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A p-type (DiketoPyrroloPyrrole as organic semiconductor) Dual Gate OFET based biosensor is proposed for the
detection of biomolecules in the nanocavity provided at the source end underlapping the region of the structure
both at the top and at the bottom. Various biomolecules have been investigated for their effect on Drain current,
ID which is a measure of sensitivity of the device. This device is then compared with different organic p-type
semiconductor materials such as pentacene and tetracene based OFET biosensor. Drain current and sensitivity of
these devices have also been calculated which shows that DPP (DiketoPyrroloPyrrole) based OFET biosensor has
higher sensitivity of 3.0 x 103 as compared to pentacene and tetracene based OFET biosensors. Simulation of these
devices has been done in SILVACO ATLAS TCAD tool. The simulation results also show that the proposed device
even shows higher sensitivity for high-k dielectrics such as HfOs, Ta20s, TiOs.
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1. INTRODUCTION

Field effect transistors (FETs) are extensively used for
biosensing applications. They show high sensitivity due
to their inherent property of amplification. FET based
biosensors are used in various fields such as healthcare,
military, environmental and agriculture protection and
food analysis. These biosensors are based on inorganic
materials which show high drain current, high mobility,
label free detection and are easy to use. Still these
materials degrade with time, have less selectivity and
operate at high temperatures which limits their
applications hence organic materials-based biosensors
comes into picture [1]. These materials are
biodegradable, low cost, flexible, have large area
applications [2] and have plenty of availability of organic
semiconductors [3-4] but mobility and stability are still a
challenge in organic FETs [5].

The most investigated organic semiconductor is
pentacene with its potential applications due to its high
hole mobility [6]. However, DiketoPyrroloPyrrole
(abbreviated as DPP) and its derivatives have been
widely studied in the past few years due to its good
thermal and photo stability [7]. Various OFET based
sensors using pentacene [8-9] and DPP [10-11] have been
fabricated and studied in the past.

In this paper a DPP based Dual Gate OFET biosensor
is designed by introducing biomolecules such as DNA
(k=8.7), Cellulose (k=6.1), APTES (k=3.57), Biotin
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(k =2.63) and Streptavidin (k =2.1) in the cavity region
and the change in the Drain current, electric field,
potential, band diagram and hence the sensitivity of the
device is measured [12]. This Dielectric Modulated (DM)
[13] OFET is designed in SILVACO TCAD ATLAS tool,
and the simulation results are obtained. These results
are then compared with pentacene [14] and tetracene [15]
based OFET biosensors. Comparison results show that
DPP based Dual Gate (DG) OFET biosensor are more
sensitive to biomolecules as compared to its counterparts.
These results are calibrated with the results in literature
where sensitivity of DPP based sensor [16] is higher than
Pentacene based sensor [17]. DPP based OFET biosensor
is also simulated for high-k dielectrics such as HfO:
(k = 25), Ta20s5 (k =22) and TiO2 (k = 95) and the results
show highest sensitivity for TiO2 whose dielectric
constant is highest as comparison to the others.

The manuscript is catalogued as follows, the
introduction is covered in section I, the proposed device
schematic and parameters specifications used for
designing is discussed in section II. The results obtained
and analyzed with the discussion carried out in section
III. A fair conclusion is drawn in section IV with all the
enhancements considered.

2. DEVICE DESIGN AND PARAMETERS
SPECIFICATIONS

A Dual Gate OFET with DPP (DiketoPyrroloPyrrole)
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as p-type organic semiconductor, Al2Os as gate dielectric,
gold as the source and drain regions is designed [18].
DPP based materials are more stable to heat and show
high mobility. A nanocavity is provided at the source end
underlapping the region of the structure both at the top
and at the bottom. Two-dimensional modulated device
structure of the proposed DPP based DG-OFET
configuration with underlap [19] nanocavity is shown
below in Fig. 1.
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Fig. 1 — Cross sectional (2D) view of proposed DG DPP based
OFET with underlap nanocavity

The structure of the device consists of an Aluminium
layer as gate electrode of thickness 30 nm. On top of it there
is a nanocavity underlap region at the source end of
thickness 50 nm and Al:Os as gate dielectric of thickness
50 nm. Above it, a DPP based organic semiconductor is
deposited of thickness 400 nm with source and drain regions
coated with gold of thickness 50 nm. On top of it again there
is a nanocavity and gate dielectric of 50 nm which is
finalized by gate electrode of Al of thickness 30 nm.

