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Two-dimensional layered material is touted as a replacement of current Si technology because of its ultra-thin
body and high mobility. Prominent transition metal dichalcogenides (TMD), Molybdenum disulphide (MoS2),
as a channel material for Field Effect Transistor has been used for sensing nano-biomolecules. Tungsten
diselenide (WSe2), widely used as channel for logic applications, has also shown better performance than
other 2D materials in many cases. pH sensor is integrated with Nanobiosensor most often since charges (value
and type) of many biomolecules depend on pH of the solution. Ion Sensitive Field Effect Transistor with Silicon
and III–Vmaterials has been traditionally used for pH sensing. Experimental result forMoS2 field effect transistor
as pH sensor has been reported in recent literature. However, no simulation-based study has been done for single
layer TMD FET as pH sensor or bio sensor. In this paper, novel MoS2 and WSe2 monolayer double gate FETs are
proposed for pH sensor operation in Super Nernst regime and protein detection. In case of pH sensing bottom
gate operation ensures these monolayer FETs operating beyond Nernst limit of 59 mV/pH. Besides pH sensing,
the proposed monolayer FETs also show reasonably high sensitivity in sub threshold region as protein detector.
Simulation results found in this work reveal that, scaling of bottomgate oxide results in better sensitivity for both
pH and biosensor while top oxide scaling exhibits an opposite trend in pH sensing.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ion-sensitive field-effect transistor (ISFET) is one of the most com-
mon approaches to label free nanobiosensor. Piet Bergveld first intro-
duced ISFET in 1970. It is similar to the metal oxide semi-conductor
field effect transistor (MOSFET). The ISFET, also known as pH sensor,
has been used to measure ion's concentrations (H+ or OH−) in a solu-
tion. The two dimensional layered ISFET works in same principle as sil-
icon based ISFETs. Protonation/deprotonation of the OH groups on the
gate insulator (Fig. 1(a)) depending on the pH value of the electrolyte,
changes the dielectric surface charge. It is the basic principal of pH de-
tection. Lower pH value promotes the protonation of the solution, gen-
erating positive surface charges on the dielectric while higher pH value
does the opposite. The resultant surface charge and the electrolyte volt-
age applied through a reference electrode also known asfluid/front gate
voltage determine the surface potential. At a particular gate and drain
bias in a FET, the change in pHwould result in a change in surface charge
in the oxide-electrolyte interface thereby changing the conductance of
the channel material. This change in conductance will be reflected in
the change in sensor current that would ultimately change the thresh-
old voltage of the FET. This completes the basic operating principle
of pH sensor. The pH sensitivity (mV/pH) for a conventional ISFET is
. This is an open access article under
defined by the changes of threshold voltage (VT) at a given amount of
pH changes. However, the pH sensitivity is always less than the well-
known Nernst limit of 59 mV/pH for single gate operation. As reported
in the literature [1,2], the limit in single-gated ISFET sensors can be
breached by using the double gated field effect transistors. Most of the
works until now of super-Nernst sensor involve silicon on insulator
technology. In this work, we are proposing and studying monolayer
TMDDGFET super-Nernst pH sensor for the first time. Because of highly
scaled thickness up to an atomic plane and dangling bond free pristine
surface [3,4], 2-D semiconducting transition metal dichalcogenides,
such as MoS2 and WSe2, have been considered as prospective channel
material for low power CMOS devices [5]. Monolayer MoS2 and WSe2
having considerable band gap (1.8 and 1.6 eV respectively [6]) results
in higher ION/IOFF ratio than the zero band gap graphene [7]. This prop-
erty makes these materials suitable for low-power logic applications.
Deblina Sarkar et al. [7] have recently demonstrated MoS2 FET pH sen-
sor. The work revealed that the lack of a band gap in graphene funda-
mentally limits sensitivity of graphene based sensor also. In this work
the thickness of top and bottom gate oxides for both the TMD FETs
have been varied from which it is found that increasing the thickness
of top oxides results in reduced sensitivity while the trend is opposite
for bottom oxide. This trend is also captured in the literature [1] for
the Si FET. It is found that, with the simplifications presented in
Section 2, inherent upper limit of pH sensitivity for these two TMD
FET sensors is quite close to each other. This work has also investigated
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) Simple Schematic representation of the pH sensor used in this work. (b) Simple Schematic structure of the biomolecule (amino acid) sensor used in this work. Here SiO2 is used
as top and bottom oxide for both pH and biosensor. None of the devices shown in this figure is drawn to scale.
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a novel application of these materials in sensing biomolecules like pro-
tein. A comparative study of their sensitivity dependence on physical
parameter like oxide thickness and device operation regime is carried
out to maximize their detection capability in biosensor application. In
this work we have developed a self-consistent Schrodinger Poisson
solver which incorporates Boltzmann distribution in the electrolyte re-
gion to determine spatial charge and electrostatic potential distribu-
tions within the device for both pH and biomolecule sensor. In an
attempt to provide more realistic prediction of the device physics sim-
plification likeDebye-Hückel approximationwas avoided. The quantum
mechanical charge density in the semiconductor was also taken into
account.

