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NEMSIC sensor devices

_wn, Vibrating Body FET
Vibrating Junctionless FET

In-plane Resonant Suspended Gate FET

IP17-1

... Siencapsulated by
»~ ~10nm of SiO,

L .

L

o -

ot L

"“—""--"--—--L-;gs p-ni--—....-.—-... - -

Y [ i

L L]

[ ] 1 -

A suspended SiNW as a sensor head
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NEMSIC detection principle -

Resonance-based sensmg Mass detection
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Outline

e Development of selective surface
functionalization techniques for SiNWs

* SiNW electrical characteristics and the impact
of suspension and surface functionalization

 Design and fabrication of in-plane resonant
suspended gate FETs (IP-RSGFETSs)

e Summary
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Bio-functionalization using NH,-SAM on SiOi —
NH, -SAM deposition on SiO,

HaN Sample C.A (degrees)
IJ i Cleaned SiO, <10
NH,-SAM 52.1

H.C 2
3 F—\\ _L hydrnlyﬁls ‘—L.D{él 15min ( reported as

Y monolayer CA)
-:I:IH Form Si-O-Si bond with 3 D 30min 54.9
s SiOH via hydrolysis 5[* A5min 53 3
77T e 1h 60.1

APTS (Amino-propyltrimethoxysilane) :

BOFORE
Works for all
different types
of Si02

AFTER

TEOS oxide  P-type thermally  n-type native  n- doped [
S. Armini et al., MRS Symposium on grown oxide oxide chemical oxide [3]

Functional Materials and Nanostructures for Chemical and Biochemical Sensing (2010)



Selective functionalization of SINW surface

(D Joule heating method

MET2D MET2D MET2D
100 nm LI
:> ————— :>
oxide NH2-SAM
Resist spincoating Ablation via Joule heating SAM coating

current ~ 300UA 600, Max temp ~ 540 C
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oxide oxide

|:> NH2-SAM |:> GA/Biotin

Resist removal Biofunctionalization _ A
=f@] S. Armini et al., MRS Symposium on Functional "

Materials and Nanostructures for Chemical and Biochemical Sensing, San Francisco (2010)
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AFM-based testing of selective functionalizaiik

Laser diode

Biotin-Avidin
bio-coupling

&uad Photodiode

Piezoelecthic scanners

Y
cantieVsg Z] X
Tip

PR APTS (NH, SAM) + glutaraldehyde (GA) + Biotin
e ; \ 1.5-I - I I I I - I

Field region

AFM tip functionalized

with Avidin %

2.5
3: | |
2 :5 e N EE
. § | SiNWsurface ||
S | T T I F
= | | A 1 /
c 1@ ——""""""""r~~~~~“a--————-r-—-—-—-- v =)
T L : / \
O ¢ ! ! ! \ 100Es + + + + + * / -
0_5 | | | 1.00E+00 0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00 5.00E+00 6.00E:
B 4 —--~~ | | | T T T /
7 ~ | | | | | | nsk
L /0 @ LC Lt ) ) _
( | | | | | |
| | | | |
_0.5 [ | . 4 L . | | |
¢ I », Biotin — Avidin i i % N
A~ | | . . | | | ol .
| | bIO-COUp/Ing | | | 02 04 06 08 IE1Dm (n1[\.§ 14 16 18 2
L N B L L L )
0 10 20 30 40 50 60 70 80 90 100 '@[3]

Separation Distance (nm)



Selective functionalizati

(2 E-beam lithography appriach

Spin coating develop 100 nm resist MET-2D E-beam lithography resist opening

Selective resist removal Short clean + NH,-SAM deposition

S. Armini et al., MRS Symposium on Functional Materials and ‘@3
Nanostructures for Chemical and Biochemical Sensing (2010)




Testing of selective functionalization with AuNﬁh

Nonsuspended SiNW Suspended SiINW

Long 81 NW

1, e o
] ¥ K

Fieldregion

AccV SpotMagn Det WD Bxp 1 1pm
500kvV 3.0 50000x TLD 69 1 W08 5867 diell

v Only SiNW region decorated by Au NPs (15 nm)
v Suspended Si NWs survived the spin coating of the polymer
resist, ebeam lithography, resist removal in acetone and

functionalization in toluene
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Impact of SINW suspension

