/7

%

X N |

/\

\ SWISS
MANCOSCIENCE

INSTITUTE

l EIME INITIATIVE DER UNIVERSITAT BASEL
EL UMD DES KANTOMS AARGAL

Molecular and carbon-based electronic systems

Lecture 11: Sensing

sensors, sensing, transduction & more
ISFETs & nanopores

Vorlesung Uni Basel, FS2017



SENSOrsS
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SEensors
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nanoscale, new materials
= low-power, low-cost,
robust ... ubiquitous

SEensors

expectations
‘ Connecled Home

Blockehain
Smart Robots
Micro Data Centers

esture Control Devices

4 loT Platform

Commercial UAVsS (Drones)

Affective Computing
|Smart Data Discovery
Virtual Personal Assistants i

é Brain-Computer Interface

Conversational User lnled?

Volumetnic Displays

Cognitive Expert Advisors
Machine Leaming
Software-Defined Security

Autonomous Vehicles
Nanotube Electronics

Software-Defined Anything (SDx)

Natural-Language Question Answering

Enterprise Taxonomy and Ontology Management

Smart Workspace Human
Personal Analytics Augmentation
Quantum Computing
Data Broker Paa$S (dbrPaasS)
Neuromorphic Hardware
Context Brokering Virtual Reality
802.11ax Augmented Reality
General-Purposae Machine !nlehvgence
40 Printing
Sman Dust
As of July 2016
Peak of
Innovation Trough of Plateau of
Trigger Ex;l)r:a?:?;:l?ms Disillusionment Siopw'af Enlightenmant Productivity
2 | i
time
Years to mainstream adoption: obsolete

O less than 2 years

O2toSyears @5t 10years A morethan 10 years @ before plateau

Hype cycle emerging tech. (2016), http://www.gartner.com



SEensors

smart...
v @ _Bij
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’ ‘ --——-“"‘""‘} — ' phone
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il o refrigerator

nanoscale, new materials
= low-power, low-cost,
robust ... ubiquitous

Internet of Things (IoT)

def.: Open network of intelligent objects that have the
capacity to auto-organize, share information, data and
resources, reacting and acting in face of situations
and changes in the environment

Internet 1.0  sharing of data created by people
Internet "2.0" sharing of data created by things

NB: data protection issues...

= integration of smart objects ...



SENSOrsS

smart building: the technical side
monitors/integrates conditions of various systems for optimization and alerting, ...

HVAC
Maintenance

Services
Fire Detection & /
Alarm
Lighting Control
Security & m ;
Access Control

€

Indoor Air Quality
Services

Digital Video /
. Energy Supply & Load
Management
Intrusion
Detection

®

Waler Management

é Environmental Control

Mechanical
Maintenance &

Retrofit
Assel Locator
Enterprise

Systems
Integration

Energy Information
Management

On-Site Technical Service



SENSOrsS

smart building: the human side
monitors/integrates conditions of various systems for optimization and alerting, ...
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SENSOrsS

smart city
critical infrastructures: energy, water, transportation (avoid congestion, state of bridges), waste management, ...
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friendly dasign Begional EMS Sman Bulldings
bulldngs (Controd canter) knked through

Wing farm Regonal EMS

Next-genaration vehicle

centaroperation canter) MegaSolar

Inteliigent Trarsportation
System (ITS)

¥ S
=~
¢
Mult-energy > \
siation
: —

Biomass luels

EV car
sharing
EV car
sharng
Sman House
Electic bus
Smart House

Small / Medium-scala

Soler panel Sman Buidings

Offshore wind farm " Mutti-enargy station



SEensors

smart
. 1@ ' refrigerator
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smart
building
nanoscale, new materials
= low-power, low-cost, robust ... ubiquitous
Internet of Things (IoT)
"smart" monitoring for environment, health care,
agriculture/farming, logistics
= sensors beyond p, T smart
detection, quantification and monitoring city

of more complex analytes

gases, ions, organic molecules, biomarkers, ...
e.g.: continuous glucose monitoring (diabetes)
Dexcom, reading on phone/watch




e general aspects on sensing

sensitivity, specificity
overview of transducers

o field effect transistors (FETs) as charge sensors
MOSFET, graphene and GFET

Examples

e |on sensitive field-effect transistors (ISFETs) for pH,
ionic and biochemicals detection

e Nanopores for sequencing



(biochemical-)sensing

‘ ' Analyte
Biological (chemical target)
medium
Sensing ~— g T~— g
Layer M— Immobilized receptor
Transducer <+—— Conversion into signal

_|_ -
Recorder

DAQ /

i / -_._--.j' __. ,‘;”— o
Nerve cell Brain

cf e.g. R. Bashir, Nanohub.org Olfagtory
membrane



(biochemical-)sensing

challenge: controlled conversion of (bio-)chemical signal into
a well-defined electronic signal

7 &
(2 =
7 S

Cell Cultures ~

FET Devices
¥ Nuceic Acids
| 9.
- 8.
Human Samples A Nanowire Array
(Blood, Urine, Saliva)
Cells + J
N 7y J J
) |) Nanoparticles
’ ; Antibodies P

Food Samples N i

. l / Ak t
: / TE befter ™ |
1 . \ . / 7 '-—’_ H v
.-.v:@" = Electrodes . A il ST
sW % Enzymes c = % = om owm ko

Environmental Samples
(Air, Water, Soil, Vegitation)

b

a) Bioreceptor(s) b) Electrical Interface(s) e) Display

Samples Transducers Electronic System

competences ?

See e.g. Willner et al., Nanoparticles arrarys sensors, ChemPhysChem, 2000
Lieber et al., Nanowires nanosensors, Mat. Today, 2005 Grieshaber et al., Sensors (2008)



Characteristics of a sensor

(biochemical-)sensing

signa

Transfer function, nonlinearity /\

input

Sensitivity: typ., derivative of transfer function
Selectivity: response exclusively to changes in specific target analyte concentration

SNR, low background: low noise, with ability for correction (differential measurements)
Dynamical range
Response dynamics: rapid response and recovery

Hysteresis : signal (in)dependent of prior history of measurements (nanoscale devices:
nanotubes, graphene, etc: interfacial polarisation effects at contacts)

Long-term Stability: not subject to fouling, poisoning, or oxide formation that interferes
with signal; prolonged stability of biological molecule

Simple calibration (standards)
Size, cost, power consumption
Operating conditions (pH range, temperature, ionic strength), biocompatibility



functional
(sensing) layer
& signal
transduction

sensing

ey g
.. ¥
o rr¥rrelyy
DAQ

biological,
chemical
medium

molecular
interface

electronic
interface

cf e.g. R. Bashir, Nanohub.org



functional layer

Functionalization & immobilization techniques

a

e adsorption (non-specific) Ry A AP\ .
weak bonding; susceptible to pH, temperature, ionic strength, and substrate _ﬂ f
variations; simple but short lifetime |

e encapsulation: place biomaterial behind a membrane .

