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Abstract—A back-gated structure for ion-sensitive field-effect device based on this proposed structure with high-mobility
transistor (ISFET) has been proposed. The characteristics of the channel material have been investigated by Silvaco TCAD.
device based on this proposed structure and with high-mobility The simulation is based on the detection of pH, as the pH-
channel material have been simulated and analyzed by Silvaco sensitivity ISFET has the most accurately model and their
TCAD. The modeling and simulation methodologies have been physical and chemical behaviour had been studied extensively.
investigated, and an average sensitivity approximate 49.56mV/IpH  The response of pH-sensitive devices in electrolyte solutions is
is obtained. The detectable average sensitivity of drain current is commonly explained by using the site-binding theory [13].
about 54.231A/pH with a high saturated drain current which is at

the magnitude of 10°A, indicating a promising application in I DEVICE STRUCTURE ANDMODEL

biological, biochemical and medical fields.
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The ion-sensitive field-effect transistor (ISFET) has
received a lot of interest, since it was first reported by 5
Bergveld in 1972[1]. Due to the promising application in ol
biological, biochemical and medical detection [2-4], the FIGURE I.SCHEMATIC LAYOUT OF THE BACK-GATED ISFET
ISFET based on a metal-oxide-semiconductor field-effect STRUCTURE.
transistor (MOSFET) structure has been extensively studied. Figure.l shows the schematic layout of proposed back-
In particular, much effort has been made on investigating pHgated ISFET structure. The high-mobility n-channel layer is
sensitive ISFETs, which device structures and pH-sensingeposited on a g, layer with flexible organic substrate, and
membranes have been studied to improve the sensitivity aiide gate of ISFET is achieved on the back side by etching the
stability of the ISFETs [4-6]. It is well known that the gate substrate after fabricating drain and source regions on the right
dielectric is in direct contact with the electrolyte solution,side. In this device simulation, InSb with a doping
which determines the beginning sensitivity of these devicesoncentration of 18cm?® is utilized as channel material. The
As Si0, gate dielectric shows low response sensitivity andioping concentration of drain and source regions &,
poor stability, other inorganic materials, such asOAl[5], and the channel length isué. The thickness of the channel
SisN, [6,7] and TaOs [8] with enhanced stability and layer and the gate dielectric after etching is 160nm and 40nm,
sensitivity have been investigated. Moreover, the drain-sourd€spectively.
voltage of the ISFET based on a MOSFET structure also According to the site-binding and electrical double layer

affects the ionic charges with a horizontal electric field in thqheory [7.14], we considered the Helmholtz layer and diffuse
electrolyte - solution, _resulting in a non-uniform ChargeIayer in the electrolyte solution as two in series capacitors,

distribution at the electrolyte-insulator interface. The operatio ; :
mechanism of a pH-sensitive ISFET is the change of potenti%zssg:%ggtgfnttg ;{:onéi(lealzt(\:/}[/reigr;;fgebglggg?elgtseejc:guon and
between the electrolyte solution and the gate dielectric surface, 4 '

— JaAR] ASNII(T

thus leading to an increased or decreased output current of the OCH CD
ISFET. Although the impurity doping could improve the =
properties of semiconductor materials [9-10], the pH-sensitive CH +CD ’ (1)

ISFETs with high-mobility channel materials, such as InSb

and graphene [11,12] may have intrinsic advantages of loyhere G, is the Helmholtz layer unit-area capacitancg,i€

response delay and hlgh sensitivity, and the output current g qitfuse layer unit-area capacitance ands the charge

the ISFET can be also increased. density at the electrolyte-insulator interface, respectively. The
We proposed a back-gated ISFET structure, in which thElelmholtz layer unit-area capacitancg €an be derived by

back-gate of thin-film transistor can be fabricated by etchingonsidering the in series of the inner and outer Helmholtz

the substrate and the electrolyte solution is separated from tiers:

drain/source electrodes. In this paper, the characteristics of the
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Enp€orpto . RESULTS ANDDISCUSSION

Eopine T Epone ,

C, =

1.80
(2) Average Sensitivity=49.56 mV/pH

where gyp and gopp are the inner and outer Helmholtz plane
dielectric constants;, is the permittivity of vacuum, ¢ and

dorp are the insulator-non-hydrated ion and the insulator—
hydrated ion distances, respectively. The diffuse layer unit- ]
area capacitance;Gs given by [14]: 05 00 05 10 15 Zo 25 a0

Drain Current (mA)

Gate Voltage (V)
2& Co FIGURE II. IDS-VGS TRANSFER CHARACTERISTICS WITH
CD =q —== DIFFERENT PH MEASURED AT VDS=0.5V OF THE BACK-GATED
KT 3) ISFET.