M. A. Ghiass et al., Microelectronic Engineering 88. pp. 1753-1756 (2011)

Draincurrent(nA)

E o W e
F| + Suspended

gL e
A

. 2 4

Source—dram voltage (mV)

Conductance (uS)

_4—_

SOIN, =2x10¥ cm?3

SOl thickness t;, =53 nm
SiNW length L = 0.5 - 2.0 um
SiINW width W =100 nm

T dependence of G

Temperature (°C)

®Conductance decreases after suspension
®Conductance increases with increasing temperature
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Impact of bio-functionalisation —

eComparison between before and after bio-functionalisation

I) MET2D MET2D Oxide
w Before
Oxide » L NH, SAM '\ » Biotin
Ablation of deposited NH, SAM coating Resist removal followed by
MET2D by Joule heating GA/Biotin functionalisation
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Conductance reduction after functionalisation
M. A. Ghiass et al., Microelectronic Engineering 88. pp. 1753-1756 (2011)




Possible charge transfer mechanism —

SAM layers Silicon nanowire
Oxide n*-SiNW
N

Biotin GA APTS

Electron transfer
expected from SiNW to
surface molecular layers

P e P

e 2Ty electron [P
eV \l/ nsf .
| Homo  Lranster — results in conductance
HOMO .
— reduction
HOMO v

HOMO: Highest Occupied Molecular Orbital)

N
*All HOMO energies of organic molecules were estimated the KFM results
reported in D. M. Taylor et al., ‘Characterization of chemisorbed monolayers by
surface potential measurements’, J. Phys. D: Appl. Phys. 24, 1443 (1991)
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Surface potential distribution I—

Topography Surface potential

= w8 _dB_wresp1a0_res10.009 : Image

500.0 mV

500.0 mYy

I[I.III 1: Height jz: M
pectial Period 0.00 pm pechial Freq 0.00 /um =
. pectr Ampl 0.0321 emporal Freg: 0.00
Surface potential
profile along the NW .

Surface potential shift in the cloudy rectangular area corresnonds to the

NH2 SAM selective functionalization.
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Temperature dependence of conductance

Normalised conductance difference

Conductance Gvs T AG/G,=(G-G,)/Gyvs T
G,: Conductance at T=10 °C

35 : . ‘ ® » ® ® L ] .‘- {:} 8 I . HW II L I I t:
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After functionalisation
*AG/G, is virtually temperature independent
*Regardless of the difference in functionalisation methods

mmm) Advantageous for real sensing applications

NEVSIE)
M. A. Ghiass et al., Microelectronic Engineering 88. pp. 1753-1756 (2011) =@



SiNW LF noise spectra for advanced sensing schemi

Conduction noise in Si NW

: conductance + LNF spectra
Low frequency nolise measurements \ /N )

v'To investigate the oxide/interface traps "
v'To explore a new sensing scheme using noise advanced
spectra beyond conductance detection sensing scheme
LF noise in Junctionless Transistor _"m‘f*_
Jang et al. Appl. Phys. Lett. 98, 133502 (2011). [ Box ]
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LF noise in non-suspended n-type SINWs —

Device structure Conduction current vs V@J

Noise spectrum

< 3x 1078 - 1x10’5—“‘t\ | | ‘-
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S | %) T=300K T~
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Side gate voltage [V] Frequency [Hz]

Noise intensity vs |

Noise intensity reduced with
§ increasing drain current
Nﬂ “% .. Indicating the result is related to mobility
=R {/: 1_02'3sz fluctuation but it is not clear whether this
" | = 200 K is with HMF or CNF+CMF

Data should be taken by varying wider

range of drain current -@ ]

Drain current [A]



LF noise in suspended p-type SiNWs —

(Preliminary)
Device structure Conduction currentvs V,  Noise spectra
p— 7t SEE— ] Iﬁl 10 19 Side gate voltage varied from -6 to 6 V
SE_B.XIU . E
S 6.x1077F 1<
5 ‘ <
S 4x107T —— 1
E 2 x10-7F——
- ST
10 20 50 100 200 500
Noise intensity vs I, Slide gate voltage [V] Frequency [Hz]
— / % *|, dependence of S, /12 is similar
e Experlment \\C}, to the results of Jang et al's, i.e.,
~~ \
= 6 (CNF+CMF)
N -‘)'d .“‘-,__\\ O’) ) . . .
=i Kil, s S /142 in the accumulation region is
.- governed by CNF at the surface and
interface = may be used for advance
T T NI e sensing.
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Design of IP-RSGFETs for mass detection

