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Biosensors based on field-effect transistors (FETs) have attracted much attention, as they offer rapid, inexpensive, and label-free detection. While the low
sensitivity of FET biosensors based on bulk 3D structures has been overcome by using 1D structures (nanotubes/nanowires), the latter face severe fabrication
challenges, impairing their practical applications. In this paper, we introduce and demonstrate FET biosensors based on molybdenum disulfide (MoS,), which
provides extremely high sensitivity and at the same time offers easy patternability and device fabrication, due to its 2D atomically layered structure. A MoS,-
based pH sensor achieving sensitivity as high as 713 for a pH change by 1 unit along with efficient operation over a wide pH range (3—9) is demonstrated.
Ultrasensitive and specific protein sensing is also achieved with a sensitivity of 196 even at 100 femtomolar concentration. While graphene is also a 2D material,
we show here that it cannot compete with a MoS,-based FET biosensor, which surpasses the sensitivity of that based on graphene by more than 74-fold.
Moreover, we establish through theoretical analysis that MoS, is greatly advantageous for biosensor device scaling without compromising its sensitivity, which
is beneficial for single molecular detection. Furthermore, MoS,, with its highly flexible and transparent nature, can offer new opportunities in advanced
diagnostics and medical prostheses. This unique fusion of desirable properties makes MoS, a highly potential candidate for next-generation low-cost biosensors.

KEYWORDS: 2D materials - MoS, - biosensor - dichalcogenides - field-effect transistor - label-free - pH sensor

iosensors are of paramount impor-

tance not only in the field of medical

diagnostics but also for national se-
curity, forensic industries, and environmen-
tal monitoring. Especially, interest in bio-
sensors based on field-effect transistors
(FETs)" is fomented by their highly desirable
attributes such as rapid electrical detection
without the need for labeling the biomole-
cules, low power consumption, portability,
inexpensive mass production, and the pos-
sibility of on-chip integration of both sensor
and measurement systems. In a conven-
tional FET used for digital applications, two
electrodes (source and drain) are used to
connect a semiconductor material (chan-
nel). Current flowing through the channel
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between the source and drain is electrosta-
tically modulated by a third electrode called
the gate, which is capacitively coupled
through a dielectric layer covering the chan-
nel region. In the case of an FET biosensor
(Figure 1a), the physical gate present in a
logic transistor is removed and the dielectric
layer is functionalized with specific recep-
tors for selectively capturing the desired
target biomolecules. The charged biomole-
cules when captured produce a gating
(electrostatic) effect, which is transduced
into a readable signal in the form of change
in electrical characteristics of the FET such as
drain-to-source current or channel conduc-
tance. It is to be noted here that apart from
the dielectric layer, different polymers/lipids

AMRTAN TS

* Address correspondence to
deblina@ece.ucsb.edu,
kaustav@ece.ucsb.edu.

Received for review February 14, 2014

and accepted March 3, 2014.

Published online March 03, 2014

10.1021/nn5009148

©2014 American Chemical Society

WWwWW.acsnano.org

3992



a Reference Electrode

Electrolyte
receptor '\ r ‘
gate molecules .
dielectric

——> biomolecules

target

Figure 1. MoS,-based FET biosensor device. (a) Schematic diagram of MoS,-based FET biosensor. For biosensing, the
dielectric layer covering the MoS, channel is functionalized with receptors for specifically capturing the target biomolecules.
The charged biomolecules after being captured induce a gating effect, modulating the device current. An electrolyte gate in
the form of a Ag/AgCl reference electrode is used for applying bias to the electrolyte. The source and drain contacts are also
covered with a dielectric layer to protect them from the electrolyte (not shown in this figure). (b) Optical image of a MoS, flake
on 270 nm SiO, grown on degenerately doped Si substrate. Scale bar, 10 um. (c) Optical image of the MoS, FET biosensor
device showing the extended electrodes made of Ti/Au. Scale bar, 10 um. (d) Image and schematic diagram (inset figure) of
the chip with the biosensor device and macrofluidic channel for containing the electrolyte. Inlet and outlet pipe for
transferring the fluid and the reference electrode are not shown in the figure.

have also been used to cover the channel, and in
several cases direct functionalization of the channel
using specific groups/linkers/receptors has been done
(Supporting Information S1). However, as long as an
unambiguous transduction mechanism through an
electrostatic effect is achieved (now the effect can take
place through any layer (we call it the effective layer),
be it dielectric, lipid, polymer, linker/receptor layers, or
any other groups), the general conclusions presented
in this work remain valid.