. % ,
permeable to some materials only (e.g. porous graphene ,?;@\ﬁg RS
membrane) i
limits contamination, relatively stable towards changes in pH, etc..

e embedding of a the sensing biological component in a matrix :,D
such as a gel or a polymer film 2 o i
stable but may limit diffusion of sample towards biodetector; activity of
biomolecule may be limited also due to gel mesh

T 1

e covalent attachment '

direct or zero-length cross-linking, strong binding, can limit activity depending on
bonding
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transduction: electrical

Transduction

e electrical & electrochemical
direct measurement of current
through a molecule for
instance, molecular
electronics; current monitoring
through device while binding
of sample

charge detection —e.g. ions,
charge species; pH meter; ionic
concentration variation, e.g
ISFETs

impedance spectroscopy;
voltammetry or amperometry:
cycle a potential to an
electrochemical cell with an
oxidizing substance)

Electrical Detection

Conductometric Detection

Measurement ) o
Volume 6) Oax a
o ¢ @

|j Z (bulk) ﬁz-”f ¢ o
_ (interface) ﬁ cﬁp

=
Measurement elv.:.‘ctrodes

Measurement ele.‘ctrodes

Amperometer Detection _

Reference Reference
electrode electrode

GED Ee_ Glucose

++ + +

'\
Working Electrode

Potentiometric Detection

Reference Reference
ISFET lelectmde Capture/ I lons or
electrode

sensor layer analytes
Drain

2 (+ve voltage) \Mﬁ

Current flow Current flow

Source

cf e.g. R. Bashir, Nanohub.org



example: ISFETs

ISFETs: ion-sensitive field- Reference Gate o

effect transistors Electrode

concept from the 70’s
Bergveld, IEEE Trans. Biomed.
Eng (1970)

Bergveld, IEEE Sensor Conf.
(2003)

pH sensors

CONNeCtor to
a KCl vessal a ISFET - electrode

‘&, Endress+Hauser :CPS441 and CPS441D
with integrated Ag/AgCl reference (needs a KClI reservoir )

Sentron

Mettler-Toledo



example: conductometric detection

GlucoWatch® Monitor
non-invasive glucose monitoring: impedance spectroscopy |

e glucose variations affect electrical properties of erythrocytes

membranes, and lead to variations of the electrolyte balance (in blood,
cells and interstitial fluid)

e changes in interface polarisability of cells (Maxwell-Magner),
e typ. freq. 20-60MHz

Microstrip Carrier L
(BB o _8_B) Rl e
| Tl
Vias— 1| V4 Gy T Pt1000
: /77777 ;r'f‘ l",qniwuk'nl/-i (::
V47 !-"} Inductance cireuit ’
e 'A\- 9,9 & /) of sensor
Coating 1 —
_ Biovotion
—————wa = Solianis until 2011
' = ¥ r 2
l
\'\_J"./' j

www.gluco-wise.com

www.dexcom.com



transduction: mechanical

Transduction Mechanical Detection

Surface Stress Change Detection

| L

. |

¢ mechanical N "Ji
mass (QCM - piezo, AFM), .
surface stress (AFM)

Az= 4[‘32 {I‘T"){ao, - Aog,)

QCM: Q-Sense

e piezoelectric

. H H » A7 = deflection of the free end of the cantile
vibration frequ?ncy shifted L antion ongtn o e
by mass adorption at - E=Youngs modus

. . . +v = poison’s ratio
surface of device; QCM: at - e, change In surface stress on top surface

= Ag, change in surface stress on boftom surface

10MHz, 4ng cm=2Hz?

Mass Change Detection

e calorimetric
heat produced or absorbed

during biochemical y I
reactions

1 [k
7= \m
cantilever: Concentris
AFM-based: cf e.g. Ch. Gerber et al. e (1 1

R
Kavli Prize 2016 * k.= spring constant

*m = mass of cantilever
in NanOSC|ence * f, = unloaded resonant frequency

* f, = loaded resonant frequency




transduction: optical

Transduction Optical Detection
Capture Fluorescence
e optical (absorption-, fluorescence-, probes, detection
luminescence-, internal reflection % Target
spectroscopy; surface plasmon rﬁL‘
resonance - SPR; light scattering)

DNA detection on chip surfaces

Fluorescence
Capture detection Target

prohel: % § §j’Pmb&s

Protein detection on chip surfaces

ARA

Capture
probes

Yy Y ¥y
B

fluorescence: Affymetrix

Cell detection on chip surfaces

SPR: Biacore



example: fluorescence, DNA microarray

* Analyte: Labelled ss-DNA

* Recognition Molecule: cDNA, mRNA
e Transduction: Fluorescence

Affymetrix

= GAGCCAAGCTE §
s GAGCCAAGCTGG A .
= GAGCCAAGCTG Gl g ﬁ e

Sgq 4
—GAGOCAAGCTGTTTT Cool ok

==AAGCTATACGTA 4 ! T

==AAGCTATACGTE GG o M4Ax
== AAGCTATACGTC C C ¢
==AAGCTATACGTT T TT Trr17 4y
= CGTCGAATGCTA A AA AAAR AA
= CGTCGAATGCT GG GG G666 66
w= CGTCGAATGCT (6 6 © Gﬁi, B
wecatcomTeoT TTTT 10 aaidgsts

AAA S 5885 o5

R S
A O @
~ven -“oax

@
v m

T T
o
Sam

-
-

: G
| = CCAGGAGTCTCG O g o 6 5 i
w=CCAGGAGTCTGE * 1 ¥
w COAGGAGTCTCT




DNA microarray

TGACTTGCACGGTCA

\ 2 A ¥/
)= .>$1._
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contzins ~ 10"
molecules ;
Shm
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A
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-e
PURDe - e

SARL BARAS Banes

Gene-chip, Probe molecules
Affymetrix have to be labeled




example: surface plasmon resonance (SPR)

Flow channel

Sensor surface
with gold film

and ol N\

surface coating

Prism

|
Polarized
light Reflect

light

Biacore

Resonance

Sensorgram




plasmons: reminder

e response of metals to optical fields 2

”( [
. . (1] o
plasma frequency ®,~10" Hz (visible) *p n*eq
collective oscillation of e~ in metal
Wavelength (um)
reflection transmission G L . .
1.2- = Colloidal absorptuon 414
| ¢ Mie theory
1.04 *— thin film absorption 112

-t
o

o
(0]
(e)} (@] ’
Cross section (10™° i)

o
(o}

B

Absorbance (a.u.)

N

Lycurgus cup, 4th

century A.D., late Roman 0.0- ————1——1— 110
Britisch Museum 05 10 15 20 25 30 35 40 45 50
e Energy (eV)
o » calc. spectra (Maxwell) for thin film and 30nm Au
SEM image of a typical nanocrystal nanoparticle (classical electromagnetism)
embedded in the glass (British museum) * measured spectrum of 30nm Au

Maier, Atwater, J. Appl. Phys review (2005)



plasmons

e response of metals to optical fields 2

”( [
. . (i) =
plasma frequency ®,~10" Hz (visible) “r n*eq
collective oscillation of e” in metal
e e . Wavelength (um)
e plane-wave excitation of metal particle 215 1 05
e confined in sphere diameter d« A o T i 'c'o||'oi&a|'353<;rp'tio}p 14
| ¢ Mie theory
. ' . 1.04 o thin film absorption 12 oo
¢ in-phase motion of conduction e —— £
= e
= polarization charges at surface g 0 =
g 06 &
e pol. charge = restoring force g 04' 535
2 v
resonance at dipole plasmon freq ; 8
7/2 phase lag with driving field 0'2-_ -
0.0+ | RS AN D AR PR RGO SR T
05 10 15 20 25 30 35 40 45 50
e resulting dipolar field (outside the particle) Energy (eV)

= enhanced absorption and scattering for em waves & enhanced near field at surface

e NB: larger particles: retardation effects, higher order modes, dephasing

Maier, Atwater, J. Appl. Phys review (2005)



Remember: NP arrays, light-controlled conductance switching

sheet resistance: junction resistance ZUNKG N
R,= R-wl/l R, = (2N3)-R, - ) :
R,=1/G; —WW\

light-controlled molecular switch

"ON" state
SR extended =
conjugation 6 6
Ay >420 nm l‘ A, =313 nm :
(vis)

"OFF" state

interrupted

conjugation v

van der Molen et al., , Nano Lett. (2009); MC, Chimia (2010), Chem. Soc. Rev. (2015)




light-controlled conductance switching

sheet resistance: junction resistance IO
R, = R-w/l R, = (23)-R,
R,=1/G; —WA\— V

light-controlled molecular switch

"ON" state
extended
conjugation

Ay >420 nm l‘ Ao, =313 nm
(vis) (UV)
"OFF" state
-S S~ i
R Ol \ /S\ R mtelrrupt(_ad
conjugation

van der Molen et al

3.27/‘}is lV|s,
,\2'8?
gmg [ /
© o4l /
/ /

meas. cycle # (1cycle = 30s)

., ,» Nano Lett. (2009); MC, Chimia (2010), Chem. Soc. Rev. (2015)



plasmon resonances in NP arrays

optical spectroscopy (absorption)

plasmon generated by E-field component
of an irradiating EM wave

C16-capped Au nanoparticles (10nm &)

in solution (blue) and as an array (black)
red shift of SPR due to array

absorption cross-section: Mie
(small particles, dipolar approx.)