2. Device structure & simulation methodology

Fig. 1(a) shows the schematic of the conventional double gate FET
pH sensor used in this paper. Its channel material is single layer transi-
tional metal dichalcogenide (monolayer MoS2 and WSe2). Transitional
metal dichalcogenides are new type ofmaterials that are being analyzed
extensively as a prospectivematerial to replace Si technology. Thickness
of monolayer WSe2 and MoS2 has been considered 0.7 nm [8] and
0.65 nm [9] respectively in the literature. Although it is also common
to treat the whole class of TMDC material with a thickness of 0.65 nm
[10]. Gate dielectric is kept SiO2 on both sides of the channel for this
work. However, the simulation procedure [1] used in this work can eas-
ily take into account of various dielectrics. Here, fluid/front gate voltage,
VFG is kept 1 V for all simulations. In addition, Back gate voltage, VBG is
varied from 1 V to 5 V for operation over the Nernst limit. Top gate
oxide is varied from 1 to 2 nm while the bottom gate oxide is varied
from 4 to 7 nm. Single layer transition metal dichalcogenides' parame-
ters have been taken from various references [11–15].

The electrolyte-top gate oxide interface is functionalized with sur-
face groups (−OH). Protons (H+) in electrolyte react with these surface
groups (-OH) which causes protonation and deprotonation. As a result
of these reactions the net charge of -OH groups respond to the change
of pH of the solution. The protonation/deprotonation of -OH groups
are taken in to account by the surface binding model. According to the
model, the chemical reactions occurring on the silicon oxide surface
are as follows

SiOHþHþ
s ⇐⇒SiOHþ

2
SiO− þHþ

s ⇐⇒SiOH
ð1Þ

where Hs
+ represents the proton density near the surface region. The

equilibrium constants for each of these reactions are described by the
following equations:

SiOH½ � Hþ
s

� �
SiOHþ

2

� � ¼ Ka

SiO−½ � Hþ
s

� �
SiOH½ � ¼ Kb

ð2Þ

The surface proton density Hs
+ is related to the bulk proton density

HB
+ at the solution by the Boltzmann distribution such that

Hþ
s

� � ¼ Hþ
B

� �
exp −qΦ0=kBTð Þ

Φ0 ¼ Φx¼0þ−VFG
ð3Þ

where Φ0 is the electrostatic potential difference between the surface
and the bulk electrolyte. The potential of the bulk electrolyte is fixed
by the fluid gate (FG) bias. The bulk proton density [HB

+] is governed
by pH of the electrolyte such that pH = − log10 [HB

+]. Now the net
charge density of top oxide surface group can be expressed as

σOH ¼ q SiOHþ
2

� �
− SiO−½ �� � ð4Þ

In addition, the total density of the surface group is

Ns ¼ SiOH½ � þ SiOHþ
2

� �þ SiO−½ � ð5Þ



Table 1
Equations used in this work [1].

