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CHEMICAL TRANSDUCERS

e pH sensors
o |SFETS/ChemFETsfor specificions
o Conductivity-based gas sensors

e Microdectrodes
* Biosensors (molecular)
e Cdl-based biosensors

o Separation systems (see Fluidics)
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CHEMICAL TRANSDUCER CONCEPTS

Electrochemical transduction (redox/voltammetry, conductivity,
Impedance spectr oscopy, etc.) makes use of electrically-controlled
reactions at electrode/electrolyte interfaces.

| SFET/ChemFET transduction relies on direct modulation of active
region of FET-like devices by chargesat “ gate’ surface.

Conductivity modulation in semiconductor filmsisadirect effect on
resistance of two-terminal sensors.

Biomolecular interactions (nucleic acids, iImmunoglobulins, etc.) are
highly specific binding interactions that can be detected by changesin
charge, mass, etc.

Cell-based biosensors use whole, living cellsas part of the transduction
mechanism.
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CHEMIRESISTORS

Chemically-Sensitive Layer |nsulator (ie. silicon dioxide
Metal Electrodes or nitride, not needed if

(ie. Au) substrate is insulating)
' \

Silicon or Other Substrate

Cross - Section

« Some materials changether bulk resistance when exposed to certain
chemicals (e.g. Cu in phthalocyanine as CCl, sensor).

A major problem iscross-sensitivity (lack of selectivity), which some
try to over come by combining outputs of several overlapping sensors
through neural nets, etc. (“€eectronic nose’).
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CHEMICAPACITORS

Chemicals entering a dielectric modulate the capacitance by varying ¢,
physically varying the gap, or other means.

An exampleis polyphenylacetylene (PPA), a polymer that can be spun on
from a benzene (danger ous) solution and is sensitiveto CO, CO,, N,, and
CH, (again, poor selectivity isa problem).

Another exampleis polyetherurethane (PUT) with gas sensitivitiesin the -5
to +12 ppm/ppm.

Au
Polyimide
Cr/Au C = f(humidity)

Reference: Yamamoto, T., Murakami, K, Shimizu, H., and Takai, T., “An Integrated Temperature hitp://panametrics.com/div_pci/

and Humidity Sensor,” Transducers ‘87, Tokyo, Japan, 1987, pp. 658 - 660. G. Kovacs © 2000




CALORIMETRIC CHEMICAL SENSORS

Pt or Ti/Pt Silicon

Membrane

Silicon
Substrate

Etched Pit

Reference: Zanini, M., Visser, J. H., Rimai, L., Soltis, R. E., Kovalchuck, A., Hoffman, D. W., Logothetis, E. M., Bonne, U., Brewer,
L., Bynum, O. W., and Richard, M. A., “Fabrication and Properties of a Si-Based High Sensitivity Microcalorimetric Gas Sensor,”
Proceedings of the 1994 Solid-State Sensor and Actuator Workshop, Hilton Head Island, SC, June 13 - 16, 1994, pp. 176 - 178.

Heat of reaction isused to detect chemicals (catalyst leadsto
combustion and extra heat released).

Workswell for hydrocarbons, etc., (typical O - 4000 ppm).

Poor selectivity, but can be used in arrayswith neural networks
or other combinatorial approaches.
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FLOW-THROUGH CALORIMETER

Epoxy Bond Pads BiSh/Sb
Glass <+— Therrr{opi le
Cover ;

5

|
Silicon
Substrate

Reference: Zieren, M., and Kéhler, J. M., “A Micro-Fluid Channel Calorimeter Using BiSb/Sb Thin Film
Thermopiles,” Proceedings of Transducers’97, the 1997 I nter national Conference on Solid-State Sensor s and
Actuators, Chicago, IL, June 16 - 19, 1997, val. 1, pp. 539 - 542.
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Source: Zieren, M., and Kdéhler, J. M., “A Micro-Fluid Channel Calorimeter Using BiSb/Sb Thin Film
Thermopiles,” Proceedings of Transducers’97, the 1997 I nter national Conference on Solid-State Sensors and

Actuators, Chicago, IL, June 16 - 19, 1997, val. 1, pp. 539 - 542.
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METAL OXIDE GAS SENSORS

Direct modulation of resistance of - -
(generally heated) metal oxides by H2 +0 F4® HZO t€
gases adsor bing at the surface.