B k1 theoretical

1
|

I |
I |
I |
I |
| |
Il

Absorbance [arb. u.]

3/2 3 co(w)
T [\-. o). :

medium permittivity €m
nanoparticle ¢(¢)) = e1(w) + iexw)

oglw) = 12:%5

L}
—
€
el
i}
':-l|
b2
iy
]
—
¢
R —
[§

Wavelength [nm]

L. Bernard et al., JPC (2007)



Absorbance [arb. u.]

—
L—

plasmon resonances in NP arrays

- — -y

solution vs array different arrays
T S T S S e
AN S
Cis Cc12 C8
q

Absorbance [arb. u.]

0Lk , C12: 590 nm, C8: 613 nm

E(X) 3(“) 4(x) 5(7]" (y(x) 7()() H(X) (X)(’ l()(x) 1 A:L(lxl) 1111111 %(le) AAAAAAA (I{IXA) ;;;;;;; %'l)(n) AAAAAAA Q(lxj) AAAAAAA t; )(IXL)I x
T - J <
Wavelength [nm]

Wavelength [nm]

Cl16-capped nanoparticles

in solution (blue) and as an array (black),
red shift of surface plasmon resonance:
526 nm to 583 nm.

L. Bernard et al., JPC (2007)



characterizing plasmon resonances

absorption cross-section: Mie
(small particles, dipolar approx.)

3/2 p3 £a(w)
=e R
m [E|(w1} ‘|‘25”;.]2 ‘I‘:_Q{..:v')g

nanoparticle permittivity: Drude-Lorentz-Sommerfeld —
2 e
w n.e —
e(w)=1- P w, = |2 = of
a)(a)+ IF) EM, 8
4 Upl g B : i f theoretical
€, (wR)=1— + € 2 ' e
1 2 ) 1,core
o* + TX(R) < i
N ,’, \\\ \\\\ :, ,": .‘.‘
| (r)p“F(R) B N T oER W
63((U~R) - 5 5 + €) core \ /i I X
w(w” + I'°(R)) el B h N |
U Up . b
F(R) =il A damping constant Lo .
[~ R (radiusdep) (I | T
200 400 600 800 1000
Wavelength [nm]

medium permittivity ~€m
nanoparticle  ¢(w) = ¢;(w) + iexw) L. Bernard et al., JPC (2007)



characterizing plasmon resonances

absorption cross-section: Mie
(small particles, dipolar approx.)

NS W 3793 =o(w)
f:l'(\.b} = 127 e m I’ [ I(““-*1} ‘|‘2-:m]2 ;‘2{..:\;)
. 1
_ p
e T
NB

in solution: dilute system, Mie ok

as array
nanoparticles, red-shift

= effective medium permittivity
Maxwell-Garnett

interaction between neighboring

Absorbance [arb. u.]

theoretical

|
| 1 | P | L 1 L |

Wavelength [nm]

L. Bernard et al., JPC (2007)



optical absorption

Maxwell-Garnett

in solution: dilute system, Mie ok
Cle C12 C8
array: confined system, interaction 200¢
between neighboring nanoparticles —_—
&
=>effective medium permittivity S 100!
Maxwell-Garnett <
< o®
O _

00 02 04 06

2f E\W) —&nm
142fA \ s (w)

:." ‘ ( ‘) — :-lll—- -~ -
Sl I — fA e(w) + 2e,, f
f|”|ng factor f = L'J;Eusters,fb?otal
a -
| : C12
Resonance condition  £y(wgy)(L — f) +,(2+ f) =0 £ C8

Mle f:0 E]_ + 25-}71 = U 0k

L . L . L L
400 500 600 700 800 900
Wavelength [nm]

L. Bernard et al., J. Phys. Chem. C, 2007



plasmon resonances shift during molecular exchange

~
- 4
- i~ - >3
- g

A~ =3 X OPE E
plasmon resonance for array RV a0\ \ TSGR ¥ gip ¥ g g
. > ::;}’ g—; - >0 >4
during exchange RN W S 00, 00,
Trrpror T TrrrrrrroT T u' ' """ Trrrr oot Trrrrrrrrt Trro T 3’?1\\:}%’?7\\5 -
C8 = OPE = C8 O— = S 0—0 = s-O—=)=)s
)
= AL ~20nm ¢ Ae~0.5
@ £=1.9-2.210, g_,.=3.1-3.9%)
_chs = exchange efficiency
o 20% to 40%
Q0
<

NB: partial exchange ensures
stability of array

400 500 600 700 800 900
Wavelength [nm] plasmon resonance:

very sensitive to

surface modification

(1) G. Whitesides et al., , APL, 1998.
(2) J. Stapleton et al., Langmuir 2003. L. Bernard et al., J. Phys. Chem. C, 2007



sensing using surface plasmon resonance

plasmon in thin films

[~ evanescent wave
e TIR above critical angle Oc air  (n2)

(Snell’s law: glass (n1)
ni-sin(0i)=nt-sin(Ot)

sin(Oc)=nt/ni, ni>nt) e
incident light reflected light
e when plasmon induced in thin goid film ,—evanescent wave

metallic thin film (proper air  (n2)
incidence angle, thus
resonance), the reflected
intensity shows a drop

]

glass (n1)

” incident light reflected light

k; .

varying 0

u



surface plasmon resonance (SPR)

Flow channel

Sensor surface
with gold film

and - L

surface coating

Prism
I |

Polarized

light Reflect

light

e SPR angle shift 0.12°
e Change in protein surface concentration 1 ng/mm?2
e Change in bulk refractive index 0.001

Biacore



surface plasmon resonance (SPR)

reflectivity vs angle for three different surface states

1.0
Plain gold
0.8
Sheep 1gG .
> 06 A Intensity
= Anti-Sheep IgG
8
= 0.4- -
O
c
0.2- (A) —
0.0 T ‘ T ‘ T
52 54 56 58 60 62 64 66 68 Angle
Internal Angle (degrees) st
- Resonance
.0070+ ‘ 2 l
igna
0.0065 - SQ
Monolayer coverage of "
0.0060 surface by IgG ”
>
£ 0.0055/ /— I
2
S 0.0050- -
9 / I H
= /
S ooos| i Time
f Foo-
0.0040- f I
| IgG binding to gold surface
0.0035] | / I Sensorgram
0.0030+—
0 20 40 60 80 100

Time (mins) B'
lacore



surface plasmon resonance (SPR)

Resonance b sup 54
signal (kRU) R A
$ YRR <4
'
18- — Yoy
S
~7% _ Dissociation
= T -
>)~" » \ Q . "/ g
"4 o Kinetics |
Yevyyyyy s/ .~ Regeneration
v , /s
3]
O,

0?" 0
12 Concentration l PR

Q':, " BT,

= —‘-l- ———————————————— e —
AAAAAALY l I AAAAAAANY
|

-

1 A 1 b} T
100 200 300 400 500 600
Time (s)

drawbacks: upscalability, integration
Biacore



o field effect transistors (FETs) as charge sensors
MOSFET, graphene and GFET

Examples

e |on sensitive field-effect transistors (ISFETs) for pH,
ionic and biochemicals detection

e Nanopores for sequencing



FETs for charge sensing

GOAL: specific detection of biochemicals
pH, ionic species, mMRNA, DNA, proteins, ...