Given the importance of FET biosensors, there has
been a lot of work on identifying an appropriate
channel material for the same. Among the various
materials reported, nanostructured carbon nanotubes
(CNTs) and Si nanowires (NWs) have been found to be
most attractive due to their size compatibility and
ability to provide high sensitivity.* However, the same
1D nature that leads to efficient electrostatics and
hence higher sensitivity also leads to difficulty in
fabrication, thereby creating a major challenge for
the success of 1D technologies. While the top-down
fabrication technique for 1D structures suffers from
high cost and slow production rate,* the bottom-up
method faces severe integrability issues,>* thus ham-
pering the practical usability of such structures. The 2D
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materials, on the other hand, are highly promising, as
they not only can provide excellent electrostatics due
to their atomically thin structures but also possess
planar nature, which is amenable to large-scale inte-
grated device processing and fabrication. It is worth
noting that thinning down of 3D materials, such as Si,
into 2D structures not only is fabrication-wise expen-
sive but would also suffer severely due to interface
defects and uncontrollable band-gap variation when
scaled down. Hence, naturally 2D layered materials are
desirable, leading to interest in graphene® based FET
biosensors.>6~° However, we show here that the lack
of a band gap in graphene fundamentally limits its
sensitivity. In this Article, we bring forward the tremen-
dous potential of MoS,,'~"” which is a biocompatible
material,’® as the channel material in label-free FET
biosensors. MoS, belongs to the class of transition-
metal dichalcogenides (TMDs),'®~ %1722 which con-
sist of 2D stacked layers of covalently bonded transi-
tion metal and dichalcogenide atoms arranged in a
hexagonal lattice where adjacent layers are held to-
gether by relatively weak van der Waals forces. Due to
this weak interlayer bonding in TMDs, it is possible to
obtain atomically thin films with pristine interfaces, a
monolayer of MoS, being only around 0.65 nm thick.
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While MoS,-based photodetectors,®®  fluorogenic
nanoprobes,®* gas detectors,?> 2% chemical sensors,?
and electrodes for electrochemical sensing®® have
been reported in the literature, this work represents
the first demonstration of MoS, (for that matter any
TMD)-based FET biosensors working in an aqueous
environment and in subthreshold region, which is
capable of ultrasensitive and specific detection of
biomolecules>' We demonstrate that the proposed
biosensor achieves excellent sensitivity for pH sensing
as well as biomolecule detection. Also, MoS, has pris-
tine surfaces (without out-of-plane dangling bonds),
which reduces surface roughness scattering and inter-
face traps. This results in a low density of interface
states on the semiconductor-dielectric interface, which
can lead to not only better electrostatic control but also
reduction in low-frequency (flicker) noise, which is one
of the main sources of noise in FET biosensors.3? In
addition, we show through rigorous theoretical calcu-
lations that MoS,-based biosensors can achieve ulti-
mate scaling limits while retaining high sensitivity,
which is useful for detection at low biomolecular con-
centrations as well as reduction in power and space
requirements, crucial for achieving dense integrated
structures. Furthermore, ultrathin MoS, possesses
transparency>® as well as high flexibility and mechan-
ical strength.'® MoS, devices fabricated on transparent
and flexible substrates can adapt to the curvilinear
surfaces of the human body and thereby hold great
promise for wearable and implantable biosensor
devices. The recent developments in liquid-scale exfo-
liation®*3> and chemical vapor deposition growth®3’
as well as demonstration of fully integrated multistage
logic circuits on MoS,>® indicate feasibility for large-
scale and low-cost processing of highly integrated and
multiplexed MoS, FET-based sensor architectures.

RESULTS AND DISCUSSION

Biosensor Characterization. The micromechanical exfo-
liation technique, which has been widely employed
for prototyping experiments on various 2D mate-
rials,” 107 1%19-22 a5 peen used to obtain the MoS,
flakes (Figure 1b). However, large-area synthesis of
MoS, has already been achieved as mentioned
above,>*~37 which indicates that the proposed biosen-
sor device fabrication can be scaled up in the near
future. The devices (Figure 1c) were fabricated on
270 nm SiO,/Si substrates with 60 nm/100 nm Ti/Au
as source and drain metal contacts and 30—35 nm of
high-k dielectric hafnium oxide (HfO,) as gate dielectric
(details of device characterization presented in Sup-
porting Information S2). It has been shown in previous
works that if the source/drain metal electrodes are not
passivated and thus are in direct contact with the
electrolyte, the biomolecules can get adsorbed directly
on the electrodes, changing the local work function
of the metal and hence the contact resistance. 34
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To avoid this issue in this work, the source and drain
contacts are passivated with a dielectric layer to pro-
tect them from the electrolyte. A fluidic channel
(Figure 1d) for containing the electrolyte is fabricated
using an acrylic sheet. An Ag/AgCl reference electrode,
referred to as the electrolyte gate, is used to apply bias
to the electrolyte, which is necessary for the stable
operation as well as for controlling the operation
regime of the biosensor.*' First the electrical character-
ization of the devices is carried out in a dry environ-
ment by measuring the transfer characteristics as a
function of drain and back gate voltages (the highly
doped Si and the 270 nm SiO, act as the back gate and
the gate dielectric, respectively), illustrating n-type
FET characteristics (Figure 2a and b). High back gate
voltage is required to turn on the device due to the
presence of very thick back gate oxide. For biosensing
applications, it is necessary that the devices are able to
operate in a wet environment. Hence, the devices were
measured in a wet environment by transferring electro-
lyte solution (0.01 x Phosphate Buffered Saline (PBS)) to
the fluidic channel. Figure 2c and d illustrates that efficient
control of the proposed biosensor device is possible in
the wet environment with the successful demonstration
of electrolytic top gating on the MoS, channel.

