FET-based
voltage, reveallngast_ron_ger increase when the_ analyte acts to turnh h th vt dulates the device t d
the FET o ; the behavior is consistent for two dirent operating tharge sensor where [ne analyte modulates the device towar
points. (B) Numerical model predicting the same asymmetry that ItS O -State will have a higher SNR than the same sensor where
was experimentally observed. (C) Example SGM scans that werédn analyte of the opposite charge modulates toward the on-
summarized in (A) shown for reference with their associated tip State. As such, we recommend that, when designing a FET-
voltages ¥y;,) indicated in the top right corner of each scan. based sensor to detect a charge-based analyte, a device be
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selected with a polarity such that it will be turneoyahat

analyte.
The next item to be determined for FET-based sensors is the

ideal operating point, i.e., the operating point at which the

SNR is maximized. There has been some debate in the

literature as to where the ideal operating point may be, with

some studies suggesting that it will occur at the point of

maximum transconductancéin the center of the linear

regime), while others concluded that this point is in the

subthreshold regifie.The discrepancy between the con-

clusions of these studies suggests that more work is needed to

resolve the issue.
To that end, we performed SGM scans on our devices

accounting, as before, for both signal and noise estimation

across a range of substrate gate voltages (i.e., operating points).

One SNR value was extracted from each full scan image, with

three full scans performed at each gate voltage in order to

obtain a measurement of uncertainty (standard deviation).

Figure & shows that the SNR peaks are located consistently

near the center of the subthreshold regime. This trend was

observed to hold true for measurements across multiple

devices as well as for multiple measurements of the same

device. An eective transfer curve and transconductance

relationship were each extracted from the same set of scan

images and are shown aligned to the same faijsrin B,

illustrating that the SNR peak is far removed from the

transconductance peak. The transconductance peak is located

in the center of the on-state, whereas the SNR peak is in the

center of the ostate.
This operating point experiment was repeated for both a

positive and a negative analyte charge (AFM tip charge), with

the location of the SNR peak remaining in thstate for

both charge polaritie§igure €). The SNR peaked at a

slightly higher gate voltage when the analyte was turning the

device o, as predicted by our numerical moéai(re SB

As indicated earlier, the SNR is higher when the analyte charge

was pulling the device toward thestate than when it was

pulling the device toward the on-state. At some operating

points, the dierence between SNRs with a positive compared

to negative analyte charge was small; however, éhénct

was exaggerated near the SNR peak. The peak SNR with the

device being turned more loy the analyte was roughly three

times larger than the peak SNR with the device being turned

on by the analyte. This reinforces our earlier recommendation

of choosing a device polarity that will be turnebyothe

intended analyte when designing a sensor. Interestingly, a

crossover in this trend was observed far into the on-state (see

Figure &€ nearVgs= 1 V), but in this region the dirence

between the SNRs for the opposite analyte charges was small.

Figures 4nd5 provide four cross sections through the SNRFigure 5. In uence of the operating point on the SNR, showing the

versus \ and Vgs surface, illustrating the rough trends max in the subthreshold regime. The results from a large number

observed across these parameters. of SGM scans of a M@EET are summarized in terms of (A) drain
Across the range of operating points studied, the noise rogérent, (B) transconductance, (C) SNR, (D) signal, and (E) noise

with increasing device drain current, independent of analy}&oss a range of operating points and for two analyte polarities

charge polarity. The shape of the signal with respect to the™ ™ Vi Ves-

operating point, however, was markedéretit between the

two polarities. The breakdown of the SNR into signal andhown irFigure %, the voltage derence between the tip and

noise components is shownFigure ® E. Note that the  the gate ¥rg = Vyj, V9 was held constant as the gate

noise observed in these devices was found to be predominantitage was varied. This was done to maintain the magnitude
icker noise, due to the low measurement frequencies utilizefithe gating modulation through the tip at a constant value

in the experiments. around the global operating point. In the second version of the
We performed two distinct versions of this experiment, witexperiment (results showrFigure SR the tip voltage\(;,)

both leading to very similar results. In tiseversion (results was held at a constant value as the gate voltage was varied.
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Both versions (varyingg in one andv;, in the other) were
repeated for a positive and a negativectige analyte
in uence. Results from each version showed SNR peaking in
the subthreshold regime, with the analyteence that
modulates the device toward itsstate leading to a much
higher maximal SNR.