Requirements

* label-free, multi target sensor,

* quantitative |
* upscalable, dense integration: Si-based

* portable, small volume, low cost, low-drift

* implantable, biocompatible

= point of care and home diagnostics,
implants, drug screening

= ISFETs: ion-sensitive field-effect transistors ?
detection of charged species, concept from the 70’s

Transducer of chemical reactions in electrical signals

F. Patolsky, C.M. Lieber et al. (2007)



brief reminder: MOS capacitor and MOSFET

energy band diagram

Emauum
4 Xoxide |09V
| 4.05 eV
Gate 90ur | 4.1 ev 1 E
Insulator I E,
Epy l E | 112ev
Accumulated electrons Vez v | b----C . E,
. . E
Depletion region g
Metal  Oxide Semiconductor

p-type Si - Workfunction metal and semiconductor
- Interface charge: trapped oxide charge,
mobile ionic charge, interface trapped
charge

V4, depends on C_,, the semiconductor (n;) and doping (N,)



MOSFET

. dI I“ Vg3
conductance SD =
d-VSD Vg2
Va1
Gate
o Drain
Source A
—— SiO, Sio, 0 -~ Vsd
|
dl
transconductance Gy, e = ———
dVe




MOSFET

transfer characteristics (transconductance)

gate voltage V,

subthreshold
regime

source

sd

linear |
log |

linear
saturation regime

Si handle wafer

[sd = IICE\T( vg - Vfb)vsd



Gas Sensitive MOSFET

Gate H, H, 120, H,0

>ource g ‘}H \H{ 2‘H‘H \\H“_H/i(

SiO,
Si

F._-;' s

é 180 ppm H;in air . air

E TR ' _

i . v Vth_ 1E((I)metal)

: !

% Oe-

£ effect of H

R T T S T T hydrogen adsorbs, dissociates and
TIME (MBUTES | diffuses to metal-oxide interface; forming

a dipole layer modifying the metal -
semiconductor interface (workfunction
difference)

K. I. Lundstréom et al., J. Appl. Phy. 46, p 3876 (1975)



would graphene FETs be useful ?

a Armchair edge b
JN=0
8
7
6 ==
W 80
ac 5 E
4 L
3
2
Y
.l (i) (ii) (iii) (iv)
T —_— 1 ] ] [,
L. K K K K
Direction of current Momentum
flow in ac GNRs
(i) large-area graphene: no gap!

(i) graphene nanoribbons,

(i) unbiased bilayer graphene,

(iv) bilayer graphene with an applied
perpendicular field.

Schwierz, Nat. Nano (2010)



graphene FET

graphene nano-ribbons

€ 104
E 3pHl A

[ 3paia,
I 3p+2 L-,,,:i.“_‘
103} Sl e
f * * T
I N
'|OE§ 2
i *  Refs 24,25 %
[ % Ref 26 Ak
Ref. 27
101 e
s Ideal ac GNRs (ref. 28) Yok

Extrapolation ideal 3p+1ac GNRs (ref. 28) %
—=— Ideal zz GNRs (ref. 28) *

Bandgap (meV)
Energy

Jgor—— CrRswiledgedisorder (et 2™ L .. (i) (ii) (iii) (iv)
0.1 1 10 101 ' ' ' >
i GNR width (nm) < K < <
ac.: a_rmchalr Momentum
zz: zig-zag

(i) large-area graphene,

(i) graphene nanoribbons,

(i) unbiased bilayer graphene,

(iv) bilayer graphene with an applied
perpendicular field.

Schwierz, Nat. Nano (2010)



why graphene FETs

a Graphene

Top-gate
Source i Drain Source
Sio, 5i0;
Doped Si substrate Si substrate

Back-gate Back-gate
h . .
Field-effect in graphene Flrsé?\ﬁnerlmental
raphene papet CNTs
grap Oct. 2004 (ref. 1) 2.5 years Nov. 1991 (ref, 98) _
since 2004 since 1991
First graphene FET 6.5 years First CNT FET
April 2007 (ref. 52) v | May 1998 (ref. 99)
First gigahertz <2 years First gigahertz
graphene FET CNT FETs
Dec. 2008 (ref. 69) 6 years April 2004 (ref. 100)

Record cut-off frequencies:

Graphene FET 100 GHz (ref. 73)
CNT FET 80 GHz (ref. 78) Schwierz, Nat. Nano (2010)



Electron mobility (cm2 V s™)

106

105 ¢

104

102

graphene FET

charge carrier mobility in various materials & graphene

103

*- Graphene
GNRs
i —CNTs
3 Ge (bulk)
* Si (bulk)
i == Si MOS
o o 11-V (bulk)
3 . + 4H-5iC (bulk)

r—I %

00 05 1.

0 15 20 25 30 35
Bandgap (eV)

b

Mobility (cm V's™

105¢

107 =

104¢
103E

104k

- Upper limit ‘
-, graphene on
¥ < Si0, (ref. 47)

7 Simulation (ref. 1)
/' e Phonon limited (ref. 60)
= = \With edge disorder (ref. 60)
—— (ref. 61)
Experiment
# (I’Ef. 52}
|* (I'Ef 45) ol

10 00 1000

Ribbon width (nm)

Schwierz, Nat. Nano (2010)



graphene (graphene-related materials) for sensing

Table 1 GRMs as a platform for enabling new techologies
and applications, with radical [not incremental] advances

Atomic thinness

Foldable material

All-surface
material

Solution -
processable

High carrier
mobility ()
Optical (saturable)
absorption; photo-
thermoelectric
effect

Field-effect
sensitivity

features Enabled applications / technologies

Flexible devices: thin and flexible electronic

components; modular assembly / distribution
of portable thin devices

Engineering new materials by stacking
different atomic planes or by varying the
stacking order of homogeneous atomic
planes

Engineering novel 2d crystals with tuneable
physical/chemical properties by control of
the surface chemistry. Platform for new
chemical /biological sensors

Novel composite materials with outstanding
physical properties (e.g. high thermal
conductivity, k:; high Young modulus and
tensile strength); Novel functional materials

Ultra-high frequency electronic devices

Novel optoelectronic and thermoelectric

devices: photodetectors

Highly sensitive transducers

Graphene Roadmap, Ferrari et al., Nanoscale (2015)




graphene (graphene-related materials)

Ol NERTIRLISM Novel optoelectronic and  thermoelectric
Lo oall devices: photodetectors
thermoelectric
effect
Field-effect Highly sensitive transducers
sensitivity
High intrinsic Outstanding supercapacitors
capacitance; high
specific surface
area (SSA)
iyl eiasiizvel Energy conversion; energy harvesting: self-
W EGBeneg i1l powered devices
transparency;
photocatalytic
effects
Theoretically High Tc superconductors
predicted "chiral
superconductivity”

1D)ik:(oBicenni (0l Valleytronics
pseudospin

Graphene Roadmap, Ferrari et al., Nanoscale (2015)



graphene (graphene-related materials)

%

‘,{On —chip scalable

GRM sensors

Selective mass| |
. {1 7 gassensors ¥

Systems

| TechnqlpM;lf m "

al | "
| Gas sensors?‘ | DNA sequencing|
Ay : T iy

i i a
:2_, [Mlcrophones /) g ;
= | ( Amplifiers |’ [C{’Jemical sensors] L
S | } AT | Magnetic field
(@) ' | Mass sensors| | ik I CORSHES ’
o3 S Przssure sénscéEJ b
£ FR S devices
Sensor based on field effect transistor: ;
£y soorsoes vt o O
S WEmEC T &
@ Sensor based on capacitive devices = | : -
g ® a by | I
o Sensor based on piezoresistive devices: } }’ ’_
i F=3 § p—
==
@ Sensor based on plasmonic read - out devices (».3
~=4 € =
-
2

Continuous update of processes and mate
2016 2018 2020

Graphene Roadmap, Ferrari
et al., Nanoscale (2015)




graphene (graphene-related materials)
l@ ﬁDNA'}s.‘equéncing]

o [ Mlcrophon es| :

= ‘ Ampllf[arsl lChem/cal sensors|

o ¥ ——

B (—’E"Z—] v Magnetic field }

o Mass sensors P u sensors |

ﬁ ! ! ﬂ PI'ESSUI'Q sensors] .

et

o Sensor based on f‘ eld ejfect trans:stors L D

S V B 5

o C

o Sensor based on capa{ctt:v;e dewces : : -

g e & | ® ® i - .