pH Sensing. The operation of a MoS, biosensor is first
demonstrated for the case of detection of pH changes
of the electrolytic solution. The pH sensing is based on
the protonation/deprotonation of the OH groups on
the gate dielectric (Figure 3a) depending on the pH
value of the electrolyte, thereby changing the dielec-
tric surface charge. A solution with lower pH value
would tend to protonate (OH + H* = OH,*) the surface
OH groups, thereby generating positive surface
charges on the dielectric while that with higher pH
value would tend to deprotonate (OH — H* = 0™) the
surface OH groups generating negative charges. This
pH-dependent surface charge together with the elec-
trolyte gate voltage applied through the reference
electrode determines the effective surface potential
of the dielectric. The drain current as a function of the
electrolyte gate voltage for different pH values of the
electrolyte is shown in Figure 3b. A significant increase
in current is obtained at a particular applied bias with
decrease in pH value (or higher positive charge on the
dielectric surface that causes lowering of the threshold
voltage of the FET), leading to the successful demon-
stration of the MoS, pH sensor. The shift in threshold
voltage (which has been calculated using the extra-
polation in the saturation region (ESR) method*?) is
found to be 59 mV/pH. This threshold voltage shift
can be understood from the following discussion. The
change in surface charge on a dielectric with a change
in pH of the electrolyte can be found by considering
the protonation/deprotonation reactions with their
respective dissociation constants and the number of
sites on the dielectric per unit area (which can be either
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Figure 2. Electrical characterization of a MoS, FET sensor in dry and wet environment. (a) Drain current as a function of drain
voltage with the back gate voltage (Vggs) varying from 0 to 40 V in steps of 5 V. The thickness of the MoS; used is 5 nm. (b)
Drain current versus back gate voltage with drain voltage fixed at 1 V. Left axis shows current in logarithmic scale, while right
axis shows that in linear scale. (c) Drain current as a function of drain voltage with the back gate voltage floating and
electrolyte gate voltage (Vggs) varying from 0.5 to 1 V in steps of 0.5 V with observation of robust current saturation. The
electrolyte used is 0.01x PBS solution. (d) Drain current versus electrolyte gate voltage with drain voltage fixed at 1 V.

protonated, deprotonated, or neutral). The change in
surface potential can be found by relating it to this
charge through the electrical surface capacitance and
can be written as*?

