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i ETR Water sensors

* Some measure parameter  Sensor principle
* Temperature : 4 * Thermistor
* pH | 4  Redox sensor
e conductivity | 2 * Metallic electrodes
* dissolved oxygen | > * Electrochemical or optical
* turbidity........ | ) e Optical measurement of

diffuse light
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* Equation :
* Ox1 + Réd2 <-> Réd1 + Ox2

E=FEY + ln( Loz )

(Nernst equatlon)

o e it et o e s SRR e T V) B
-\

-y '.‘.‘k“ %A \
:7.‘_., \3_?_ e pH sensor

Potential, mV

* PO + 2H*+2e-<> Pd + H,0.

Y. Qin et al. / Sensors and Actuators B 255
(2018) 781-790

E =FE"+0,059.lo9([HT])
E =FE"+0.059.pH

(b) 500
i Sensitivity:

E 400 é 60.6 +0.11 mV/pH

s 300 é:;s;;;é_
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iETR Sensors objective

* Developing high sensitive * Field effect transistors:
sensors from:  Detection of charges linked to the surface
 Electronic device —) . Easy measurement
* Compatible technologies * Numerous possibilities for the technology
e Easy to functionalize * Low cost and high number of devices

* Specialized in silicon based ¢ TFT as chemical sensors:

technologies: * Different technologies
 Thin film devices —) . Compatibility with chemical and biological
 Low temperature process functionalization

e Usable in liquid media
* Highly sensitive devices
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iETR Main principle silicon based sensors

* ISFET : lons Sensitive Field Effect Transistors

mmmms)  pH sensor

t
) o v C,
o OH OH -
| | 2 A
3]
PH>PHzzc PH=PH: PH<pHezc £
silicium oxydé E
(a]
silicium
. . Gate voltage
ISFET pH,, : isoelectric pH 9

pH variation : shift of the transfer characteristic and of the threshold voltage

o dw T
Sensitivity: > pms . 23T @ S=59 mV/pH (Nernst equation)

Well-know device with main advantages === Limitation of the sensitivity
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iETR Main principle silicon based sensors

* SGFET : Suspended Gate Field effect Transistor

Al

SisN,

] o . SRR

ot P+I Air Gap \l sl MOQOS or TFT structure

sip sip+ With suspended gate
BulkSi N

. Compatible with measurements in liquid media
Sub-Micron Gap - pH sensor (Si;N, layer)

(300-800 nm)

pH=11.4/10.1/7.6/4.6/3 z2
. T T T T 2.0
300 | / / s Sensitivity : AV,./pH =255 mV / pH
,/,;;r’" S 10
g -200 | / / £ o5
T 0.0
-100 | /// 2 4 6 8 10 12 Biosensors
pH
o_*‘ﬁ_vw ) * Chemical and biological functionalization
0 10 . . .
vgsM * Antigens/Antibodies
_
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i Ei-\‘ “4 Microfluidics integration

With PDMS microchannels

Control of the volume
Continuous flow
Same sensitivity

With integrated microchannels (front or rear face)

- o ) S OOy B ES eW It &Y Sm
Inlet/Outlet A ’

Gate
ooE oAl B O e B S B O Gl
Contacts
(source and drain) 20
15 Sensitivity 290mV/pH
= 1.0 . -
- T
I I }m as e
Iu 1. . .d.'
— L 1 Si02 i 0,0 -.’__,a- -
B Doped area a5 L
- . B Aluminum o
O Photoresist R —
l:' SINX 4 5 & 7 B 9 10 11
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Dual Gate FET

* Examples
* Process of Dual Gate TFT
* Theory
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IETR DGFET : Example

Improved sensing characteristics of dual-gate transistor sensor using silicon nanowire arrays defined by
nanoimprint lithography
Lim et al, Science and Technology of Advanced Materials, 2017 VOL. 18, NO. 1, 17-25

T il

Constant top gate bias

8
7L @ SINW DG pH sensor 943 1 mVipH
B  Planar DG pH sensor
6F 4 Planar SG pH sensor @
5} !
Sunsitivity

4 ° amplification

|: 439.3 mVipH
3 9 L]
2k »