: : -

o Sensor based on piezoresistive devices ; o devices

@ © : . = =y :1'#

@ Sensor based on plasmonic read - out devices
= %

Single — layer membrane fabrication
L

a@ eDevelopment of sensitive transduction scheme
COEE

’ °Compatlblhty with liquid environment science & tech.

Functionalization of GRMs

Science and Technolog

Graphene Roadmap, Ferrari

2016 2018 2020 et al., Nanoscale (2015)




graphene (graphene-related materials)

vision....

flexible, stretc

(spider silk)

- biodegradable

- high energy de

- low-power, em

- analyzing air p
traces and pro

NOKIA Morph. LUre Mouie UEVICE Wil aiL as d gmemu win cuninect users o local
environment, as well as the global internet. It is an attentive device that shapes according to
the context. It can change its form from rigid to flexible and stretchable.

http://research.nokia.com/morph - link broken in 2015 Ferrari et al., Nanoscale (2015)



Examples

e |on sensitive field-effect transistors (ISFETs) for pH,
ionic and biochemicals detection

e Nanopores for sequencing



ISFETs as potentiometric biochemical sensors

reference electrode

I Vrel C3 '
ON; ;
m -
U -
source -
[l g
g : Our signal: :
2 Threshold voltage V;;, '
(@)
O F : :
buried oxide : '
» |
Si handle wafer TR T I Y _VIhvl p :
V V
analyte, negatively charged Gate VOltage erf meme

Theoretical limit: Nernst response

AVip = Vino — Vi = 2.35 log, o (2 2) ~ 59.6mV-log,(£2)

« converts a chemical reaction into an electrical signal
« signal : change in current / shift in threshold voltage

see e.g. Bergveld, IEEE Trans. Biomed. Eng (1970); Bergveld, Sensors & Actuators (2003), IEEE Sensor Conference (2003)



nanowire fabrication: SOI process

p-type (100) SOI

Si oxide 10-20nm

Device Si 80nm

BOX SiO2 150nm

Si handle wafer

Top view:
NW

)

<

Drain length: 6um

Source

width: 100 nm -lum

ALD oxide 10-20nm: Al203 or HfO2

AL

BOX SiO2 150nm

Si handle wafer

56

Collaboration with PSI: K. Bedner, J. Gobrecht et al.



nanowire fabrication: SOI process

p-type (100) SOI

Si oxide 10-20nm
Device Si 80nm

BOX SiO2 150nm

ALD oxide 10-20nm: Al203 or HfO2

AL

BOX SiO2 150nm

Si handle wafer Si handle wafer

chip carrier

ALD layer with BF,* ion implantation

] Liquid channel [ ] Metal lines (Al)
B Sinanowire with ALD layer [l SU-8

57

PSI: K. Bedner, J. Gobrecht et al.



sensor device layout

J)

liquid channel =~

1 I
1

* 48 individually addressable nanowires in 4 separated arrays

-
...
-
e
&

~ nanciwire

BRI v

contacts for wirebonding _ e

 length: 6um, width (top): 100nm-1um, thickness (device layer): 80nm

« fluidic channels with different designs (functionalization, measurement)

M. Wipf, R. Stoop et al.



sensor device layout

-
. |
AlSI contacts

micro-
channel

PSI: K. Bedner, J. Gobrecht et al.




(@) ——

fluidics and measurement setup

Connectors to reference electrode
Sensor surface

B
< P

Chip carrier

5 -
» ,A

Ref &nce electrode

Outlet

Ag/AgCl Reference Electrode

PTFE Tubing

PDMS Microchannel

Al Contacts

: ALD Oxide
Buried Oxide
5 ’W/waﬁ. G 2

fortubmg

opening
liquid channel
e

M. Wipf, R. Stoop, K. Bedner, et al.



characterization of SINW FET

operation regimes

contact
dominated linear subthreshold leakage

Transfer curve G vs V 4 ' V'Vt;p:' 1pm
1um wide SINW 5 1E-6
8nm HfO, gate oxide cna 6 4

o {1E-7
pH 3 buffer solution Q : 2}
Vg = 0.1V, Vy, = 0V § 4 S \X 00 o\§TT T % c;

S ; ke

= ]
NB: back and forth traces: 3 2 . 11E-9
negligible hysteresis f

0 1E-10
-1.5 -1.0 0.5 0.0
Vref [V]

M. Wipf, R. Stoop et al.



response to pH changes

. . . . Unier Oyt
Site-binding model for a metal (Me) oxide surface MeOH = MeO™ + HY, K, = —— N
K,: eq. const. for deprotonation ¥MeOR ()

: UheOHA ]
L\-lcOH; = MeOH + HT, K, = OHYH;

A K,: €q. const. for protonation YMeOH] (2)
LIJO 3 total number of surface groups N, (density)
; N, = yeon + Unmear + Uncomt (3)
: I
. | -
. o .
: IS surface charge density
P O
: ) 0y = (Uneont — Uneor e (4)
P X
: 3
= Q
fromeqs 1-4
Debye length: 1 ay, — KK,
1 o e S 2
1 )\DOCC-]./Z lns\:lalzo’ So-‘utlonf? ) "I:{\ + “H‘Kl' + K_,K[« (5)
_Z-—-o‘ +) & B
surface : o
w— S| = = &)
charge ¢ @ e
densit Bl o = “H, activity of surface protons
Y o 6 ® v density of surface groups

; see e.g. P. Bergveld , Sensors and Actuators B 88 1-20 (2003)
. Knopfmacher et al., Nano Lett. (2010); A. Tarasov et al., Langmuir (2012)

Distance

Electronic




response to pH changes

Surface charge is screened by double layer ions

: ay, — KK,
6, = Cy¥y = eN, : (6)

Site-binding model

aj + ay K, + KK,

A : Convert surface proton to bulk proton activity via
Y : surface potential vy,
. o eV,
P = Aut = any “P("_']
. | -
i O
A ) From (6),(7): relation between vy, and pH,=-log(a.)
I ¢
P ) kT |
— AV, = —2.3-2—aApH a=—
I 0O e | + Ca/C
AVy, = =59.5mValApH
Debye length:
1 ApoxC1/2 Nernst limit, case C, » Cy (a=1) at T=300K
C.: surface buffer capacitance (nb of sites)
surface charge density o, C4: double layer capacitance
C B (’:J\{‘\
2.3k, T

see e.g. P. Bergveld , Sensors and Actuators B 88 1-20 (2003)
O. Knopfmacher et al., Nano Lett. (2010); A. Tarasov et al., Langmuir (2012)



NW response: pH sensing

i =
V'"'l ]' Ag/AgCI Reference Electrode
S R— — oxide solution
) i
PDMS Microchannel A|203 L OH2+
/ -c"f\' Contacts Or L OH ¢ H+
HfO, L—oO
(b) 0.78 in real time
0.72 Vref=+0.4V, ng=+6V pHY
0.66 phs [
S 0.60 il
D 054 pHe r
| . T, 048 prs [
] 7 0a2 i
7 58x2mVipH | Y| \ i | pHa
Hio, 4 Opy8 10 tu ] o301
10‘9 N . A . ] N A PV VA (500 ] ™ PN T R T S
-0.5 00 0.5 1.0 1.5 2 0 100 200 300 400
\./ref [V] time [s]

O. Knopfmacher et al., Nano Lett. (2010); A. Tarasov et al.; M. Wipf et al., ACS Nano (2013)



Debye length 1 _at room temperature

1N,
I_ZiZ:;‘cizi

Debye length [nm]

—— Monovalent ions
—— Divalent ions

Conc[mol/l]

Importance of charge screening (Debye length)

l&,6,KsT

RIS

| — ionic strength (I=c for 1:1 electrolyte)

Example: PBS - Phospate buffered saline

« 137mM NaCl

« 2.7mM KCI

« 12mM phosphate

- 1 x PBS ~150mM, pH7.4

1 150 0.7 nm
0.1 15 2.3 nm
0.01 1.5 7.3 nm




Importance of charge screening (Debye length)