Example: SnO,, oxygen raisesthe 5 _
resistance (removes electrons) and O,+2e %® 20
combustible gases lower the

resistance (remove adsor bed
oxygen, liberating electrons).

Generally, a catalyst isused on
the surfaceto promotethe

: \
reactions. Silicon Membrane

The overall thickness of the film
should be as small as possible to
maximize sensitivity (only the
surface material is affected and is
In parallel with the bulk
resistance).

« — Surface SnO»
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EXAMPLE METAL OXIDE SENSORS

Semiconductor

Suggested Additives

Gasto Be Detected

Reference

BaTiOy/CuO

La,0O3, CaCOq

CO,

Haeusler and Meyer (1995)

SnO,

Pt+Sb

CO

Morrison (1994)

SnO,

Pt

alcohols

Morrison (1994)

SnO,

Sb,0; + Au

Hy, Oy, H,S

Morrison (1994)

Sno,

CuO

H,S

Tamaki, et . (1997)

V, Mo

hal ogenated hydrocarbons

Morrison (1994)

WO,

Pt

NH5

Morrison (1994)

Fe,0;

Ti-doped + Au

CO

Morrison (1994)

Ga,05

Au

CO

Schwebel, et al. (1997)

MoQO;

Guidi, et al. (1997)

IN,O5

Wlodarski, et a. (1997)
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BASIC VERSUS CATALYZED REACTIONS:
REDUCING THE ACTIVATION ENERGY
FOR COMBUSTION

BASIC CATALYZED
REACTIONS REACTIONS

H, % ® 2H H, + 2P8%® 2(Pt- H)

0, %#® 20 0, + 2Pt¥#® 2(Pt- O)

2H+0% ® H,0 2(Pt- H)+(Pt- 0)%4® 3Pt+H,0

G. Kovacs© 2000



Sno,

- Al/Cr Metallization
Silicon

Dioxide

Silicon Polysilicon

Heat
Substrate Implanted p++ er

Silicon Membrane

Reference: Chang, S.-C., and Hicks, D. B., “Tin Oxide
Microsensorson Thin Silicon Membranes,” Record of the
|EEE Solid-State Sensors Workshop, 1986 (no page
number s used).

* SNO,, asshown in these CO
sensor designs, can be
sputter-deposited.

Thermally-isolated
membr anes and other
structures per mit low-power
operation at the elevated

Reference: Demarne, V. and Grisel A., “An Integrated L ow-Power Thin-Film

tem per atur esr eq Ui r ed CO Sensor on Silicon,” Sensors and Actuators, vol. 13, 1988, pp. 301 -314.
(300°C for SnQ.,).
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fi0; : Sn0z
§ Al
Si heater — e— Al hotplate

ot POST-CMOS GAS
' SENSOR

o
o
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o

2.0

* Following a standard CMOS (MOSIS)
process, EDP etching was used to under cut the
sensor platforms.

-
[4)]

» Reactive sputtering with heating of the
platforms at the same time was used to deposit
SnO.,.