dp, kgT
dphi — 230 p )
kT Cs ) -
a = (232 241 Q)
( q? PBs

where ¢ is the surface potential on the gate dielectric,
kg is the Boltzmann constant, T is temperature, g is
electronic charge, Cs is electrical surface capacitance,
and fs is intrinsic buffer capacity, which represents
the change in the surface charge with the change
in pH of the solution near the surface. The ideal
change in surface potential that can be obtained is
59.6 mV/pH at 300 K when o approaches 1. When the
intrinsic buffer capacity of the dielectric surface is high,
a can reduce to 1, leading to almost ideal response,
which has been shown to be the case for HfO,.** This
has also been confirmed by our investigations.
Sensitivity for pH sensing (defined as Sp_pn = (o2 —
low1)/Ionr < 100, where Iy, and Iy, are the values
of transistor current at two different pH's of the elec-
trolyte, pH1 and pH2, respectively, where pH1 > pH2) is
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deduced from the curves in subthreshold, saturation,
and linear regions. Figure 3¢ shows the comparison of
pH sensitivity in these three different regions. In the
subthreshold region, the drain current has exponential
dependence on the gate dielectric surface potential,
while in saturation and linear regions the relationship is
quadratic and linear, respectively. Hence the sensitivity
in the subthreshold region is much higher compared to
those in the saturation and linear regions.*'** Sensi-
tivity values as high as 697 and 713 are obtained for pH
changes from 3 to 4 and 4 to 5, respectively. The critical
parameter of an FET, which gives an indication of the
efficiency of gating effect and hence the sensitivity of
the biosensor, is the subthreshold swing (55)." SS is
defined as the inverse of the slope of their log;o(/p)—
Ves curve, where Ip and Vs are the drain-to-source
current and gate-to-source voltage, respectively.
Therefore, the SS of a device essentially indicates
the change in gate voltage required to change the
subthreshold current by one decade (SS = dVgs/
d(logio(lp))). Thus, the smaller the SS, the higher the
change in current for a particular change in the di-
electric surface potential due to gating effect produced
by the pH change or attachment of biomolecules and
hence the higher the sensitivity (details in Supporting
Information S3). The ultrathin nature of the MoS, and
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Figure 3. MoS, FET sensor for pH sensing. (a) lllustration of the principle of pH sensing. At lower pH (higher concentration of
H™ ions), the OH group on the dielectric surface gets protonated to form OH, ", leading to a positive surface charge on the
dielectric, while at higher pH, the OH group gets deprotonated to form O, leading to a negative surface charge on the
dielectric. (b) Drain current for an n-type MoS, FET-based pH sensor is plotted as a function of electrolyte gate voltage for
three different pH values of the solution. The thickness of the MoS; used is around 2 nm, and the SS obtained is around 78 mV/
decade. A decrease in pH values leads to an increase in device current, consistent with higher positive charge at lower pH and
n-type behavior of the FET biosensor. (c) Comparison of sensitivity in subthreshold, saturation, and linear region for a pH
change of 4 to 5 of the electrolyte solution derived from the I4—V, curves shown in (b). The subthreshold region shows a
substantially higher sensitivity of 713, while the saturation and linear regions exhibit much lower sensitivities of 53.69 and
12.96, respectively. (d) Change in threshold voltage and current of the MoS, FET for a wide range of pH (3—9). Left axis shows
the threshold voltages, while right axis corresponds to the current in the subthreshold region. The thickness of the MoS, used
is around 15 nm. The subthreshold swing of the device was found to be around 208 mV/decade.

its pristine interfaces lead to excellent SS and hence
high sensitivity of the proposed device in spite of
the presence of a very thick gate dielectric (30 nm).
In Figure 3d we show the current as well as the
threshold voltages for a large pH range (3—9) (I4—V,
curves shown in Supporting Information S4). From
our measurements, the shift in threshold voltage
(59 mV/pH) is linear over the wide pH range (3—9).
Specific Detection of Biomolecules. Next, the specific
sensing of biomolecules using the MoS, biosensor is
investigated through the well-known biotin—streptavidin
interaction where the biotin and streptavidin act as
models for receptor and target molecules, respectively.
Figure 4a shows that a device functionalized with
biotin exhibited a substantial decrease in current on
addition of streptavidin solution (10uM in 0.01 x PBS)
compared to that measured in pure buffer (0.01 x PBS)
without streptavidin. This is in agreement with the
negative charge of the streptavidin, as the pH of 0.01 x
PBS is greater than the isoelectric point (abbreviated as
pl and defined for a particular molecule as the pH at
which that molecule is neutral) of streptavidin. Addi-
tion of pure buffer again caused a negligible change in
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current consistent with the strong binding between
biotin and streptavidin. To rule out the possibility of
nonspecific interactions and false signals, a number of
control experiments are carried out. First, an unfunc-
tionalized device exhibited similar current levels in
pure buffer and streptavidin solution (Figure 4b), in-
dicating the absence of false signals. Second, a lower
value of pH (<pl of streptavidin and thereby attributing
a positive charge to it) was used, and it is observed
that the addition of streptavidin solution to a device
functionalized with biotin leads to an increase in
current compared to that in pure buffer (Figure 4c).
In yet another experiment, a device functionalized with
biotin did not result in current change (Figure 4d) on
addition of immunoglobulin G (IgG), which is not
specific for biotin, confirming the absence of nonspe-
cific bindings. All these experiments were done with
comparatively thicker MoS; flakes, which are relatively
easier to locate optically on the substrate. In order to
obtain improved SS and, hence, sensitivity, ultra-thin-
layer MoS, consisting of only four atomic layers was
explored (Figure 4e and f). An excellent SS of 90 mV/dec
was obtained even with a very thick dielectric layer
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Figure 4. MoS; FET sensor for specific detection of biomolecules. (a) A device functionalized with biotin (as shown by the
schematic diagram) was first measured in pure buffer (0.01x PBS), as shown by the green curve. Addition of streptavidin
solution (10 «M in 0.01 x PBS) leads to decrease in current (red curve) due to the negative charge of the protein, as the pH of
the solution is more than the pl of streptavidin. The device is then measured again in pure buffer, leading to no significant
change (black curve). (b) An unfunctionalized device (device with only 3-aminopropyl(triethoxy)silane (APTES) attached to it
but not functionalized with biotin), as shown by the schematic diagram, exhibits similar current in pure buffer and
streptavidin solution (solutions used are the same as in (a)), confirming that there are no false signals. (c) Addition of
streptavidin solution (10 M) at a pH of 4.75, which is less than the pl of streptavidin, leads to an increase in current, consistent
with the positive charge of the protein. (d) Addition of IgG (56 1g/mL) at pH of 4.75 (which is smaller than the pl of IgG) leads to
anegligible changein the device current as IgG is not specific for biotin. (e) The high sensitivity of the MoS; biosensor device is
illustrated for four-layer MoS, (around 2.7 nm thick), as a significant increase in current is obtained on addition of streptavidin
solution (100 fM) at pH 3. (f) Comparison of sensitivities in the subthreshold, saturation, and linear regions showing that the
subthreshold region has substantially higher sensitivity.