5
. : ol N A i I A
APllS \llS/lI)C
\
Glutaraldchyde
/
o —_—
, . p
"'.;‘ ,i-‘";—NH' / / / -—'5
e R .
B silicon B -
pH7.4
Anti — CA15.3 / Breast cancer biomarker

A. Vacic et al. J. Am. Chem. Soc. 2011, 133, 13886-13889

105 i 1 I L i 3
- Bicarbonate buffer pH9, NaCl
100 [ |
|
.._},/‘f‘;“
e
"
- | 1\
)5 | i |
et
P — P < R =
| preantigen fevel I mM (- 1mM 10mM
h,=9.Tnm = 30.7Tum 2. =3 (7nm
90 T v T M T v T T T - T
20 40 60 0 100 120 140
Time [sec]
255 L L A
25.0 - - ——= va.‘rs\
— [
2454 r
l
b
24.0 4 “A'n'rnw e —
i Ty
Ay
T B A — . S— > =T >
preantigen level I mM 0.lmM L
7,=970m 3 =30.7om  A,*3.07nm
23.0 . > ; g . :
50 100 150 200

Time [sec]



effect of an increasing background ionic concentration

constant pH

varying pH varying ion (KCI) concentration
@) | V,=-1v  "pHS
10 "'"" — \,\ *pH 7 |
i 5‘2 ’ A pH 8 ng: -4 2V
F E 08- . : S ; . ... '....‘A:"" v pH 9 : CKCI:
o | 2 Lo = 0.1 uM
(™10 % 0.6- ¥ T “v" = 1uM
b2 [ I aa =10 uM
L S° 05) Tslop.e=5‘91' 3mVipHT =, = 100 uM
i 2 G £ 8 2 Sdid] % ' | < 10mvidec MM
71 el I TRl SR L. A NN | 1 I e S
-0.5 0 0.5 1 -0.5 0 0.5 1
V,-ef [\/] Vref [\/]
1
Croxe 72 o= T B
- \/—A - 1+ C‘vdl / C'Ys
AViy, = —-2.3 aApH e CS > Cd[ NB: not the case for SiO2

('I

Also true for other ions, e.g.: MgCl,, Na,SO, O. Knopfmacher et al., ChemPhysChem (2012)



metal-coated surface: alternative functionalization possibility

20 nm Au - Gold film
20 nm AI.‘,O3 - ALD oxide

80 nm Si - Device lay
145 nm Buried oxide .;

Handle wafer

" = ng=0V. vV, =01V ——pH3

107¢ = ——pH4 7

: ——pH5 |

b _DHS R

! ——pH7 1

107 ——pH8 4

a - —QHQ 5

5 [ ——pH10 §
b >

10™ ¥ 3
10° b

0.5

Ve V]

Impianted contacts

nanowire

Au film: different surface chemistry

« weaker pH response of Au
compared to oxide Al,O,, HfO,

= N¢~ 2 orders of magnitude smaller

compared to Al,O4
~1% of surface atoms oxidized

Wipf et al. ACS Nano 2013



specific ion detection

(a) NaCl (b) KCl (c) PH
' ‘ ! -0.40,
0.1} | 0.1 .,
0.45} 15-crown-5 ether 2
02 -050» gold B 0-0. 2 - ]
> t ° > 0.1} A
=-0.3 = B £ [ s Lo A
a0 >' '0.55' & o ! >= l x
L B 3 { 02+ gold |
jold 0.60F , *  15crown-5 ether -

. cl- q t] ; -065': 03+ -
anion (Cl") adsorption pye 05 ks e e e N N S B R R
from electrolyte bgck- KCI [mol] -
ground, as for oxides Q

‘:

_ o _ ) 3 4 5 6 7 8 9 10
functionalization with X FY v r x5 T T T3
thiols at non-oxidized ‘> T o el e S 3
gold surface atoms o : 5 ]

specific detection of Na*

5
H+ 0 \) ~0 mV/dec :
. “ ; T -
I - NaCl :
< b
J

:l S R a. ,  44t4mVidec
>° | I’\Vm =50 mV S .
cr 1 L - L
! s o

\ 2 differential | o
T he signal | KCI 3
pH: 13 o [ ~0 mV/dec R

ST —— B T o = - P - -
| A P b - o 11 s

10° 107 10" 10°
molecule: I. Wright, C. Martin, S. Miiller, E. Constable Electrolyte concentration [molfl]

Wipf et al. ACS Nano 2013



multiple ions detection: Au and AlO surfaces

-~ NaCl

/7{.\03 T~ . -44+4 mV/dec
B ~— | |
g“’j\éj na* o 9 Iavth=50mv T

C
<
Avtn Vi
]
/
.l

5 ~0 mV/dec
— - — — - e 0 _____ - - °
S s ® o o
“I-3 ‘ el — “.I-'I
10 0 ¢ [moll] 10 1

V
,‘\\?
MO/\'W
[=}
( 0/_\
o
L}/
E:
/\]/\%
2
o"\[/”“g
2
=
an V]
I
—_
>
<
Il
[4)]
o
3
<
/
/!
. ,
!
!
/

@
I NaCl
—5j=0—5]— —SI] —-0—5i— : ""'0 I'I'lVdeC [ | g
0 0 OH 0 0 OH ST . - —.— .- ---- -
il i N wl M M 1
10—3 2 |0-1 1
¢ [mollll

M. Wipf, R. Stoop et al.



multifunctional platform

ions detection

« pH, Na*, K*, Ca?*, F- sensing with
good selectivity using appropriate
receptor molecules

* in-situ functionalization on different
surfaces with microchannels

* so far, up to 4 different
functionalizations in a differential
configuration on one chip




beyond ions: biomolecules kinetics

FimH detection (bacterial lectin)

with B. Ernst, G. Navarra, Dpt. Pharmacology, Uni Basel

control wire FimH adsorption
functionalized additional
with lipoic acid coupling with

mannose linker

control

FimH

O

lectins: carbohydrate-binding proteins involved in
physiological and pathophysiological processes

e.g.: cell-cell recognition, inflammation, infectious

diseases (UTI), immune response, cancer
see Sharon, J. Biol. Chem. 2007; Oppenheimer et al., Acta Histochem.
2010

UTI therapy: high-affinity FimH antagonists

= affinity screening tests: SPR
Ernst et al., J. Med. Chem. 2010, 2012; Chemmedchem 2012

= can SiINW do the job ?

functionalization
- mercaptohexadecanoic acid (MHDA)
- amine coupling for ligand

Control ”°\/\u)l\/\/\/\/\/\/\/\/s



beyond ions

@—, ®) .,

w S8 T ageesctnee,,,,,,, 1um wide SINR 1107
I Ag/AgCl Reference Electrode . " i
PTFE Tubing 10 !
H h 3 - § 1 o -
= PDMS 08 ¥ %
¢ Microchannel < i _®
3 06 .‘.‘ 110° o
su-8 Al Contacts L 3 o
— _8 \ i |
2 04 ! {
s = r i - ‘\.. §10:
Buried Oxide 02 \. {
Z Tl 0.0 . — Annnnanand 10
Handfe Wafer' 15 1.0 05 0.0 0.5
S

= Vre¢ M

* reduced ionic strength buffer: 10mM HEPES, pH 8 (Debye length A5 = 3 nm)

ensure that the proteins are within the electrical double to affect the surface potential
« at pH 8: FimH neg. charged = | 4 increase upon binding

« SINW operated in linear region (constant transconductance ¢,,)



FimH binding kinetics vs concentration

active wire with mannose linker

(@) ——spgm T (b)
SiNRS 30 | 10 ug/ml ‘ e, 30}
20 20 F
> >
E, E
> 10 3 10}
< : <
0 Tbuffer | 0
0 500 1000 1500 2000
Time [s]
# surface bound ligands/m2
charge per analyte \
A[\.d (/A
AVy=—-AVy = — = —|[Bo
,(/m (()
(.(/m = ()['«1/()‘ ;‘t'f) equilibrium
dissociation
constant

control wire (lipoic acid)

Preep———

——5pg/ml
10 pg/mi

20 pg/mi

50 pg/mi
100 pg/ml

1500

7500 1000
Time [s]

0

SiNRs

- non-specific adsorption (control wire)
lipophilic character of MHDA layer

- signal only a function of surf. pot. change
site binding model see Reed et al., Nat. Nano 2012.