* Responsesdown to 1 msand thermal
resistancs up to 8,000 K/W have been achieved.

o
(=]

b3
@
o
£
E
w
)
Z
'—
Q
=]
al
=
o
o

2000

o : : TIME (sec)
Source: Suehle, J. S., Cavicchi, R. E., Gaitan, M., and Semancik,

S., “Tin Oxide Gas Sensor Fabricated Using CMOS Micro-
Hotplatesand In-Situ Processing,” | EEE Electron Device
Letters, vol. 14, no. 3, Mar. 1993, pp. 118 - 120. G. Kovacs © 2000




COMBINED GASAND TEMPERATURE

SENSOR: CHEMICAL AND THERMAL

Source: Johnson, C.L., Wise, K. D., and Schwank, J. W., “A Thin-Film Gas Detector for Semiconductor Process
Gases,” Digest of the International Electron Devices Meeting (IEDM), Washington, DC, Dec. 1988, p. 662.
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FIGHTING THE SELECTIVITY PROBLEM:
ARRAY GAS SENSORS

Array of threetypes of relatively non-
selective catalytic metal gas sensors
operated at three different
temperatures each to improve
selectivity.

Source: Fluitman, J. H., van den Berg, A., and Lemmerink, T. S,, " Micromechanical Componentsfor uTAS," Micro Total
Analysis Systems, Proceedings of pTAS '94 Workshop, Twente, Netherlands, Nov. 21 - 22, 1994, pp. 73 - 83.
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PLATINIDE HYDROGEN SENSORS

« Pd-gate FET operates dueto adsor pition of H, (in some cases H,S and NH) onto
Pd, dissociation into H atoms and rapid diffusion of H atomsthrough Pd to
adsor b at the metal/oxide interface, changing the work function, seen asa

threshold voltage shift,

1 = dipole moment of interfacial hydrogen

N = density of adsorption sites

g = fraction of surface sitescovered, 0<q<1
e, = dielectric permittivity of free space

Reference: Lundstrom, I., Shivaraman, S,,
Silicon Svensson, C., and Lundkvist, L., “Hydrogen

Sensitive MOS Field-Effect Transistor,” Applied

Physics L etters, vol. 26, 1975, pp. 55 - 57.
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ISFET/CHEMFET STRUCTURES

e ThelSFET isessentially an , , -
“open-gate” MOSFET. q T“'”Gjtes‘oz F‘/ Passivation
<—Metallization
Hydrogen ionsreact with L s ] 5 | ~— S0,
surface SO, to form SIOH.*,
functioning asa pH sensor.

Non-specific adsor ption can
be a problem.

Reference Electrode or " Gate"

In Solution e TheCHEMFET usesan
additional organic layer (e.g.
lon-selective) for more

Organic Layer , . specific interactions.
Thin Gate SO, Passivation . . . .
L Screen printing or dip coating
\ <«— Metallization
r 5 are often used to apply the
7
layer (S).

References: Bergveld, P., “ Future Applications of
ISFETS,” Sensorsand Actuators, vol. B4, nos. 1 - 2,
May 1991, pp. 125 - 133, and Madou, M. J., and
Morrison, S. R., “Chemical Sensing with Solid State

Devices,” Academic Press, Inc., Boston, MA, 1989.
G. Kovacs © 2000




‘K—‘_——} Efferent fibers Olfactory Pathway ' ;F J ,tt";‘
E Ay

Subcallosal (parolfactory) area /C G

Afferent fibers
r ( : Septal area and nuclei

Granule cell (excited by
and inhibiting to mitral Fibers from contralateral olfactory bulb

and tufted cells)

Fibers to contralateral olfactory bulb

Mitral cell s .
” o Anterior commissure
Recurrent process L
/ ‘J’ Medial olfactory stria
Tufted cell J

Olfactory trigone and
olfactory tubercle

Periglom- {
erular cell

Anterior perforated
substance

Glomerulus \

Olfactory

nerve fibers Habenula

Lateral olfactory
stria

Lateral olfactory
tract nucleus

Piriform lobe

Hippocampal
fimbria

Dentate gyrus
Uncus

Parahippocampal
gyrus

Olfactory epithelium Olfactory tract

Amygdala
(in phantom)

Olfactory nerves Anterior olfactory nucleus

Entorhinal area

Olfactory bulb Cribriform plate of ethmoid bone

Source: Netter, F., “The CIBA Coallection of Medical Illustrations: Volume 1, Nervous System, Part 1, Anatomy and Physiology,”