Up to this point, the signal of our sensor has beardito
be the maximum change in current through the device seen in
response to our voltage probe (i.e., the maximum color change
seen in a scan image). The SNR can heedan terms of
three distinct signal metrics. For FET-based sensors these three
signal types are often expressed as condu@garadefige in
conductance when the analyte is introduce@d), (and
percentage change in conductance when the analyte is
introduced ( G/ G). There are distinct use cases associated
with each of these signal metrics that illustrate the role and
importance of each. If the analyte has full control over the
gating of the device (although this is rarely the case}; then
alone would be appropriate. If the analyte causes small
perturbations in the gating of the channel, which is centered
around an operating point set by another gate (such as a back
gate), then Gwould be an appropriate signal metric when no

amplier is used. When an amefi is used, however, the &igure 6. Types of SNR and their dependence on the operating
absolute size ofG becomes |ess important, as percentag point for global gating. Three derent types of SNR (see text) are

changg/chan be ametl to a dr;erent al\)bsolute S(;]ale. In this fgl otted as a function of the gate voltage (operating point). The
case (or a percentage change) becomes the most usefyil;, jjiustrate that the SNR most pertinent to a given sensor will

signal metric. Note that the choice betwe@rand G/G have bearing on its ideal operating point. These global gating
could depend on the spes of the measurement and measurements were performed on the same device as the local
ampli cation approach, as some approaches lend themselgasng measurements presentedrigure 5 allowing comparison
more easily to rereferencing than others. Siéds a very of the SNR peak positions relative to pepk The error bars were
common signal metric, use of the terms signal and SNR in tisigmputed as: 1 standard deviation of measurements across drain
work refer to the G de nition of the signal, unless otherwise voltages ranging from 100 mV to 500 mV, indicating that the
specied. shapes of these normalized trends are independent of drain voltage

An SNR can be derived from each of these types of signaﬂger the range studied. The transconductance and threshold
. . . : yoltage are shown for reference.

and the ideal operating point depends heavily on the
appropriate SNR for the sensor setup in question. To illustrate
the di erence between the three SNRs derived from thessnstant percentage of the drain current in both instances.
three signal metrics, we performed substrate-gated meas\ile our data conms that this assumption is approximately
ments of our MoSdevices, with noise calculated from theaccurate for the case of localized gating perturbations, our
variation of 50 000 measurements under the same conditiogfsbal gating perturbation measurements clearly indicate that
Three SNRs have been calculated from the results using thés assumption is not valid in that case. It has also been
three denitions discussed above and are showigine 6  previously proposed that changes near the contacts could
plotted as a function of the operating point. When gatingh uence the extent of gating and may alter the noisepro
perturbations act the entire channel via the substrate gate, When moving from a global to a local analyteite, our
SNR; increases steadily throughout the on-state ;$/8Bks ~ model predicts that changes in the signal will push thg SNR
slightly to the subthreshold side of peak transconductance, grehk toward subthreshold. Furthermore, our noise measure-
SNR g has a peak deep in the subthreshold regime. ments indicate that changes in the noisdepvall push the

Using the same device, we have shown that gatir§\NR ; peak toward subthreshold, and our SNpeak
perturbations that act the entire channel lead to a SNR measurements com that this peak shifts from near the
peak near the point of maximum transconductaiuzed §, transconductance peak for a globally gated deygice(§ to
whereas gating perturbations thatka localized region of the center of the subthreshold regime for a local-analyte-gated
the channel lead to a SNfpeak centered in the subthreshold device Figure &). Future work should include the
region Eigure ). This apparent behavioral efience  observation of intermediate steps of this shift by creating
provides insight regarding the disagreement in the literatulecalized inuences of various extents. This could be achieved
about where this SNR peak will be found. Our numericdly creating analyte exposure wells of several sizes on similar
model predicts that if the analyteuence were to span the channels.
entire channel, the SNRpeak would shift toward the on-  The observation that the location of the SNR peak is
state as compared to when the analyteite is localized to  dependent on the portion of the channel that igirced by
a small area of the chanrtéb(ire S10 The predicted shiftis  the analyte has important implications for many sensors. Some
not as large as the experimentally observed shift (experimefBIT-based sensors require contact passivatiemd this
shift observed from the peak positiorrdince ofigure 6 passivation layer most often extends over a portion of the
versus-igure &). We surmise that this drence is likely a channel, causing only a part of the channel to interact with the
result of how the model predicts noise by assuming that it isamalyte. Other sensors have discrete wells formed on the device
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channel and only allow the analyte to interact with the channeMMA resist, electron-beam metal evaporation, and @hips
inside these wefl§Some sensors expose the entire channel tyere wire-bonded into 68 pin ceramic packages, which were inserted
the analyté® while still other sensors detect single moleculaft© our custom designed PCBs to be measured by our Synch-Dev
events that only imence a small portion of the channel at anySYStem developed for this work. Further spetstails of the

given timé° The SNR in each of these schemes will likely b abrication process, the measurement system, and the numerical

; . L . dels referred to throughout the text are described in the
in uenced according to the principles discovered here a@fpporting Information 9
outlined above.