[\] <——— analyte bulk
concentration

T
I\D T [:1]

M. Wipf, R. Stoop, et al., ACS Sensors 1(6), 781 (2016)



FimH binding kinetics vs concentration

active wire with mannose linker control wire (lipoic acid)
@) e SacEs I ) B o=y T
: 30 —— 10 pg/ml e, : 30 10 pg/ml
SiNRs = , |
; { ——— 20 ug/ml
50 pg/mi
20 20 k 100 pg/ml
> >
E E
3 10 > 10
<4 <
0 Tbuffer 0
0 500 1000 1500 2000 0 500 1000 1500
Time [s] Time [s]
3500 T 17430'0 MT-1S-|Y T ¥ T v T v T T SINRS
3000 |, = 7+10% g 1 - non-specific adsorption (control wire)
2500 ’_,{m =2750 .- e e | Ii_pophilic character of MHDA layer
K, =5nM T —— - signal only a function of surf. pot. change
= 2000 ] see Reed et al., Nat. Nano 2012.
& 1500 : _
8 SPR (Biacore T200, Navarra, Ernst et al., Basel)
ac: 1000 100 nM 1.85 pg/mi ] - saturation at lower FimH concentrations
500 | ——— 250 "M 4.63 pg/ml - dissociation less pronounced
0 — 500 nM 9.26 pg/ml | dashed lines: Langmuir kinetics
Kp ~ 5nM is obtained.

0 200 400 600 800 1000 1200 1400
Time [s] .
M. Wipf, R. Stoop, et al., ACS Sensors 1(6), 781 (2016)



FimH binding kinetics vs concentration

signal
A

comparison SiNRs & SPR

» different association and disso-
ciation rates (ka, kd)

NB: variations between SPR systems!
Cannon et al., Anal. Biochem. 2004; Katsamba et
al., Anal. Biochem. 2006

possible origins of differences

protein injection

« flow rate at sensor surface & different

surface areas

- FimH-mediated bacterial adhesion affected by shear forces
see e.g. Vogel et al., J. Bacteriol. 2007,. J. Biol. Chem. 2008

- re-adsorption of proteins in flow

 different effective protein concentration (fluidics)

« different sensing mechanisms: optical (A

|

Fluidic channel | BioFET Biacore
Flow rate 26 pL/min | 20 gL /min
Height 100 pm 40 pm
Width 500 pm 500 pm
Length 4 mm 2.4 mm
Volume ~ 0.2 uL, ~ 0.05 pL

evan ~ 300nm) or charge (Ap ~ 3nm)

= protein surface rearrangements affect SINRs stronger than SPR, longer time const.
Rabe et al., Adv. Colloid Interface Sci. 2011, Roach et al., JACS 2005

M. Wipf, R. Stoop, et al., ACS Sensors (2016)




proteins detection: competing reactions

(a) 3 pH response Linear (b) 15t ® A: Low pH response .:
F L] /B\ 29+1 mV/pH ] ® B: High pH response
o . 3
: _ ] 10 pg/mi FimH '
AV, =100 mV Ns=1.0-10"m'2 3 10+ :

: m . 9 5
g . Linear E

AV,

:switch to}
,buffer

AY, [mV]

[ &—8—73 193 mV/pH 3
 =4.610"m”* : 0 Ry
3 4 5 6 7 8 9 10 -400 0 400 800
pH Time [s]
(a) pHresponse: gradual increase* (€ BBl St B e
. . . . Maximum response R
lines: site binding model at different hydroxyl max
group density Ns ( pKa =9, pKb =7) ol [ Nyore= 310% m? 1
= dependence of linear response on Ns < 40} —— N =110" m? )
. 8
varies from 19mV/pH to 29mV/pH at pH 8 E [ —N=4610"m? i
(b) real time response to FimH, same device r20 :
increased noise at low pH: air bubbles 10 ' K,=333nM _
[ C,=0.1 Fm?
(C) Site binding mOdeI for tWO diﬁerent hydroxyl 0 PR | A adasad assasud o o aand o .....j' aasassl ...‘..
group densities Ns 10 10° 10° 107 10° 10° 10* 10°
5 importance of competing reactions FimH concentration [mol]

R. Stoop et al., Sens. & Act. B (2015)

*several cleaning & functionalizing steps on the same wire: degradation of the surface state M. Wipf, R. Stoop, et al., ACS Sensors (2016)



can we do it with graphene?



Graphene ISFET

Electrolyte
solution

reference electrode

W=

I Epoxy

P

=

1 Photoresist

— [ Aufi
m Graphene

reported literature values for pH sensitivity

~12 mV/pH to ~100 mV/pH
(vs liquid gate)

Ang et al., JACS (2008)

Ristein et al., J. Phys. D: Appl. Phys. (2010)
Cheng et al., Nano Lett. (2010)

Ohno et al., Nano Lett. (2009)

Heller et al., JACS (2010)

W. Fu, C. Nef et al., Nano Lett. 2011



Graphene ISFET

as-prepared GFET

400
* pH7A —=>
a pH7B
o pH7C
390-
2
=
% 300-
O | 480
< 6+ 1 mV/ipH
1
£ 460
250‘> ——Linear
. ¢ pHY
4 56 7 8 9 10 1
oH <« pH10
0.0 0.2 0.4 0.6 0.8

Vref (V)

W. Fu, C. Nef et al., Nano Lett. 2011



Graphene ISFET: passivation

Fluorobenzene SO®
passivated
250-
)
= 200-
@ 5 |
O | 500 2 5 E
2 § | HO
= =2 ~0mV/pH ' i &
15012 7/ /it
[>'1{ 480 : pH7
345678 910 —Pﬂg
A ! - p
100+———2 . —
0.0 0.2 04 0.6 0.8
Vref (V)

W. Fu, C. Nef et al., Nano Lett. 2011



Graphene FET: oxide layer

200
ALD Al,O,
activation
1504
7
=
k2 1500
(D 100'§ 17 £+ 2 mV/pH
E 1450
1> 1400
2 345678
50 L1——

W. Fu, C. Nef et al., Nano Lett. 2011



Graphene ISFET: "active" molecule functionalization

w—pH 3 b 1 OH
:p:g 16 160- O phenol /JX
—tie |12 | [ fluorobenzene |
‘“—pH7 -8 “
wpH 8 -
Zﬁﬁ?o Sl
; : 0 &
“hie He®
= pH 8
—pH10 H12
L8
L4
. 0
0.4

W. Fu, C. Nef et al., Nanoscale. 2013



Graphene ISFET: response to K* ions

04 02 00 02

NB: similar research for CNTs
see e.qg. M. Hersam et al., Chem. Soc. Rev. 42, 2824 (2013) W. Fu, C. Nef et al., Nanoscale. 2013



can we do it with ... conducting polymers ?



organic electrochemical transistors (OECTSs)

— “Substrate """

Impermeable Permeable
OECT

GAGAAGEL © <[ QRUURULACS

cation anion|

g ge  © - + a Q e § ©
) electron  hole
0 o . O o
Charge neutral bulk Charge neutral bulk
Q qg° O Q a° O

e oco0cCco0eC e

Impermeable semiconductor Permeable semiconductor

Common assumptions:

p-type semiconductor (n,=10%!-
10%3cm-3)

constant mobility (u,,=0.045-1
cm?/Vs)

Injected ions distribute

homogenously

S. H. Kim et al. Advanced Materials 2012
Bernards et al. Advanced Materials 2007



organic electrochemical transistors (OECTs): PEDOT:PSS

a peport FX \
g 0O o D o DO
— = —(

L b /T \ /- \

Q. _R P o P9

\_/ \'~.___ . S £

SOH SOjH SOH SO~ SOH SOH

2 X W | M i \
NN M

AN Y N
(U e )
N -.»\_H,/ \‘__\‘.;_;/ ~__\.;__/. \\;/// N
ISV W!
P N N P G NN AT N TN

b
Ag/AgCl
J G =
: Ve Electrolyte. || PEDOT:PSS
Au
- S D Parylene
Fused silica PEDOTPSS
—

Vo 10 um

D. Khodagholy et al. Nature Commun. 2014



working principle PEDOT:PSS OECT

+ + gate electrode + + —V, >0V

electrolyte @ Mobile hole
® €,
G @ @ G Immobile PSS-

@ G NN\/\/ PEDOT backbone

G @ @ G cation/anion of
G @ G @ G electrolyte

source drain
Isd/\\
D . ® ®_D_
Q €,
‘ Vg colnst, small  PartialDpptepBEETENIOT @ R
I 0\Y; Vg

G. Malliaras et al.



OECTs - mechanical stability

| 575 black: as prepared
—_ (7)) .
T £ red: after peeling
= £
<2 = .