-

14 3
ol 62— &H—O—0—0 WInVRH
.1 A A A

3 4 5 6 7 8 9 10 11 12 13
pH Value

Vag sweep

(c) -
e N * nanoimprinted SiNW for the active layer

Silicon dioxide
Extended gate

mm=) High sensitivity
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iETR DGFET : Example 2

Dual-Gate Organic Field-Effect Transistors as Potentiometric Sensors in Aqueous Solution
By Mark-Jan Spijkman, et al, Adv. Funct. Mater. 2010,20,898-905

a) o\/ﬁ’eference
T Gate \\’ “ —~~—
: i s * PTAA stands for the organic semiconductor polytriaryalamine.
Si0, Sio, . . K .
i .. W i .. W * The top dielectric consists of a stack of poly-isobutylmethacrylate
(PIBMA) and the Teflon derivative AF-1600.
MOSFET ISFET
b) R ferenc
120 T T T T T T T T T
ToL ate L T Vawursece @
~ ~— 100 |- i .
PIBMA/Teflon PIBMATeflon . '\’\: e L]
=z [ Sowes ey, Ex- 1ok M e, 0 o
Source  praAA Drain Source PT Drain_ s Mﬂ Se n S ItIVIty to p H
Si0, Si0, Eeof T ° - . .
l > » versus coupling capacitance
\/F!anom Gate \/E*Oﬂ:r'! Gate “r i
Dual-Gate TFT Dual-Gate Transducer 20 |- ° -
00.0 ' DTZ ' 0?4 ' 0?6 3 058 ;i 1?0 i 1f2 ' 1?4 ' 1?6 I 1?8 . 20
CWICMW

Passivation
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* Process of Dual Gate TFT
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IETR Dual Gate TFT with polysilicon

SiO, deposition

Process: APCVD

Gas: Silane/Oxygene
Temperature: 420°C
Deposition rate: 29 nm/min

- Wafer insulation (silicon oxide) Thicknecs: 800 nm

Silicon Wafer

@ “) INSAE . REINEY
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IETR Dual Gate TFT with polys|||con

SFs SFs SF,

Doped polysilicon deposition
Process: LPCVD

Gas: Silane, phosphore

pressure: 90 Pa

Deposition rate: 5 nm/min

- Highly doped polysilicon
thickness: 300 nm

- Wafer insulation (silicon oxide) Dry etching
Process : Plasma

Silicon Wafer power: 30w

emsm—

Flow rate: 30sccm

pressure: 4 Pa
Etching rate: ~150nm/min
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IETR Dual Gate TFT with polysilicon

Doped polysilicon deposition
Process : LPCVD

Gas: Silane, phosphore

Pressure: 90 Pa

Deposition rate : 5 nm/min

- Highly doped polysilicon
thickness : 300 nm

- Wafer insulation (silicon oxide) Dry etching
Process : Plasma

Silicon Wafer power : 30w

emsm—

Flow rate: 30sccm
Pressure: 4 Pa
Etching rate: environ 150nm/min
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lETR Dual Gate TFT with polysilicon

Si;N, Deposition
Process : LPCVD

Gaz: Silane/Ammoniac

Pressure: 60 Pa

&4 Insulator layer (Si;N,)
. . Temperature: 725°C
. nghly doped pOlYSIIICOﬂ Deposition rate : 4 nm/min

. . e . thickness : Variable
Wafer insulation (silicon oxide)

Silicon Wafer

@ msaz= Wl e

CentraleSupélec UNIVERSITE DE NANTES

16



MRS Dual Gate TFT with polysilicon

IETR

Deposition of Si;N,
Process : LPCVD

Gas: Silane/NH,

Pressure: 60 Pa

Temperature: 725°C

Deposition rate : 4 nm/min

Z‘ Insulator layer (SiO,)
& Insulator layer (SizN,)

thickness : Variable

- Highl lysilicon . :
ghly doped polysilico Deposition of SiO,
Wafer insulation (silicon oxide) Process : APCVD
Gas: Silane/Oxygéne
Silicon Wafer Temperature: 420°C
L Deposition rate : 29 nm/min
thickness : Variable

\J
& msaz W e
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IETR Dual Gate TFT with polysilicon