CIBA-GEIGY Corp., 1983. G. Kovacs © 2000



ELECTROCHEMICAL TRANSDUCERS

« Asopposed to electronic circuits, there are many Carrier or lon Mobility, . in
cm?2/(s*V)

morecarriers (and they areroughly six order of
magnitude lower mobility) in ionic solutions. dectron in S 1.35 X 103

« A metal structure placed into an ionic solution, holein Si 4.80 X 102
metal ions form due to oxidation, leaving behind
electrons... eventually a space charge builds up
and electrochemically opposes the oxidation OH"in H,O 205X 103

reaction. ClinH,O 7.91 X 10-4
K+inH,0 7.62 X 10-4

H*in H,0 3.63X 10-2

Electrode NH,*in H,O 7.61 X 104
ClO,- in H,0 7.05X 104
Na*in H,O 5.19 X 104
HCO;-inH,O 4.61 X104
LitinH,O 4.01 X 104

Decreasing Space Charge

G. Kovacs© 2000
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Charged
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Plane

Hydrated lons
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NONLINEARITY OF ELECTRODES

e For largesignals (large enough to carry out eectrochemical
reactions), electrodes are extremely nonlinear.

 TheButler-Volmer equation modelsitsdiode-like |-V
characteristics.

oo (- b)zh F

J :Joge RT
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SENSING WITH ELECTRODES

Sensing can be done potentiometrically or amperometrically.

Potentiometry usesthe characteristic potentials of reactionsto
Identify them.

The Nernst Equation givesthe relationship between potential and
concentrations of species. Example: pH with a metal oxide

electrode: MeO(OH )] &
F & ayo[MeO,] 4 F
Amperometry usesthe limiting (maximum) current that can be

carried by areaction to measurethe concentration of therate

limiting species using:

i (t) = nFACJEt " ”FArCD
0

Thefirst term givestime domain info (Cottrell Equation) and the
second givesthe steady-state current.

G. Kovacs© 2000




MICROELECTRODE VOLTAMMETRY

Electroplated

N ridium e Thin-film iridium electrodes
with mercury hemispheres
L Themd allow preconcentration and

Silicon

Dioxide stripping of heavy metal ions.

Sensitivity down to below 1
PPB.

Silicon Substrate

HgElearode An integrated potentiostat
— Preconcentration chip completed the two-chip

T Pb* Reducti .
o eton sensor system and provided an

+ 8-decade current input range.

Cdtt Pbt* Cutt
" Stripping
Voltage (Oxidation)
R_a'y_ \ Reference: Kounaves, S. P., Deng, W., Hallock, P. R., Kovacs,
- L

G.T.A., and Storment, C. W., “Iridium-Based

Ultramicroelectrode Array Fabricated by Microlithography,”
Analytical Chemistry, vol. 66, 1994, pp. 418 - 423.

G. Kovacs© 2000



STRIPPING VOLTAMMETRY SY S|

Dual-%lop@e ADC

. 'J-[]':;‘.Dligfﬂaif Cituitry

‘E
1

-

%

Reay, R. J., Kounaves, S. P., and Kovacs, G. T. A., " An Integrated CM OS Potentiostat for Miniaturized Electr oanalytical
I nstrumentation,” Proceedings of the 1994 I nter national Solid-State Cir cuits Conference, San Francisco, CA, Feb. 16 - 18, 1993, pp. 162 - 163.

Kovacs, G. T. A., Storment, C. W., and Kounaves, S. P., " Micromachined Heavy Metal | on Sensor," Sensors and Actuators B: Chemical, vol.