(35 nm). Sensitivity (defined as the ratio of the differ-
ence in current before and after biomolecule binding
to the lower of the two currents) as high as 196 was
achieved in the subthreshold region for a streptavidin
solution of 100 fM. Similar to the case for pH sensing,
sensitivity in the subthreshold region is significantly
higher compared to those in the saturation and linear
regions (Figure 4f). Note that, while in this work, we
demonstrated the specific detection of biomolecules

SARKAR ET AL.

using streptavidin and biotin as examples of target and
receptor molecules, respectively, the proposed biosen-
sor can be used for selective sensing of other biomo-
lecules as well. For this purpose, functionalization of
the gate dielectric surface with respective specific
receptors can be realized taking advantage of the vast
body of literature that exists on the functionalization of
oxides as well as semiconducting surfaces.**=*® Also,
in our experiments we have used biomolecules in
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PBS solution, which is a standard procedure used for
demonstrating the operation of FET-based biosen-
sors.2*74349 |t is to be noted that detection of biomo-
lecules from whole blood using FET biosensors has
already been demonstrated using a microfluidic pur-
ification chip.>® This technique is independent of chan-
nel material and can also be extended to the MoS,-
based FET biosensor for detection of biomolecules in
the complex environment of whole blood.

Scalability and Single-Molecule Detection Analysis. It is of
particular interest in biosensing to detect biomolecules
at very low concentrations; especially a biosensor
that can detect down to a single molecule is highly
desirable. Low concentration detection (LCD) is depen-
dent on various factors including the site density on
the effective layer, type of biomolecule, sensor area,
analyte mass transport in the solution etc. Since in this
paper, we are focusing on the channel material, we
discuss the ways in which the channel material will
impact the LCD. The channel material will be evaluated
in terms of LCD through the criteria whether a few orin
the most desired case a single biomolecule attached to
the effective layer can cause measurable change in the
current. In the case of graphene it has been shown that
single gas molecules can be detected.>’ However, in
this case the gas molecules dope the graphene by
getting directly absorbed into it, which as discussed
earlier leads to nonspecificity and is not desirable for
biosensors. To achieve specificity, an effective layer is
necessary (Supporting Information S1), and the funda-
mental limitations of graphene for electrostatic mod-
ulation of current through an effective layer are dis-
cussed in the next section. Single biomolecule detec-
tion has been reported using CNTs where the trans-
duction mechanisms involve bridging a gap in
the channel® or modulation of scattering® and not
the electrostatic field effect. The limitations of CNTs for
practical usability have been discussed earlier, and in
addition creating bandgaps in CNTs requires complex
processing and leads to low yield,>? which negate the
advantages of using a FET platform. Detection of a
single virus with a Si NW FET** and a single bacterium
using graphene®® have been demonstrated. Viruses
(around 100 nm) and bacteria (several micrometers)
are typically of larger size. For detection of a single
entity of smaller biomolecules such as DNA or small
proteins (<10 nm) with high sensitivity using a FET
biosensor, aggressive downscaling of device dimen-
sions is required, as shown through theoretical analysis
presented in Supporting Information S5. Scaling down
the device length to a dimension similar to that in
which charge due to biomolecule effects (we call it
the impact dimension) can maximize the gating effect
due to the charged biomolecule. However, it is shown
in Supporting Information S5 that decreasing the
channel length in a typical FET biosensor leads to
an increase in sensitivity but only to a certain extent.

SARKAR ET AL.