Z‘ Insulator layer (SiO,)
- Insulator layer (SizN,)
- Highly doped polysilicon

Process : Plasma

Wafer insulation (silicon oxide) oer - 30\

. Fi te: 10
Silicon Wafer Proevsvs[JareflPasccm

Etching rate : environ 15nm/min

Wet etching of SiO,

Process : Solution de BHF

Dry etching

@ INSTITUT NATIONAL
® INSN ‘ EEE\S&EFNF%ES I ] UNIVERSITE DE
RENNES i REN ES 1
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IETR Dual Gate TFT with polys|||con




lETR Dual Gate TFT with polysilicon

Z Insulator layer (SiO,)
- Insulator layer (SizN,) Zraif?”saicgfhz SSSSSS
. Highly doped polysilicon

i i ili i thicl 300 nm
Wafer insulation (silicon oxide) U

. INSTITUT NATIONAL A .
Silicon Wafer @ ¢ INSA: KR
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Dual Gate TFT with polysilicon

B Poly-silicon

% Insulator layer (SiO,)
. Insulator layer (Si;N,) Poly-silicon deposition
) . Process - LPCVD
- Highly doped polysilicon Gas: Silane
Pressure: 90 P
Deposition rate : 5 nm/min
thickness : 100 nm

- Wafer insulation (silicon oxide)

{:] Silicon Wafer
o @ msaz= Wl e
21 Centra]esupé]ec UNIVERSITE DE NANTES
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IETR First electrical measurement

20,0u-{ —=— Before encapsulation
15,00 1
< 10,0u-

9,0 -

_
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lETR Dual Gate TFT with polysilicon

B Poly-silicon
% Insulator layer (SiO,)

.Insulator layer (SizN,)
- Highly doped polysilicon
. Wafer insulation (silicon oxide)

Si;N, deposition
Process: LPCVD

Gas: Silane/Amonia

Pressure: 60 Pa

Temperature: 725°C

Deposition rate : 4 nm/min
thickness : Variable

SiO, deposition
Process: APCVD
Gas: Silane/Oxygéne
Temperature: 420°C
Deposition rate : 29 nm/min
thickness : Variable

CentraleSupe]ec

[;;l Silicon Wafer

INSA
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lETR Dual Gate TFT with polysilicon

. Polysilicium non dopé
% Couche isolante (Oxyde de silicium)

Wet etching of SiO,

- Couche isolante (Nitrure de silicium) Process : Solution de BHF
Dry etching

- Polysilicium trés dopé N
Process : Plasma

. Isolation du wafer (Oxyde de silicium)
Power : 30 W

Flow rate: 10 sccm

Wafer de silicium Pressure: 1 Pa
——— . . .
Etching rate : environ 15nm/min

INSTITUT NATIONAL 3
. INSA APPLGUEES ] UNIVERSITE DE
RENNES RENN
Centra]esupe]ec UNIVERSITE DE NANTES
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iETR Optimization of the bottom dielectric

=

1t Goal : decrease of the threshold voltage for bottom gate structure

, Test with several bottom gate insulators
N I —L v, .
. = Thicknesses
; VGbottom
D 4
40
32 | o
1 o
" i Best result
S * Low threshold voltage
F 18] o / * Low dispersion in data point
[ |
1 i
O - | | | |

90 nm/90 nm 80 nm/50 nm 80 nm/20 nm 50 nm/50 nm
Thickness SiO5/SizNg

\J INSTITUT NATIONAL 3 R
® DES SCIENCES UNIVERSITE DE%
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i ETR Final transfer characteristic

20,0u{ —=— Before encapsulation
—a— After encapsulation
—a— After Forming Gas

10 0 10 20 30
V)

GS(

_
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* Theory
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10,0

i I I i

‘-‘

VG,Bottomzlo \ VG,top =

oV

-

VG,Bottom =0V - VG,top =0V

19

18

117

116

115

14

13
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iﬁ\R Amplification values

Theoretical amplification calculated from capacitance amplification : —=T°P__
CBottom

Real amplification (for TFT):

_, Larger grains
)X\)w |:> Mottom * M1op
/ / \ \ .":r

— Smaller grains

300 nm

100 —

0

w
ID - TVDS[UBottom * CBottom (VG,Bottom - Vth,Bottom) + UTop * CTop (VG,Top - Vth,Top)]

w
Ip = T VDS[UBottom * Cpottom (VG,Bottom - Vth,Total)]