23,n0. 1, pp. 41 - 47.
G. Kovacs © 2000




CARBIDE-COATED ION SENSOR FOR
PROCESS FLUIDS

Working Electrode

\

Reference

\
Working

T e e oy =

Counter

| 10 um

Reference: Flannery, A. F., Mourlas, N. J., Storment, C. W., Tsai, S., Tan, S. H., Heck, J., Monk, D., Gogoi, B., and Kovacs, G. T. A., “PECVD Silicon
Carbide asa Chemically Resistant Material for Micromachined Transducers,” Sensors and Actuators A, vol. 70, nos. 1 - 2, Oct. 1998, pp. 48 - 55.
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AMPEROMETRIC OXYGEN
SENSOR (CLARK CELL)

I I I I
INCREASING
OXYGEN
CONCENTRATION

Current
(normalized)

01 02 03 04 05 06 07 08 09 10
Voltage

Reference: Cobbold, R. S. C., “Transducersfor Biomedical M easurements,” John Wiley
and Sons, New York, NY, 1974,
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Miniaturized Clark Cell Oxygen Sensor

Reference Working
Electrode Electrode

Counter
Electrode

Electrode Array

Cross Section of Oxygen Sensor

PTFE-like film Silicon Nitride j Gold
Hydrogel Silicon Substrate

Courtesy G. McL aughlin, Stanford University.
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CLARK CELL CALIBRATION RESULTS

Oxygen Saturation Level

—_—
<
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10

O, Saturation (mg/l)

Courtesy G. McL aughlin, Stanford University.
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CLARK CELL TIME RESPONSE

Ar added

Courtesy G. McL aughlin, Stanford University.
G. Kovacs © 2000



ACOUSTIC WAVE SENSORS

Interdititated
Drive/Sense Etched Pit

Electrodes (back side)

/

/

- (@ M0 IC I I
sceviow [T r“"—““i 5w S—

—> 3 >

B NN
Wave M otion f/ m (k' Top
(’J End

<>

SAW FPW APM

Reference: Grate, J. W., Martin, S. J., and White, R. M., “Acoustic Wave
Microsensors,” Parts 1 and 2, Analytical Chemistry, vol. 65, 1993, pp. 940A -
948A and pp. 987A - 996A.
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BIOMOLECULE-BASED SENSORS

Biomolecule
Layer

}

Basic Sensor
(pH, ISFET, SAW, etc.)

Electrical
Output
Signal

"BIOSENSOR"

Semipermeable
Membrane

Sensor

Membrane Entrapment

Matrix Entrapment

Membrane

®® ®0® @ ®

Sensor

Physical Adsorption

99 99 @

Sensor

Covaent Bonding

Reference: Dewa, A. S, and Ko, W. H., “Biosensors,” Chapter 9in Semiconductor Sensors, S. M. Sze (ed.), John Wiley and Sons, Inc., New

York, NY, 1994, pp. 415 - 472.
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ENZYMES

Movie courtesy Prof. H. C. Heller, Stanford Univer sity.

Source: Purves, Orians, Heller, and Sadava, “Life: The
Science of Biology,” Sinauer Associates/W.H. Freeman & Co.,
New York, 1999.
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Polyimide i Pﬂ,‘v Si Ti 'T :l‘::n:;::t::'“
A \

Yrt 100t AN

pMOS nMOS ISFET

{4mm = Imm)
Buffer amplifier

Source: Tsukuda, K., Miyahara, Y., Shibata,
Y., and Miyagi, H., “An Integrated Micro
Multi-lon Sensor Using Platinum-Gate Field-
Effect Transistors,” Proceedings of
k. = Transducers’91, the 1991 I nter national
Conference on Solid-State Sensors and
| _ Actuators, San Francisco, CA, June 24 - 27,
| 1991, pp. 218 - 221.

ISFET | MOSFET

M
°<

_m
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MULTISENSOR ARRAY FOR BLOOD GASES

- Twﬁm‘m

PO

THIENIEN

Includes pH, pCO, and PO, sensors.