Region Equation

TMDC (channel) −∇·(ϵ2D∇Φ)=q(p−n+Nimp)
Nimp = impurity density

Top and bottom gate oxide −∇·(ϵSiO2
∇Φ)=0

Top oxide-electrolyte interface
(Site binding region)
(Only for pH sensor)

(ϵSiO2
∇Φatx=0−)−(ϵw∇Φatx=0+)=QOH

ϵw=80*ϵ0
QOH=qNs([OH2

+ ]−[O−])
Ns=5e14,(Ka,Kb)=(−2,6)

ODTMS (only for biomolecule
sensing)

−∇·(ϵODTMS∇Φ)=0

Lipid membrane (only for
biomolecule sensing)

−∇·(ϵLipid∇Φ)=QLipid

QLipid = charge concentration due to lipid
head group

Amino acid (only for biomolecule
sensing)

−∇ � ðϵw∇ΦÞ ¼ 2q2Navo I0
KBT

sinhðqðϕ−VFGÞ
KBT

Þ þ qvNm

v = amino acid charge per unit length
Nm = amino acid density
Navo = Avogadro number.

Electrolyte −∇ � ðϵw∇ΦÞ ¼ 2q2Navo I0
KBT

sinhðqðϕ−VFGÞ
KBT

Þ
I0=30 mM
Navo=6.023×1023
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Now, Combining Eqs. (1)–(5), the expression of σOH as a function of
the potential can expressed as

σOH ¼ qNs

10−pH=10−pKa
� �

e−βΦ0− 10−pKb=10−pH
� �

eβΦ0

1þ 10−pH=10−pKa
� �

e−βΦ0− 10−pKb=10−pH
� �

eβΦ0

ð6Þ
Fig. 2. (a)–(b) Show shift of VT with pH for back gate operation which is above the Nernst limit
oxide thickness. (c)–(d) provide insights towards the upwardmovement of theΔVT for various
for MoS2.
where pKa = − log10Ka, pKb = − log10Kb and β = q/kBT. pKa and pKb

used in Eq. (6) define the surface group protonation/deprotonation af-
finity. In this work we use the well-known values of pKa and pKb for
the SiO2 available in the literature [16].

Thus, the boundary condition at the top oxide-electrolyte interface
can be defined

εox∇Φx¼0−

� �
− εm∇Φx¼0þ

� � ¼ σOH ð7Þ

The device prototype for biosensor in Fig. 1(b) is consistent with re-
cently reported biosensor [17]. However the distinct feature of this bio-
sensor is that the conventional channel material Si is replaced by the
monolayer MoS2 and WSe2 rather than the simple approach as used in
recent literature [1]. The device used in this work is incorporated with
proper surface functionalization to provide a more realistic conclusion.
In this work as a model biomolecule we have used artificial protein
structure (aspartic acid) where amino acids are tagged to a histidine
chain. This artificial protein has an uncharged part since no amino
acids are attached there. Since aspartic acids carries one negative charge
each for binding to the tag, the rest of the histidine backbone is nega-
tively charged. In this work, surface charge densities at the receptor
site varies according to the charge of the aspartic acids. This change in
surface charge will also cause a change in channel conductance. The
electrolyte region includes the histidine-tagged aspartic acids as well
as the neutral part of the tag. Thickness of top and bottom oxide is cho-
sen appropriately to ensure ameasurable change in device current with
change in the number of aspartic acid. For the bio-functionalization of
the semiconductor device, the top oxide layer is passivated by an
ODTMS (octadecyltrimethoxysilane) monolayer. Dimension of various
and (c)(d) depict the differential increase of VT for various pHwith the increase of bottom
thicknesses and the linearity of the curves of (a)–(b) can be traced to the Eq. (8). (c)–(d) is
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Fig. 3. (a)–(b) Depict the sensitivity of two TMD FET pH sensors for top oxide scaling.
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surface functionalization layers like ODTMS, lipid membrane, and neu-
tral part of histidine tag have been considered 1.6 nm, 2.0 nm and
2.8 nm respectively. Due to the functionalization by ODTMS no site-
binding charge is present in top oxide electrolyte interface and there-
fore, no pH sensing is possible with this structure. Lipid membrane
has been used as surface functionalization upon ODTMS layer which
acts as receptor for the histidine tagged aspartic acid. For lipid mem-
brane we have used similar material parameters like those of ODTMS.
Since the lipid membrane layer is highly dense, no electrolyte is present
within this layer. We have considered an electrolyte ion concentration
of 30 mM. To consider human physiological condition the pH of the
bulk electrolyte has been set to 7. Equations governing electrostatics
in various regions have been listed in Table 1 for both pH and biosensor.
Potential profile along the confinement direction obtained from the
simulator used in this work is benchmarked with that of [1] (not
shown). Drain bias is kept very small (Vds = 0.1 V) which is typical
for bio sensing application. We have used a long channel device with a
length of 10 μmwhich allows us to use drift-diffusion equation for cur-
rent in these monolayer sensors. We have used the currentmodel in [5]
which is specifically developed for monolayer TMDC devices. In current
models to avoid complexity we have assumed Ohmic contacts and also
ignore Interface traps.