Mrop * Crop

Vth,Total = Vth,Bottom - (VG,Top - Vth,Top)

Ugottom * CBottom

P-Top & CTop L
AVinTotar= C (AVinrop) Sensitivity
UBottom * UBottom

. INSTITUT NATIONAL N
(") INSA &5 LWl o
RENNES ) ENNES 1
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Modeling

>

— s,
8,0X1 0-6 T T T T T T T T T T ’ | | | 19

18.5
x 18
17.5
1 17
./ 16.5
6,0x10° Vo.rop = 2‘{ B Es
° * 14.5
< 4.0x10° - LT . ] VG,Bottomzlov: VG,top =2V
o . -
2,0x10°H * . Lt -
X ° . ° . ne
* ° ° 19
¢ ® i 18
° o . ° VG,top = OV ‘ 17

° 16

0,0 T T T 15
14

Vg bottom (V) | Ai B

Ve, Bottom = OV, Vi top = OV

\NS‘HTUT N/\T IONAL N
UNIVERSITE DE
APl ! L \QU F§

o
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1:5 ¢ -8 Dual gate operation

Material €, Thickness (nm)
it T Vetop SiO: 3.90 50
B, Si:N. 6.90 50
Active layer SiO: 3.90 5,5
I L Vpe
< Vébottom _ di+ds
- — T

Active layer : undoped polysilicon 100 nm

Gate layers : highly doped polysilicon

Top gate insulator

* SisNy, 25nm === (C, =8,8x10°F/cm?
* SiO,, 25 nm

* SiO,, 5,5 nm (native oxide) Cy,, = 6,2 x 10~/ F/cm2

Caottom = 4,4 x 108 F/cm?

Theoretical amplification:

CTop =9
CBottom
“Top__ 14

CBottom

INSA‘ ssssssssssss
ssssss
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Water measurement

Top Gate ]
insulator

Droplet Polarization

1,6X1076 T T T T T T T T T T T T
1 4x10° i —a— Vtop=0V ] 8,5x107 —a— Vtop=0V
' ] —e— Vtop=0,1V ] —e— Viop=0,1V
1.2x10° - —4A— Vtop=0,2V /) i —a— Vtop=0,2V
' ] —v— Vtop=0,3V / ] —v— Vtop=0,3V
g 1.0x10° —<4— Vtop=0,4V i g 8.0x10” - —<— Vtop=0,4V i
k= 1 €
2 80x107 - - g
=} S5
O ] &)
g 6,0x10” 1 - g 7.5%107 - N
a 1 o
4,0x107 -
201077 ] 7,0x107 1 .
T T T T T T T T
0 5 10 15 20 16,0 16,5 17,0
Bottom gate voltage (V) Bottom gate voltage (V)

\NST\TUT N/\TCN/\L N
. ; UNIVERSITE D E%
@ INSA ;= RENNES 1
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11 3 PH measurement (Ciop—>5,5nm)

top

3,0x10° 26
PH
2,5x10° | =524 24 |
— (.66
—8.78 ]
2,0x10° | =—=19.85 B 22
- mV/pH
< 1,5x10°1 e
~—" o 20'
[a) °
1,0x10° > 18
5,0x107 1 1V/pH
16 - .
070 ¥ T ¥ T T T T T T T T T T
-10 0 10 20 4 6 8 10
VGS(V) PR

Amplification factor > 14

_
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iﬁ'\R Top gate threshold voltage

Possibilities to decrease the top gate threshold voltage

Decrease the top insulator thickness
- Limitations due to electrical insulation

Increase of the quality of the interface between silicon dioxide and polysilicon
— Optimization already done

Increase of the quality of polysilicon layer
- Optimization already done (low temperature process)
- Many traps at grain boundaries and between interfaces
- High threshold voltage

Increase the doping level of polysilicon - Modification of the transfer characteristic
- Increase the conductance

®
)
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T g @ TFT with low doped polysilicon

Active layer :
e Polysilicon deposited from silane by LPCVD
* In-situ doping with phosphine (control of the ratio of gases)