Source: Arquint, P., van der Schoot, B. H., and de Rooij, N. F., " Combined Blood Gas Sensor for pO,, pCO,
and pH," Micro Total Analysis Systems, Proceedings of uTAS '94 Workshop, Twente, Netherlands, Nov. 21 -
22,1994, pp. 191 - 194.
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Squeegee

Printed materia

'

Stencil mask

‘
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SCREEN PRINTING ON CMOS

Bonding Pad

Aluminum Electrode

l Silicon Nitride

Silicon Dioxide

Polymer Membrane

l Silver Epoxy

Silicon Substrate
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e i
Sugar—phos-

phate chains
— e —

b

pare Phosphorus EXAM PL E
- RECOGNITION
MOLECULE: DNA

Carbon in s
sugar-phosphate G
“backbone”

_ -
‘ s
woo X
%".’h . Hydrogen Major
3.4 nm - groove
[

G

Onygen

(emwmeg)y — Bases —
© 1998 Sinauer Asscciates, Inc.

Courtesy Prof. H. C. Heller, Stanford Univer sity.

Source: Purves, Orians, Heller, and Sadava, “Life: The
Science of Biology,” Sinauer Associates/W.H. Freeman & Co.,
New York, 1999.

DNA molecules on a mica substrate, imaged using a
scanning probe micr oscope.
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EXAMPLE RECOGNITION
MOLECULE: ANTIBODIES

(o} Antigen-
binding
site

_'.,.-F"
Light=
chsa!;’n

The variable
region of lhe
heavy chain
contnbutes o
the binding
site,

Disulfide bonds hold
chains together.

Courtesy Prof. H. C. Heller, Stanford University.
Antigen-
binding site
Source: Purves, Orians, Heller, and Sadava, “ Life:
The Science of Biology,” Sinauer Associates’W.H.
Freeman & Co., New York, 1999.

Antigen-
mng

The variable region
of the light chain
contribules to the
binding site.

There are constant regions
on bath heavy and light

chains,

> Heavy

chains

Antigen-
binding, site

Antigenic
deberminant

Antigen-
binding -
site
Heavy ™
i:']'tiuin':Ilr
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ANTIBODY-TO-pH TRANSDUCTION

Protein A
a7 =
G —( Add Anti-Human

S =
SHE»

- Fc Region
1 of Antibody 2

Recycle Sensor Add Target
Using Low-pH Solution | PH 3 (Human IgG) 2

< Ao
ph Change Sensed by @%<

ISFET in Proportion Add pH

to Amount of Changing
Bound Target ﬁ Enzyme +
Antibody

Reference: Colapicchioni, C., Barbaro, A., Porcdlli, F., and Giannini, |., “I mmunoenzymatic Assay
Using CHEMFET Devices,” Sensorsand Actuators, vol. B4, nos. 3 - 4, June 1991, pp. 245 - 250.
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CMOS-COMPATIBLE BIOSENSOR
PROCESS

« Goldberg, et al., (1994)
demonstrated an approach to
Screen-printing biosensor s on
CMOS.

Silver epoxy was used to couple
between the CMOS
metallization (Al) and

ionophor e-loaded polymer
membranes.

Onedesign had serial interface,
A/D, gain stage, band-gap
reference, temperature sensor,
K*, Ca?*, NH,* and pH sensors.

Reference: Goldberg, H. D., Brown, R. B,, Liu, D. P., and
Meyerhoff, M. E., “ Screen Printing: A Technology for the
Batch Fabrication of Integrated Chemical-Sensor Arrays,”
Sensors and Actuators B, vol. 21, 1994, pp. 171 -183.