The bsVgs transfer characteristics curves with different
measured at 34=0.5 V of proposed back-gated ISFET are
wn in Figure.2. It can be seen that the threshold voltages of
this device increased with the increased pH. The simulation
average sensitivity of this device is about 49.56mV/pH, which
is in the range of 25 to 58 mV/pH with a potential/pH response
of silicon nitride devices [7]. It is also of interest to note that
[H']bzexp(—%)—KA,KA, the use of InSb material can lead a low threshold voltage

where T is the temperature, k is the Boltzmann constant, q E{'o
the electronic charge, is the permittivity of the electrolyte
solution; g is ion concentration in the electrolyte solution.
The charge densityg at the electrolyte-insulator interface is
given by [14-16]:

”qus([Hq o 2%k _H Lo P )rK K ) compared with silicon ISFET at the same doping
T kT R concentration of channel. As the Fermi-potendial of a P-
.y [H']exp(- 1) ) type semiconductor can be expressed as:
e 24k,
kT (4 KT . N,
@ =— |In—4&
where [H], =107(-pH) is the concentration of Hat the bulk q n ’ @

electrolyte solution, Nand N, are the surface densities of the

silanol sites and the primary amine siteg,, Ka., Kg are the  \yhere N, is the doping concentration of channelisrintrinsic

dissociation constants of the silanol sites and the primaryarrier concentration of the semiconductor. The intrinsic

amine sites, respectively. Therefore, the relation between cayrier concentration of InSb and silicon is 1.92%tav3 and

and pH can be obtained by solving the equations of eqn(1)-(4). 43x13° cm®, and the work function of InSb and silicon is

The general threshold voltage; \6f a MOS structure is 4-59€V and 4.17eV, respectively. Therefore, it can be obtained

given by: from eqn(6) and eqn(7) that the InSb ISFET has a low
threshold voltage compared with silicon ISFET at the same
doping concentration of channel, allowing addition of sensing

®) membranes which can further improving the device sensitivity

and enlarging the application fields of the device in biological,
where g is the flatband voltage, 3« is the voltage drop at biochemigalll gnd me%l?clal c‘etec;tion. vice In biolog!

the gate dielectricdr is the Fermi-potential. The threshold
voltage \; of this proposed device can be expressed as [16]: 1.0

VT* = Eref  Xoi 4 +VT

VT =VFB +VOX + 2%

s pH'=3
—-— pH=5
0.8{ ——pH=7
----- pH=9

(6)

0.6

0.4

where Eg is the potential of the reference electrogg,is the
surface dipole potential of the gate insulator-electrolyte, which
are both constants. The parameters [14-16] used in simulation

Drain Current (mA)

02{ ¥

are list in table.1. S YIREEY 04 06 08 1.0
TABLE | .THE PARAMETERS USED IN THIS DEVICE SIMULATION. prain Voltage (V)
FIGURE lIl. IDS-VDS CHARACTERISTICS WITH DIFFERENT PH
£1p 32 Kas 63.1x10° MEASURED AT VGS=2.0V OF THE BACK-GATED ISFET.
o 32 Ko 1x109 Figure.3. shows thepd-Vps ch_aracterlstlcs with different
= pH measured at 34=2.0V of this back-gated ISFET. The
dive () 01 N, 3x10 drain current of this device decreased with the increased pH,
done (M) 0.3 Nn 2x10" and the detectable average sensitivity of drain current is about
£e 78.5 Erer 0.205 54.231A/pH. The saturated drain current is at the magnitude of
G (L/moles) 0.1 Ysol 3x10° 10* A. As the saturated drain current is proportional to the
Ko 158 pH 357011 mobility, this high-mobility ISFET undoubted has a high drain

current, resulting a large detectable current signal of the pH
response. The introduction of high-mobility channel material
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and the etching of substrate as a gate dielectric lead a IdWi]
response delay and a large detectable current signal, also
indicating a promising application in biological, biochemical

and medical detection. [12

Iv.  CONCLUSION [13]

In summary, the characteristics of the ISFET device based
on proposed back-gated structure and with high-mobility
material for the channel have been simulated and analyzed.
We focus on the modeling and simulation methodologies df4l
the ISFET device used for the detection of pH, as the accur%tq\;5
model can be achieved by using the site-binding theory. |
simulation average sensitivity approximate 49.56 mV/pH is
obtained, and the device exhibits a low threshold voltaggsg
compared with silicon ISFET at the same doping
concentration of channel. The detectable average sensitivity of
drain current is about 54.23\/pH with a high saturated drain
current which is at the magnitude of8, exhibiting a large
detectable current signal with low response delay. The
simulation results of the detection of pH indicate that this
ISFET may have a promising application in biological,
biochemical and medical detection by addition of sensing
membranes.
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