Further downscaling beyond a certain length (which is
still greater than the impact dimension) results in
severe sensitivity degradation. This is due to the en-
croachment of the source/drain electric field into the
channel at shorter channel lengths, which effectively
lowers the influence of the biomolecule (gate) induced
vertical electric field in the channel region. In order to
recover the gain in sensitivity with length scaling, the
channel thickness should be reduced simultaneously.
As calculated in Supporting Information S5, detection
of a single biomolecule having an impact dimension of
5 nm with high sensitivity demands a channel thick-
ness of only a few atomic layers or a wrapped gate
nanowire architecture with a radius of around 2 nm.
While this stringent requirement necessitates complex
growth and processing techniques for conventional
semiconducting materials (Si, Ge, GaAs, etc.) with
diamond/zinc-blende structure, it is easily satisfied by
MoS, due to its atomically layered structure and pris-
tine surfaces. Currently, the TMD technology is at an
early phase and still undergoing development. Scaling
down of the gate dielectric thickness remains to be
achieved, and the dielectric thickness used in this
paper is around 35 nm. In order to realistically deter-
mine the true potential of MoS, for single-molecule
detection, such that its performance is not screened by
the thick dielectric layer, rigorous quantum mechanical
simulations based on a nonequilibrium Green's func-
tion formalism (Supporting Information S6) are per-
formed to obtain the local density of states®® as a
function of applied biases (Figure 5a) and hence the
current (Figure 5b). Thereby, it is shown that even at
5 nm channel length, MoS, can maintain excellent gate
control over the channel, leading to near ideal SS
(Figure 5b), which is critical for obtaining high sensi-
tivity. Thus, MoS, is highly advantageous for scaling
down of FET biosensor devices, which not only can lead
to higher sensitivity for detection of single quanta of a
biomolecular element especially when the entity is of
smaller size (sub-10 nm) but can also highly facilitate
low-power (due to lower OFF currents at low FET
supply voltages) and high-density biosensor device
architectures. The increase in response time associated
with the analyte transport at low concentration (not
associated with the channel material) could be ad-
dressed by methods for increasing total flux toward the
sensor, for example, through application of electro-
static or magnetic fields.>”>®

Comparison with Graphene. In previous sections, we
discussed the superiority of MoS, with a 2D layered
structure for FET-based biosensing compared to other
conventional materials or 1D structures. It might be
expected that graphene, which is also a 2D layered
material, will share the same virtues as MoS,. However,
as discussed below, graphene suffers from fundamen-
tal constraints in sensitivity as well as detection limits
(details in Supporting Information S7). In FETs where
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Figure 5. Ultrascaled MoS, device. Numerical results of rigorous quantum mechanical simulations based on nonequilibrium
Green's function formalism. (a) Local density of states (LDOS) diagram as a function of energy (y-axis) and distance along the
device length (x-axis) of a four-layer MoS, device with 5 nm channel length, 3 nm HfO, as gate dielectric, at a drain voltage of
0.1V and gate voltage of 0.4 V. The density of states (in eV ") are local in the sense that they vary with position. The structure
of LDOS varies with applied biases and illustrates the band bending in the channel. (b) Drain-to-source current as a function of
gate-to-source voltage. An almost perfect subthreshold swing of 60.13 mV/decade is obtained, indicating highly efficient

gate control even for an ultra-scaled channel length (5 nm).

semiconducting materials with a band gap serve as a
channel, only electrons having energy higher than the
source-to-channel barrier can transport from source to
drain, as illustrated in Figure 6a. Hence, with lowering
of the barrier more electrons can flow to the drain
(Figure 6b), and since electrons occupy the energy
levels according to the Boltzmann distribution at the
source, the SS obtained can be as low as 60 mV/dec at
room temperature (details in Supporting Information S7).
However, if the band gap of the semiconducting mate-
rial is extremely small, the barrier is extremely thin and
even electrons having energies lower than the barrier
height begin to flow via direct tunneling, as illustrated
in Figure 6¢. This leads to an increase in off-state
leakage current, as shown in Figure 6d, and hence in
the degradation of SS, as clear from Figure 6e, even
though the simulation parameters related to chan-
nel thickness and dielectric properties have been
chosen to achieve almost perfect electrostatics, i.e.,
near-ideal change of potential at the interface of the
semiconductor and the gate dielectric with a change in
gate voltage. (It is to be noted that in the case of low-
band-gap materials the term SS is used to denote the
mathematical factor dVgs/d(logo(lp)) and not the
swing in subthreshold region since the threshold
voltage is not well defined due to high leakage.) Thus,
the zero band gap of graphene leads to very high SS
even though excellent electrostatics can be achieved
due to its ultrathin nature (details in Supporting In-
formation S7) and, hence, leads to low sensitivity. For
experimentally demonstrating this fact, we explored
graphene and the MoS, FET device with similar chan-
nel thickness, channel length, and top dielectric thick-
ness, measured under similar conditions for the model
case of pH sensing. The experimental findings are in-
line with the theoretical predictions, as the graphene
biosensor exhibits an SS of more than 5000 mV/dec
even though it has an ultrathin body (Figure 6f). MoS,

SARKAR ET AL.