3. Results and discussions as pH sensor

In this paper, we have varied top gate oxide and bottom gate oxide
thickness for two different TMD FETs separately to find out howpH sen-
sitivity changes with scaling and material parameter. In DGFET sensors,
one sweeps the bottom gate (BG) bias, instead of fluid gate (FG), to
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Fig. 4. (a)–(b) Shows the narrowing of drain current in the sub thresho
obtain the transfer characteristics (Id‐VBG) whereas a fixed bias is ap-
plied to the fluid gate, and the corresponding pH sensitivity is measured
in termsof the threshold voltage shift. Due to asymmetry of top and bot-
tom oxide thickness, the resultant asymmetry in top and bottom oxide
capacitances originates the high pH sensitivity [2,13,18] of this sensor
according to the following equation:

ΔVBG

ΔpH
¼ αSN

Ctox

Cbox

� 	
ΔVFG

ΔpH

� 	
ð8Þ

Here in this work, we have used high gate bias for front gate (VFG =
1 V). So, αSNwill be close to one [2,13,14] due to the operation in inver-
sion regime. That is why back gate threshold voltage will vary approxi-
mately linearly with the change of pH considering that ΔVFG

ΔpH will be less

than the Nernst limit and be almost constant during the sweep of back
gate voltage.

3.1. Effect of various transition metal dichalcogenides as channel material

In this work, we have taken two widely used monolayer TMDs as
channel material and the results are shown in the Fig. 2. From Fig.
2(a)–(b), two aspects are revealed. First, a very high almost identical
sensitivity beyond Nernst limit is obtained for both dichalcogenides
for a wide range of operation [pH 4 to 8] for various bottom oxide thick-
nesses. Second, sensitivity increases almost linearly with the increase of
back oxide thickness while keeping top oxide thickness fixed at 1 nm.
Here in defining sensitivity we have chosen VT at pH = 4 as reference
value. Fig. 2(c)–(d) supports the claim as evident from the extension
of the spread of drain current in sub threshold region with the increase
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ld region with the increase of top oxide thickness. This is for MoS2.
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Fig. 6. (a), (b) Current sensitivity of MoS2 monolayer biosensor for different no. of aspartic acids and for different bottom oxide thicknesses as a function of back gate voltage. Highest
sensitivity is found in subthreshold region for all bottom oxide thickness. However, there is a notable increase in sensitivity in subthreshold regime with the increase in bottom oxide
thickness for different no. of aspartic acids.
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Fig. 5. (a), (b) Id − VBG characteristics of MoS2 monolayer biosensor for different no. of aspartic acids and for different bottom oxide thicknesses. Spread of the drain current in the
subthreshold region gradually increases from TBOX = 8 nm to TBOX = 12 nm for various no. of aspartic acids. Change in current due to biomolecule is maximum in ‘off’ current regime
whereas no significant difference in device current is observed for various aspartic acids in ‘on’ region.
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of back oxide thickness. This is also consistent with Eq. (8). Increase of
TBOX will reduce Cbox and ultimately increases the sensitivity. However,
it must be mentioned that the sensitivity reported in this work is an
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upper level estimation of yet to be experimentally measured sensitivity
because of the assumptionsmade in Section 2. Almost identical sensitiv-
ity for two different dichalcogenides despite the dissimilarity of the
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Fig. 8. (a), (b) Current sensitivity of WSe2 monolayer biosensor for different no. of aspartic acids and for different bottom oxide thickness as a function of back gate voltage. Highest
sensitivity is found in subthreshold region for all bottom oxide thickness. The sensitivity in subthreshold regime increases with the increase in bottom oxide thickness for different no.
of aspartic acid.
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material parameters can be attributed to the operation of the devices in
inversion regime [18].