110 blue: after crumpling
0.0 , , 5 0.0—. . . : 1 0.0
0.0 -0.2 -04 -0.6 0.0 0.2 0.4 0.6
Vp (V)

Ve (V)

= R. Stoop, M. Sessolo et al.: characterization & noise measurements
Phys Rev. Applied (2017)

D. Khodagholy et al. Nature Commun. 2013



Examples

e Nanopores for sequencing



DNA sequencing using nanopores

e basic principle: DNA translocation and current blockade
cf Coulter counter for single cells

ionic Al &
current

» time

small diameter, high repetition rate
identification of bases?

Dekker et al.



DNA sequencing using nanopores

biological nanopores structural cross-section of a-haemolysin

a 60 1,200
- .A' - 4
T3 e
L ) 50 900
«Vestibule L~ e o0 |
. . 2’ 8_ ;(3. 40 g 1
w® o ‘ =
5 = el . = 600-
B TR o o s | @ 1 —dGMP
85 | |/ L | L \ ‘ d
@@ O k“y,‘l‘ 1 300_ ! = TMP
B-barrel 20 il —gémg
ssDNA 1 i T AT AA CGC JINl, —
10 - - 2 ] ™ ™ Y .| T 0 l“ o 1 -
2.6 nm 0 0.2 0.4 20 40
constriction Time (s) Residual pore current (pA)
c 0

NH2
HiC
NH N N
Thymidine \fl Adenosine ﬁ </ | /)
N

0

I
5-monophosphate R0 B 9 5-monophosphate HO—F—0 i
(TMP) 0 (AMP) é

OH OH OH
o) NH;
. N -
Guanosine 0 </ | NH Cytidine NN
5'-monophosphate " o—IF!— o ¥ //k 5'-monophosphate ﬁ | /&
(GMP) I o N" NH  (cMmP) HO—P—0 N o
o) I o
o)
o8 o OH OH

Bashir et al., Nat. nano (2011)



DNA sequencing using nanopores

structural cross-section of a-haemolysin

a modified channel

1,200
‘, ..AA -
T 9
L ) -
Vestlbule @ A~ ‘ - 300 r‘
o < ‘ 5 -
i iy 3% 1/
Be 4 ‘ < 600 i
=S &
a l4nm S - - o I | —dGMP
€3 “ oo N —dTM™P
p-barrel | | —gémg
ssDNA T T TATAA CGC | —
10 - T v ] i LT n ] T O I" ’ ' I '
2.6 nm 0 0.2 0.4 20 40
constriction Time (s) Residual pore current (pA)
structural cross-section of MspA
b GGG
» |\ AAA
§ CCC
TIT ¢
'yestlbule -' < _‘U’ . }
4 "9; o3 3 [l
E atlh Al
1 .w/ "! Al
0 05 1 1.5 40 50
Time (s) Residual pore current (pA)

constriction

dsDNA segment with ssDNA triplets

dsDNA temporariliy blocks translocation until dSDNA Bashir et al., Nat. nano (2011)
dissociates due to high local electric field



solid state nanopores

U
» + . :
ﬂ i% (— drawback: thickness of channel (SIN membrane)
b chanel will contain many bases (base to base: <0.5nm)
=
SN | 4 . . .
3 5 no high-resolution DNA sequencing
/ &2 k Dekker et al.,

posible solution: integrate tunnel device

Bashir et al., Nat. Nano, (2011)
Kawai et al., Nat. Nano (2010)




solid state nanopores

2 1500 GMP
V,=075V
1,000 -
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196 216
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Kawai et al., Nat. Nano (2010)



solid state nanopores

a 600
: TMP

V, =075V
500 Ip data

CMP

V,=0.75V CMP

Vb = 075 A
500 Ip data

I (pA)
Counts

GMP GMP

V=075V

t(s) I,(A)
Kawai et al., Nat. Nano (2010)



graphene nanopores

g% +
£ + thinner than 1 base

- + can be used as electrode to detect base
Graphene » .

% - hydrophobic

o a Add DNA

-

v
proof of concept: 22nm hole, monolayer graphene fl
lambda DN translocation 02s
S
C ’f/ '\\ C M
/ 1 o
0w T g
\\\ _// 1 (:\
1 &
23
' [0}
35
S -
£ N
g N " oA 10%10°
E ’ ol ?I\- ?n— Counts
g\\: ‘/.

Dekker , Schneider et al., NL 2010, Nat. Comm. (2013)



NB: sequencing using .... ISFETs

ARTICLE Rothberg et al., Nature (2011)

d0i:10.1038/ nature10242

An integrated semiconductor device
enabling non-optical genome sequencing

Jonathan M. Rothberg', Wolfgang Hinz', Todd M. Rean’ck', Jonathan Schultz', William Mileski', Mel Davey', John H. Leamun',
Kim Johnson', Mark J. Milgrew', Matthew Edwards', Jeremy Hoon', Jan F. Simons', David Marran', Jason W. Myers',

John F. Davidson', Annika Branting', John R. Nobile', Bernard P. Puc', David Light', Travis A. Clark', Martin Huber',

Jeffrey T. Branci.forte', Isaac B. Stoner', Simon E. Cawley', Michael Lyom;', Yutao Fu', Nils H(}mer', Marina Sedova', Xin Miao',
Brian Reed!, Jeffrey Sabina', Erika Feierstein!, Michelle Schorn!, Mohammad Alanjary', Eileen Dimalanta', Devin Dressman’,
Rachel Kasinskas!, Tanya Soko]sk‘i;', Jacqueline A. Fidanza', Eugeni Namsaraev', Kevin J. McKernan', Alan Williams',

G. Thomas Roth! & James Bustillo

The seminal importance of DNA sequencing to the life sciences, biotechnology and medicine has driven

the search for more scalable and | cribe a DNA sequencing technology in
which scalable, low-cost semico es are used to make an integrated
circuit able to directly perfor 1000 US$ / g of genomes. Sequence data are
obtained by directly sensing the i genome sequencing d DNA polymerase synthesis using all-
natural nucleotides on this mass sing device or ion chip. The ion chip
contains ion-sensitive, field-effe lin perfect register with 1.2 million
wells, which provide confinement lonTorrent/ S detection of independent sequencing
reactions. Use of the most widely ThermoFischer integrated circuits, the complementary
metal-oxide semiconductor (CMO large-scale production and scaling
of the device to higher densitie ow the performance of the system by

sequencing three bacterial genomes, its robustness and scalability by producing ion chips with up to 10
times as many sensors and sequencing a human genome.



NB: sequencing using .... ISFETs

Metal-oxide-sensing layer

PCL#101108003 W#0102016-20

3 | 1 ] | )
LD-S480018 5 0kV 2.6mm x10.0k SE(U) 13/0/2010

Floating
metal gate

Bulk Drain Source —To column
& Silicon substrate receiver J

Rothberg et al., Nature (2011)