on the other hand, due to its ultrathin nature and
pristine interfaces, not only can achieve excellent
electrostatics but at the same time due to its sizable
band gap (the band gap of MoS, varies in the range of
1.8 eV (for a monolayer) to 1.2 eV (for bulk)) can also
suppress direct source-to-drain tunneling leakage
currents (Fig. 6¢), which degrade the SS at band gaps
below around 0.4 eV (Figure 6€e). A combination of both
these factors leads to excellent SS in the case of MoS..
Even with a very thick (35 nm) dielectric, MoS, with a
similar thickness to graphene provides an excellent SS
of 150 mV/dec. Hence, graphene provides a much
lower sensitivity of 2.6 compared to that (193) achieved
by MoS, (Figure 6g) for the same change in pH of the
electrolyte (from a pH of 3 to a pH of 4). A graphene-
based pH sensor reported in the literature” has shown
a sensitivity of about 12 for a pH change of 1.1.In ref 7
the electrolyte is directly in contact with the graphene
channel (without any dielectric layer), in which case the
sensing mechanism is complicated, and in addition, for
detection of biomolecules there is the possibility of
nonspecific interactions. Moreover, since we measured
the MoS, and graphene devices with the same dielectric
thickness and under similar conditions, our values pro-
vide a more appropriate comparison. It is to be noted
that opening a band gap in graphene remains extremely
challenging,*®* %% and although there are several works
on reduced graphene oxide based FET biosensors, the
uncontrollable band gap together with the low purity of
rGO leads to very low sensitivity (Supporting Informa-
tion S7). On the other hand, while the other popular
form of carbon, CNTs, possesses a band gap, their
application as biosensors is severely limited due to the
challenges in integrability as well as the chirality issue.?

CONCLUSIONS

In summary, we have demonstrated a FET bio-
sensor based on the novel material MoS,, whose
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Figure 6. Band-gap effects and graphene FET biosensor. (a) Schematic band diagram illustrating the current flow mechanism
in (n-type) FETs with the semiconducting layer having a considerable band gap. Only electrons having an energy greater than
the barrier height can cross the barrier and contribute to current as shown by the green arrow. At low gate voltage (Vgs1), few
electrons (within the green circle) can cross the barrier. (b) After the application of a higher gate voltage (Vgs5), more electrons
(within the green circle) can cross the barrier. (c) In the case where the semiconducting channel has a very small band gap, not
only can electrons flow above the top of the barrier, but electrons with lower energies can also tunnel through the barrier,
which canincrease the leakage current. (d) Current as a function of gate voltage for different band gaps of the semiconducting
channel material varying from 1 to 0.1 eV. The corresponding band gap for each curve is shown in the figure. (e) Subthreshold
swing as a function of band gap of the semiconducting channel material. (f) Graphene exhibits very little modulation of
current and very high SS with variation of the electrolyte gate voltage. This is due to the lack of band gap in graphene, as
illustrated through the band structure of graphene in the inset figure. A change in pH of the solution from 3 to 4 leads to
significantly lower change in the current compared to that in the MoS,-based pH sensor. The thickness of the graphene used
in this experiment is around 7 nm. (g) Comparison of sensitivity of graphene and MoS,-based FET biosensors for the same
change in pH from 3 to 4. All device parameters in graphene and MoS, based FETs and the measurement conditions are kept
identical for fair comparison. The sensitivity of the MoS,-based FET biosensor is 74-fold higher compared to that based on
graphene.

semiconducting nature together with the prowess of
its 2D layered structure makes it highly advantageous
for biosensing compared to other commonly used
materials (Table 1). Not only can MoS, provide excel-
lent electrostatics and sensitivity due to its atomically
thin nature along with the presence of a band gap, it
also provides a planar platform facilitating easy pat-
ternability, which together with the recent develop-
ments in large-scale MoS, production techniques can
lead to fabrication of complex multiplexed sensor
architectures with low cost, an imperative requirement
for practical applications. A MoS,-based pH sensor with
ultrahigh sensitivity (713 for a pH change of 1 unit) as

SARKAR ET AL.

well as wide operation range (pH of 3 to 9) is demon-
strated. Specific detection of protein is also demon-
strated and an extremely high sensitivity of 196 was
achieved even at 100 femtomolar concentration. Com-
parison of sensitivity in linear, saturation, and subthres-
hold regions is carried out for both pH and protein
sensing, confirming the achievement of highest sensi-
tivity in the subthreshold region. We also corroborated
through theoretical and experimental study that gra-
phene in spite of having a 2D nature and excellent
electrostatics is fundamentally limited in sensitivity
due to a lack of band gap. In addition, it is shown
through theoretical analysis that MoS, can greatly

VOL.8 = NO.4 = 3992-4003 = 2014 AC Lmy

WWwWW.acsnano.org

4000



TABLE 1. Comparison of MoS, with Other Competing Materials for FET-Based Biosensing”