3.2. Effect of top oxide scaling

This subsection focuses on the simulation-based study showing the
effect of scaling top oxide on sensitivity for two different TMD FET sen-
sors. It is evident from the Eq. (8) and Fig. 3(a)–(b) that increasing the
top oxide thickness results in a reduction of sensitivity. This finding is
consistent with the trend found in recent literature [1]. Fig. 4(a)–(b)
shows the narrowing of the spread of drain current in sub threshold re-
gionwith the increase of top oxide thickness. This causes the decrease of
sensitivity. Almost identical sensitivity has been found for both TMDFET
sensors suggesting each TMD as a viable channel material for Super
Nernst pH sensing.

4. Result and discussions as nanobiosensor

To evaluate the prospect ofMoS2 andWSe2monolayermaterials in a
FET based nanobiosensor, we have considered more realistic structure
of Fig. 1(b) than simple description presented in [1]. We have varied
the no. of aspartic acid charges to find out the sensitivity of these sen-
sors. Sensitivity in the case of biosensor is defined as the ratio of the dif-
ference in current before and after biomolecule binding to the lower of
the two currents [19]. Therefore, sensitivity is unit less for biosensor un-
like pH sensor. Themagnitude of the negative protein charge density in-
creases with the number of aspartic acids.

This results in a potential decrease in the charged part of the protein
region. As a result, surface potential (potential at top gate oxide-recep-
tor interface) decreases with increasing protein charge. This potential
acts as top gate voltage in current simulator. Since surface potential is
decreasing with the increasing no. of aspartic acid, current will also de-
crease for all monolayer FETs as seen from Figs. 5 and 7.

As seen from the Figs. 6 and 8, the relative change in transistor ‘on’
current with the increasing no. of aspartic acid is relatively small com-
pared to that in subthreshold regime. This is due to the fact that in ‘on’
condition current is already set to a high value, so a small change in sur-
face potential due to the attachment of a biomolecule results in a corre-
sponding small change in the drain current which is not so significant.
However, in completely off device or in subthreshold regime, FET con-
ducts little or no current. Therefore, a small change in surface potential
due to binding of protein causes relatively larger change in drain cur-
rent. This phenomenon can be explained from another viewpoint.
Drain current-gate voltage relationship is exponential, quadratic and
linear in subthreshold, saturation and triode regions respectively;
hence, the sensitivity in the subthreshold region is much higher com-
pared to those in the saturation and linear regions. These findings indi-
cate that biosensor operation in subthreshold regime will optimize the
sensor response for these monolayer FETs while simultaneously im-
proving the lower limit of bio molecule detection. Another point to
note from Figs. 6 and 8 is that for both monolayer material FET sensors
sensitivity increaseswith bottomoxide thickness. This trend in sensitiv-
ity seems reasonable since as we increase the bottom oxide thickness,
the control of bottom gate voltage on channel conductivity weakens.
Hence, effect of biomolecule charge on channel conductivity tends to
be more dominant for higher bottom oxide thickness which might ex-
plain such increase in sensitivity.
5. Conclusion

In this work, two widely used monolayer transition metal
dichalcogenides based double gate FETs have been proposed as pH
and biosensor. These two dissimilar FETs have demonstrated almost
similar intrinsic upper level of sensitivity. The proposed pH sensors
have shown excellent pH sensitivity while beating the Nernst limit.
Such high sensitivity can be attributed to back gate operation and the
sensitivity of these FETs increases with back oxide thickness while de-
creasing with top oxide thickness. This trend is quite similar to that of
experimentally reported Silicon FET. These two TMD FETs should be
promising candidates for Super Nernst pH sensing in future, as the
growth techniques of 2Dmaterial FETs continue to flourish. Thesemate-
rials are also viable options in implementing FET based biosensor be-
cause of their high sensitivities especially in the subthreshold regime
with properly sized top and bottom oxide. Application of these FETs as
biosensor can be further extended to the detection of other biomole-
cules like DNA, Biotin and Streptavidin etc.
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