0,55 ~ J
0,50 ~ /./'f
m)  Characterization versus Bottom gate 045 L
0,40 -
3 0,351 _x
0301 -
Field effet = Channel conductance Toesy e
. . . 0201 g
Low On/off ratio = Not important for sensing 015 Janesnenett™™™
0,10 T T T T
0 2 4 6 8 10
0,30 ' ' ' ' ' ' ' | VGBottom (V)
0,28 -

. 0,26 - i )
Comparison Top gate o] ] :> Vir1op COMpatible
versus Bottom gate < 2] V/ ] with tests in liquid
transfer characteristics _o o201 - ]

0,181 // VGBottom 7
o S
0,16-/i B
0,14 : T T
0,0 0,5 1,0

1:5 2,0
“O (@ msaz Wl e

CentraleSupélec UNIVERSITE DE NANTES
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IETR

Transfer characteristics versus Vg iom
With different values of Vg,

0,50

0,45 ~
0,40 ~
0,35 -
0,30 -
0,25 -

0,20 -

0,15::

0,10

The slope gives

the amplification ratio

Dual Gate TFT with low doped polysilicon

Top Gate
insulator —_ VGTop

=

DY L v,
; VG bottom |
-

Large increase of the current
due to the top channel

10

8‘ /

) n
I, =225 nA/
| 1
) 4
ap
l/ -
2 - ./ )
_— . ///.//
l/.ﬂ/m./l R
—a— " ]
i !J/!i ' T T T T T T
00 0,2 04 06 08 10 12 14 16 18 20
VGtop (V)

o
. INSA ‘ SSSSSSSSSSSS UNWERSITEDE%
ssssss RENNES1
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Measurements in liquids

Top Gate
insulator

-V,
- Gbottom

Top Gate with polarized droplet ===

Comparison of transfer characteristics
e With metallic Gate (Al)
e With liquid Gate

I:> Good correlation showing
the good functioning
in liquid media

37

Metallic electrode (Ti/Au) for Top gate

0,24 .
—m=— with drop at pH 7 /'
— = — with aluminum top gate
0,22
<
= 0,204
N—r
_o
0,18
0,16

-0,2 0:0 0:2 O:4 0:6 0:8 1:0 1:2 1:4 1:6
VDrop (V)

INSTITUT NATIONAL N
. INSA DES SCIENCES UNIVERSITE D E
RENNES RENNES1
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iETR Amplification versus polarization

Top Gate 18 —rT - 1 - 1 - 1 1 T T " T 1T T T 7
insulator ]
16 A i
—~ 1
S 14 r
'_
5 / ]
> 124 i
2 ]
> 104 i
3 | =225 nA
. n
c 8 4 D i
o u
—
© 6 / 4
2 .
E 4 - ./ ./_I
= 1 l/ /
E = /l
< 27 P I
] N
I |_=325nA]
P e s 0 — T T T T T T T T T T T T T T T
5o 02 o4 06 08 1o 1z 14 1o 18 20 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0
Vo (V)
VGTop (V)

The amplification value increases with Vg, ==  Top channel formation

The amplification value is higher at low Vg om ™= Top channel more influent than
Bottom channel

Measured amplification >> Calculated amplification (Cy,,/Cgyiom)

_
. ssssssssssss UNIVERSITE DE%
ssssss RENNES 1
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iETR Comparison of Amplification values

Theoretical values Measured values

18 T T T T T T 18 T T T T T T T T T T
161 Va 16 1
1] V gorom around 0V /' ] ~ ] ]

/ L

2 ]
5 12 / 2 ] /-
< 104 | i B

8 e 3 _ /
. - = o p=2250A )

_m 9
- 6 l/./. VGBonom around 6V ISECE / ]
< 4 t r = - i
e " =, o
—n ./l/. o I/. 1
2 ).ﬂ./.ﬂ./././l E 5 ././ ./I 1
0 - < 1—R a l/./././ ID =325 A,
i T ) T ) T ) O T T T T T T T T T T T T T T T
0,0 05 1,0 15 2,0 00 02 04 06 08 10 12 14 16 18 20
GTop (V) VGTOp (V)

# Amplification range consistent with theory

- Increase of the amplification with polysilicon layers

INSTITUT NATIONAL A . N
DES SCIENCES UNIVERSITE DE
APPLIQUEES -
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IETR Conclusion : Measurements in liquids