3D bulk materials

1D nanomaterials Si NW

CNT

2D nanomaterials

graphene

MOSz

sensitivity

low (inferior electrostatic gating effect
through biomolecule conjugation)

high (excellent electrostatic gating
effect through biomolecule
conjugation)

high (excellent electrostatic gating
effect through biomolecule
conjugation)

low (excellent electrostatic gating effect
but low carrier modulation)

high (excellent electrostatic gating
effect through biomolecule
conjugation)

device fabrication and large-scale flexibility and
integrability device scalability transparency
possible low fow
(i) top-down method: high cost and possible but process- low
slow production rate; (ii) bottom-up wise challenging
method: severe integrability issues
(i) separation of metallic and possible but process- high
semiconducting nanotubes required; wise challenging
(ii) severe integrability issues
(i) low-cost mass production possible; high high
(ii) planar platform provides easy
patternability and integrability
(i) low-cost mass production possible; high high

(ii) planar platform provides easy
patternability and integrability

“ Comparison is made in terms of factors that are specifically dependent on the channel material (and hence other factors that also influence biosensor performance but are not
directly related to the channel material and are dependent on the properties of effective layers, biomolecules, or electrolyte are not included). Thus, apart from sensitivity, ease of
the fabrication process (which determines whether a technology can be practically successful), device scalability (which is critical for detection of low concentrations of
biomolecules as well as for reduction of power and space requirements), and flexibility and transparency (which is important for advanced diagnostics and implantable biosensors)

have been included. It is clear that MoS; has the potential to overcome the material-dependent shortcomings (highlighted in italics) of previously reported materials.

facilitate device scalability, which can result in higher
sensitivity for detection of single quanta of a biomole-
cule and can also lead to ultra-low-power and minia-
turized biosensor devices, critical for hand-held diag-
nostic tools and point-of-care applications. Moreover,
the highly flexible and transparent nature of MoS, is
greatly advantageous for diagnostic purposes as well
as artificial organ implantations. Since in this paper we
have focused on bringing forward the potential of
MoS, as a channel material for a FET biosensor, we
discussed the factors that are affected specifically by
the channel material. Other factors that can influence
the biosensor performance such as properties of effec-
tive layers (including number of sites), biomolecules,
and solution have been extensively reported and are
not included, as they do not affect the fundamental

METHODS/EXPERIMENTAL SECTION

The MoS, flakes were exfoliated on 270 nm SiO, grown
through thermal oxidation of degenerately doped Si substrates.
SiO; (270 nm) provides sufficient contrast for optical detection
of MoS, flakes. The flakes were characterized using optical
microscopy and atomic force microscopy (AFM) (Figure S1 in
Supporting Information S2). For device fabrication, the source
and drain regions were defined by photolithography followed
by electron beam (e-beam) deposition of 60 nm/100 nm Ti/Au.
The channel length defined by photolithography was 5 um.
Note that, in contrast to e-beam lithography generally used for
making contacts to TMDs, we used photolithography to facil-
itate the fabrication of extended source/drain electrodes such

SARKAR ET AL.

conclusions of the paper with regard to evaluation
of the channel material (Supporting Information S1).
However, the proposed biosensor leverages the ad-
vantages of FET-based biosensing as mentioned earlier
such as low response time, which is typical of FET
biosensors in general and is dependent on analyte
transport (and independent of the channel material).
Moreover, excellent SS of the proposed biosensor may
effectively help in rapid detection of low-concentration
biomolecules (Supporting Information S8). Thus, this
label-free, ultrasensitive, ultrascalable, and highly flex-
ible sensor with low production cost and low power
consumption can offer great opportunities in health-
care, security, and forensic industries and can provide
better protection of our environment, food and water
supplies.

that the source/drain contact pads are 2 mm away from the active
region of the device in order to ensure that the measurement
probes are kept away from the electrolyte. In order to fabricate
biosensors with shorter channel lengths, a two-step lithography
step can be adopted wherein the contact to the MoS, can be
fabricated using e-beam lithography, while the extended electro-
des can be fabricated using photolithography. After the source
and drain formation, 30—35 nm of high-k dielectric hafnium
oxide was deposited using atomic layer deposition at 200 °C. For
specific detection of biomolecules, the dielectric surface was
silanized using 3-aminoisopropyl(triethoxy)silane (APTES) ob-
tained from Sigma Aldrich. Attachment of biotin was carried
out using N-hydroxysulfosuccinimide (sulfo-NHS)-biotin obtained
from Pierce Biotechnology. A macrofluidic channel for containing
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the electrolyte was fabricated using an acrylic sheet. This macro-
channel leads to a simple arrangement, as well as avoids diffu-
sion-related limitations of microchannels.*®
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