Some care will be required in extending the results presented
in this work to speai sensor designs. For instance, since thig
work did not include a dielectric passivation layer covering tIE%
active area of the FET channel in either the experiments or t ; :
numerical model, a sensor that uses such a layer would reqtt€S-//Pubs.acs.org/doi/10.1021/acsnano.0c04192
the adjustment of all trends versus analyte distance by Figures S1S10 and further details regarding fabrication,
considering the appropriate dielectric constants and layer the measurement system, and the numerical model
thicknesses. Similarly, the functionalization of the channel to (PDF
enhance sensitivity would lead to a threshold voltage shift if the
functionalization layer is charged and changes in trang;
conductance if the layer introduces scattering sites. Such .
changes in device performance metrics could be adjusted in tfgresponding Author .
inputs to the numerical model presented here in order to gain A&ron D. Franklin Department of Chemistry and Department
an approximate understanding of whateince they may of Electricaél Computer Engineering, Duke University,
enact. When this type of care and consideration are taken, the Purham, North Carolina 27708, United Ctatest.org/
principles dened and characterized in this work remain highly ~ 0000-0002-1128-93Emailaaron.franklin@duke.edu
relevant and are applicable guidelines for future sensgfinors

development. Steven G. Noyce Department of Electéc@lomputer
Engineering, Duke University, Durham, North Carolina 27708,
United States;orcid.org/0000-0002-2953-7560

Our custom measurement system allowed us to investigate dames L. Doherty Department of Electéc@omputer

highly controlled sensor based on a 2D FET, exploring the Engineering, Duke University, Durham, North Carolina 27708,

e ects of parameters that aredlilt to control in typical United States;orcid.org/0000-0003-1571-0622

sensors of this type. Our results show that a device is notStefan Zauscher Department of Mechanical Engineering and

uniformly sensitive across the channel, but rather the device Materials Science, Duke University, Durham, North Carolina

exhibits sensitivithotspoty with locations that remain stable 27708, United Statesyrcid.org/0000-0002-2290-7178

in time. On average, however, the SNR is maximized near @Smplete contact information is available at:

center of the phannell, suggesting that analyte wells Shou'dkﬁﬁ)s://pubs.acs.orgllo.1021/acsnano.0c04192

placed there in practice. We found that the response of the

device is highly asymmetric with respect to the polarity of th,thor Contributions

analyte chargean analyte that turns the devicel@ds to 5 .G .N. and A.D.F. designed the experiments. S.G.N. performed
higher SNRs, and we ideed a broadly applicable eyperimentation and data analysis with feedback from the

mechanism for this ect. This suggests that device polaritygiher authors. J.L.D. fabricated the devices and assisted in
should be chosen such that _the device WI|| be gated t0\_/vard tHsme experimentation. The manuscript wesdrafted by

o -state by the analyte of interest. This asymmetry is mo§tG N. and then reed through contributions of all authors.

strongly manifest at the operating point that leads to maxima|| authors have given approval to thal version of the
SNR, which we determined to be in the subthreshold regimganyscript.

when the device is locally gated. The ideal operating point |n
terms of SNR, however, was found to shift with the extent 4%’
the channel that was gated, with our numerical model
suggesting this may be a continuous shift as the extent pf
gating is varied. Veration of this proposed continuous shift

in the ideal operating point with extent of gating would be dhis work was supported by funding from the National
valuable subject in future work. Quitings, along with a clear Institutes of Health (NIH) under Award 1R01HL146849. This
de nition of di erent types of SNR and when each should bavork was performed in part at the Duke University Shared

used provide a clear pathway for designing 2D material FEMaterials Instrumentation Facility (SMIF), a member of the
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(RTNN), which is supported by the National Science
Foundation (Grant ECCS-1542015) as part of the National
Nanotechnology Coordinated Infrastructure (NNCI).
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The devices were fabricated from mechanically exfoliatechk&sS
that were transferred topaype silicon wafer with 25 nm thermal
oxide with a grid of palladium interconnects previously formed via

photolithography, electron-beam evaporation, and Tifim akes (1) Wen, W.; Song, Y.; Yan, X.; Zhu, C.; Du, D.; Wang, S.; Asiri, A.
were selected for device fabrication using an optical microscope basgkedLin, Y. Recent Advances in Emerging 2D Nanomaterials for
on the contrast of theake with the substrate. The nickel source andBiosensing and Bioimaging Applicatibfeter. Today018 21,

drain contacts were formed by electron-beam lithography of thHe4 177.
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