Device design parameters are mentioned in Table 1.

Table 1 — Device design parameters

Device Dimensional Parameters Values
Thickness of Gate electrode 30 nm
Thickness of cavity region 50 nm
Thickness of organic semiconductor | 400 nm
(DPP)

Thickness of Source and Drain 50 nm
Work function of gate metal, Al 4.1 eV
Work function of source and drain | 5eV
regions, Au

3. RESULT AND DISCUSSION

Modelling and Simulation of the above said device is done
on SILVACO TCAD ATLAS tool. The various models used in
our simulation are fldmob and langevin. The Poole—Frenkel
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mobility model (pfmob) and Langevin recombination models
report the transport and recombination mechanism. The
device shown in Fig.1 1is simulated and transfer
characteristics are generated for various biomolecules such
as DNA, Cellulose, APTES, Biotin, Streptavidin. The
simulated results are shown in Fig. 2.
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Fig. 2 — Transfer characteristics with Vps=—3V

VGS varies from 0 to — 8 V with VDS kept constant at
3 V. It can be seen from Fig. 2 that as the dielectric of
biomolecule increases, drain current also increases. This
is due to the fact that gate capacitance increases with an
increase in dielectric constant which increases the
inversion charge and hence drains current increases. The
drain current of DNA (k =8.7) is highest whereas drain
current of Streptavidin (k = 2.1) is lowest.

Fig. 3 shows Energy band diagram with respect to
various biomolecules of the proposed DPP based DG-
OFET. A cutline is made at 1 nm below oxide-channel
interface and energy levels of HOMO and LUMO are
extracted. Variations in the band gap can be seen as the
cavity is filled with biomolecules of different dielectrics.
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Fig. 3 — Variation of energy band for different biomolecules
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Fig. 4 and Fig. 5 represent electric field and potential
along the length of the channel of the proposed device.
The electric field increases and potential decreases when
dielectric of biomolecules increases.
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Fig. 4 — Electric field along the length of the device
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Current sensitivity of the device, SDRAIN [20]is
calculated as

SDRAIN = ID(at any k) - ID(atk = 1)/1D(at k= 1)

Sensitivity of various biomolecules have been
calculated as function of VGS and it has been observed
that maximum sensitivity (3.0 x 10%) is achieved for DNA
(k = 8.7) while taking Ip (k= 1) as reference which is the
dielectric of air. This is clearly visible in Fig. 6.

35x10°
Vps=-3V
30x10’y  ——DNA(k=8.7)
—— Cellulose(k=6.1)
2z 2.5x10° —— APTES(k=3.57)
E —— Biotin(k=2.63)
o 20x10°4  —— Streptavidin(k=2.1)
g
> 1.5%10°
=
S 1.0x10°
0
5.0%102
0.04
% % 2 s
Gate Voltage,Vs¢(V)

Fig. 6 — Drain current sensitivity at different values of dielectric
constant of biomolecules of the proposed device

Sensitivity can also be increased by using high-k
dielectrics such as HfOz, Ta205 and TiOs that can be seen in
Fig. 7, 8 and 9 respectively. Maximum sensitivity is achieved
(5.13 x 103) when TiOz as a dielectric is used (& = 95).
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Fig. 7—Drain current sensitivity with HfO2 as dielectric at
different values of dielectric constant of biomolecules
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Fig. 8 — Drain current sensitivity with Ta:0s as dielectric at
different values of dielectric constant of biomolecules
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Fig. 9 — Drain current sensitivity with TiOs as dielectric at
different values of dielectric constant of biomolecules

This proposed device is also compared with pentacene
and tetracene based DG-OFET biosensor. Drain current
and sensitivity of pentacene based DG-OFET has been
shown in Fig. 10 and 11 whereas that of tetracene based
DG-OFET is shown in Fig. 12 and 13. It has been clear
from these figures that Drain current and sensitivity of
our proposed DPP based DG-OFET is found maximum.

a6 Vps = -3V
—~ =5.0%107"5
< k=2.1
= DNA(k=8.7)

- -14 | S .