_4_
Device structure 3D FEM analysis of RSG with
ﬂ surface layers using CoventorWare
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Surface layer modelling in 3D FEM analxsis —

Linker molecule
{

¥
) A
i

@«Target molecule

Resonance frequency vs SAM
surface functionalization layer
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i Three SAM surface functionalizaion layer configuration:

Top & Bottom (TB),Top only (OT), All around (AA)
F. Arab Hassani et al., Microelectronic Engineering 88(9), 2879-2884 (2011) -@]




Surface layer modelling in 3D FEM analxsis ——
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F. Arab Hassani et al., Microelectronic Engineering 88(9), 2879-2884 (2011)



RSG Q-factor design

_4_

Quality factor analysis & advanced RSG design

Numerical modelling of Q-factor

1 1 1 1
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RSG Q-factor design

Clamped-clamped RSG

f,=432.47 MHz
b=3.724x1022 (N.s)/m
Mass sensitivity= 0.0544 zg/Hz

Q,,=6245.97
QThermoelastic=68O63 2.73
Q0 =3153.67
Q..,,=2089.15

Free-free RSG

£,=368.75 MHz
b=3.5632x1022 (N.s)/m
Mass sensitivity= 0.2363 zg/Hz

Q,,=8348.71
QThermoe/astic=1462838'84
Q,,.,=10535972.28
Q..,,=8294.79
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Q-value can be optimized by adjusting
the anchor positions of RSG
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IR-RSGFET design layout
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Preliminary IR-RSGFET characteristics ‘D_

Suspended gate:
Width=135 nm, Length=2000 nm, Thickness=40 nm
SG — MOS air gap = 80nm

In-plane MOSFET:
Channel length=1250 nm, Drain/Source length=295 nm

Doping:
Drain/Source /Suspended gate = (N*) 4 X 10° at.cm?3,
Channel=(P) 1 X 1016 at.cm-3

0.03 ‘ ‘ ‘
o —Vvd=200 mV
gur -Vd=300 mV
7500271 ~Vd=400 mV
g é Wiy w9, m /.’ ‘—.\\
k= £ ; %
>0.01 SN
)/ N
5 \\‘ \
/4 \ ‘
‘ 0 /\ ‘\ !
0 0.05 0.1 0

V) I uEnSI)
Optimal V,= 400 mV & V =14 V will be used for the subsequent RF measurement



Summary

e Selective surface biofunctionalization techniques
were developed successfully for suspended SiNWs:
Joule heating method & ebeam lithography method.

 Detectable change in the conductance was observed
with SINW suspension and surface functionalization.
Preliminary LFN spectra are studied for advanced
sensing beyond conductance detection.

e |P-RSGFETs with zeptogram/Hz level mass resposibity
were designed using new hybrid NEM-MOS
simulation. Preliminary DC characteristics were
measured for fabricated IP-RSGFETs.

- WemMS[E)



Conductance or Mass? —

DNA detection limit based on various transduction mechanisms
Transduction Mechanism

SPR (Label free) ‘ [}
. Fluorescence & Chemiluminescence (Label free) @&
Optical
SPR (Label based) ® @ @
Fluorescence (Label based) o9 o
Piezoelectric Resonance Frequency
(mass change) SAW I
Voltammetry (Label Free) ||g@ @ ®
EIS (Label free) I z ® I
. FET(Label Free
Electrochemical ( )
Enzyme based (SAP* conjugates) & o °® e
Enzyme based (other conjugates)
Voltammetry (Label based) [ ] I EE) I.. @®
. . Optical '
Magnetic particles & » I ®
other OIigO probe- Electrochemical &
supporting beads Magneto-resistive ?

1020 101 1075 10  10°  10°® 107
Detection Limit (mol/L)

- emS[E)

Drawn based on the data published in F.R.R. Teles, L.P. Fonseca,
‘Review Trends in DNA biosensors’, Talanta 77 (2008) 606—623.
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