Several tests with solutions with various pH values

» Sensitivity above the Nernst value > 59 mV/pH

» Highly dependent on polarization

The sensitivity is higher for low bottom gate voltage (under 4V)
and increases with the top gate voltage.

mmm) CONSistent with previous calculated and measured
amplification values in dual gate configuration

Examples :
Amplification factor with : Amplification with :
V ggottom @round 3 *  Vigpoiiom 8r0und 3
Viop = 0.75V * Vorp =05V
- 3.5 - 2.6
—> pH sensitivity —> around 150 mV/pH

around 200 mV/pH

[ J INSTITUT NATIONAL N
('9 INSA -~ o P
RENNES RENNES 1
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iETFR Prospects :Applications to biodetection

‘ Very promising results with pH

‘ Application to bio elements

‘ Integration of nanomaterials on the top surface

‘ Nanowires, nanotubes, nanocarbons (porous)

‘ Create a structure based on Extended gate TFT

Increase the surface
And interactions
with biomolecules

uloting layer (SI,N,)  SHEE L

- DopedP oty $i (N) HES
B insulating layer (S10,) [

. INsA ‘ Eggls‘gb[gcqts UNIVERSITE DE%
D e
CentraleSupélec UNIVERSITE DE NANTES
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iETR Acknowledgment : ANR PlasBioSens

AGENCE NATIONALE DE LA RECHERCHE

Sensor for biodetection

@
. . .
Easy measurement } Electronic detection IETR
[ ] I nteg rated INSTITUT D'ELECTRONIOUE ET DE TELECOMMUNICATIONS DE RENNES

* Highly sensitive === Sensor sensitivity
—> Surface
* High selectivity —> Nanomaterials

l IMN <7k€7,‘/

uuuuuuuuuuu

Functionalization:

* Chemical ?ﬁg'7; /

* Biological inem

_
INSA ‘ EEEEEEEEEEEE S
ssssss RENNES 1
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Thank you for your attention
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DGFET : Examp

A self-amplified transistor immunosensor under dual gate operation: highly sensitive detection

of hepatitis B surface antigen
Lee et al, Nanoscale 7(40):16789, 2015

Non-tadored TFT Tailored TFT
Top oxide 1
et 28nm 14 nm
Chi «l
m-cir’::ss 20
BOX =
thickness 200 nm 750 nm
b = O vm 717
. Top gate sweep Top gate (Al : 150 nm)
I1. Grounded top gate Top oxide (810, : 14-28 nm) 1 Civr
# Channel (Top Si: 20 nm) |= = Cay
* Ezzza [ Bottom oxide L &
/ (SiO, : 200~750 nm) T Yme
Bottom gate (Si substrate) | —— C,,
g
L. Single gate (SG) operation
IL. Dual gate (DG) operation

1. Grounded bottom gate

I1. Bottom gate sweep
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* SOI (Silicon on Insulator) for the active layer
* Silicon dioxide a s insulator
* Extended gate

i Coupling ratio : 35.77
4. SG operation
i DG operation

:

-
"

:

Coupling ratio : 6.47

:

pH-sensitivity (mV/pH)
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Non-tailored ISFET Tailored ISFET

Application to biosensing
Antigen / Antibody links
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https://pubs.rsc.org/en/results?searchtext=Author:I.-K. Lee

Dual Gate TFT with polysilicon

Final structure

External top gate contact

I DN —L v,
; VGbottom

Deposition of a top gate contact (aluminum) ===) Top gate
Bottom gate Characterization
Dual gate

‘ Capacitive amplification

Characterization with liquid (pH sensor) : with deported electrode (Au/Ti)
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Characterization : Bottom gate

Transfer characteristic Dual Gate Characteristics
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Dual Gate Characterization

s fixed to 2 pA or 3 pA

15 . . . For each Vg,
V1 = Vegottom(lps=2 HA)

14+ \ Vp = VGBottom(le=3 HA)
Vi ol _
1 13 " \Slopl ) Effect for Vgr,, > 1V
12- ]

Slope=1 ®m) AV=AVg,

11 T T T
0,0 0,5 1,0 15 2,0

GTop (V)

No capacitance amplification ———— Potential shift

L Top Gate threshold voltage to high
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