E e —— Cellulose(k=6.1)
E —— APTES(k=3.57)
3 -1.5%x107- —— Biotin(k=2.63)
£ ——— Streptavidin(k=2.1)
g
O -2.0x107-

=2.5%107" -

-8 -6 -4 -2 0
Gate Voltage, Vg5 (V)

Fig. 10 — Transfer characteristics of pentacene based DG-
OFET at Vps=—3V

8
—— DNA(k=8.7) Vpe=-3V
—— Cellulose(k=6.1)
—— APTES(k=3.57)

. — Biotin(k=2.63)

—— Streptavidin(k=2.1)

Sensitivity,Spran
»

Gate Voltage,Vg(V)

Fig. 11 — Drain current sensitivity of pentacene based DG-OFET
at different values of dielectric constant of biomolecules
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Fig. 12 — Transfer characteristics of tetracene based DG-OFET
at Vps=—-3V
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Fig. 13 — Drain current sensitivity of tetracene based DG- OFET
at different values of dielectric constant of biomolecules

4. CONCLUSION

OFET based biosensors have been studied to increase
the diagnosis of biomolecules in various applications such
as health monitoring, environmental research, food
analysis etc. Here, in this paper, a p-type (DPP as organic
semiconductor) DG-OFET is proposed with higher
sensitivity (3.0 x 10%) as comparison to its counterparts,
pentacene and tetracene. Further sensitivity is also
increased when high-k dielectrics are used. Maximum
sensitivity (5.13 x 103) is achieved when TiOz2 as gate
dielectric is used.
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Biocencop OFET: mogemoBauHsa Ta aHANi3 pidHUX OioMOJIeKy I
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Biocerncop ma ocuoBi OFET

i3 moppifinum 3atBopoMm p-tuiy (DiketoPyrroloPyrrole sk opramiummit

HAIIBIIPOBIHUK) IIPOIIOHYETHCS JJIs BHSBJIEHHS 0IOMOJIEKYJI y HAHONOPOKHWHI, IO 3abe3redyerbcss Ha KIHIN
J3Repesia, IO IIEPeKPHBAE 00JIACTh CTPYKTYPU SIK y BEPXHIN, Tak 1 B HISKHIN dYacTuHi. Byso mocimimxeHo BIinB
PisHUX 6I0MOJIEKYJI HA CTPYM BUTOKY, 1D, KM € MipoI0 Yy TJIMBOCTI IIPUCTPOIO. [10TiM 11eif IPHCTpiii IIOPIBHIOETHC 3
Pi3HMMM OpraHIYHWMHN HAIMBIPOBIIHUKOBUMHM MaTepiasamu p-tuily, TakuMu sk OFET 6Giocemcop Ha ocHOBI
MeHTaleHy Ta TeTpareHy. Takox 0yI0 po3paxoBaHO CTPYM CTOKY Ta UyTJIMBICTD IIUX IIPUCTPOIB, SIK1 IOKA3YIOTh, 110
6iocercop OFET na ocuosi DPP (DiketoPyrroloPyrrole) mae Burty uytnusicts 3,0 x 103 mopiBHAHO 3 GioceHCOpaMu
OFET Ha ocHOBI IleHTalleHy Ta TeTpaileHy. MoJeioBaHHA IUX MPHCTPOIB BHUKOHAHO B iHcTpymeHTti SILVACO
ATLAS TCAD. PesysbraTé MOAE/IIOBAHHS TAKOK MOKA3YIOTh, 10 3AIPONOHOBAHMMI IIPUCTPIM HABITH JEMOHCTPYE
OLJIBII BUCOKY Uy TJIMBICTD [JIA JI€JIEKTPUKIB 3 BUCOKUM ITOKA3HUKOM k, Takux sk HfOsz, Ta20s, TiOs.

Kmiouosi cnosa: DPP, OFET, High-K, Hienexrpux, Yyrmusicts, [lenramen, Terpaten.
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