Silicon Substrate

Printed material

l

Stencil mask

l

Bonding Pad

Polymer Membrane

J Aluminum Electrode

\ Silicon Nitride I

Silicon Dioxide

l Silver Epoxy

Silicon Substrate

G. Kovacs © 2000



BIOLOGICAL TASTE SENSORS

Chorda Tympani
Nerve (VII)

Circumvallate

Glossopharyngeal

Serous

/Gland

Foliate
Taste

/ Bud

Fungiform

Reference: Dodd, J., and Castellucci, V. F., “Smell and Taste: The Chemical Senses,” Chapter 34 in “Principles of Neural Science,” Kandel,
E. R., Schwartz, J. H., and Jessell, T. M., [eds.], Third Edition, Elsevier Science Publishing Co., Inc., New York, NY, 1991, pp. 512 - 529.
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Outer Taste Pore

Epithelial Cells

Supporting Cell

Taste Cell (receptor)

Afferent Fibers——>»
(Outputs)

Reference: Dodd, J., and Castellucci, V. F., “Smell and Taste: The Chemical Senses,” Chapter 34 in “Principles of Neural Science,” Kandel,
E. R., Schwartz, J. H., and Jessell, T. M., [eds.], Third Edition, Elsevier Science Publishing Co., Inc., New York, NY, 1991, pp. 512 - 529.
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BIOLOGICAL ODOR SENSORS

Lateral Nasal Wall <€— Mucus Film

Olfactory Cilia

OIfactory Bulb \ " Microvilli
Olfactory Knob - W ¥

Supporting Cell

'\

Receptor Cell .
Developing
Receptor Cell

Receptor Cell Axons
to Olfactory Bulb

Reference: Dodd, J., and Castellucci, V. F., “Smell and Taste: The Chemical Senses,” Chapter 34 in “Principles of Neural Science,” Kandel,
E. R., Schwartz, J. H., and Jessell, T. M., [eds.], Third Edition, Elsevier Science Publishing Co., Inc., New York, NY, 1991, pp. 512 - 529.
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L4t .
e

Source: Gosling, J. A., Harris, P. F., Humpherson, J. R., Whitmore, I, and Willan, P. L. T., “ Atlas of Human Anatomy,” J. B.
Lippincott Co., Philadelphia, PA, 1985. G. Kovacs © 2000




lYBRID BIOSENSORS

Thistype of sensor makes use of whole,
living cells as part of the transduction
mechanism, taking advantage of very
specific molecular sensorsthat have
evolved in organisms.

Can grow many types of cellsdirectly on
top of integrated circuits complete with

arrays of thin-film electrodes.

Requires suitable surfacesfor cellular
compatibility and resistance to
corrosion/blockage of alkali ions.

Can grow cells on such surfaces for many
months.

G. Kovacs © 2000




HYBRID BIOSENSOR:
MICROPHYSIOMETER

o Extracellular pH (indicator of
metabolic state) is measured using
light-addressing.

* A pulsed LED isused to generate

Reference

POTENTIOSTAT Electrode

Control

Electrode electron-hole pairsin a silicon
I substrate containing cellsin wells.
Electrolyte

The pH can be computed from the

Silicon

Nitride s resulting AC signal, representing

@
|/ T stieon pH-induced changesin the
>

SO, /electrolyte interface.

< Thisdeviceiscommercially available
from Molecular Devices, Inc.,
Sunnyvale, CA.
LACAmmeter
L " :

Reference: Parce, J. W., Owicki, J. C., et al., “ Detection of
Cell-Affecting Agents with a Silicon Biosensor,” Science, 246
(4927), 1989, pp. 243- 247.
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Source: Parce, J. W., Owicki, J. C., Kersco, K. M., Sigal, G. B., Wada, H. G., Muir, V. C.,
Bousse, L. J., Ross, K. L., Sikic, B. 1., and McConnell, H. M., “ Detection of Cell-Affecting
Agentswith a Silicon Biosensor,” Science, vol. 246, no. 4927, Oct. 13, 1989, pp. 243 - 247.
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CELLSON SURFACES

Movie courtesy Prof. H. C. Heller, Stanford University.

Source: Purves, Orians, Heller, and Sadava, “Life: The Science of Biology,” Sinauer
AssociatesW.H. Freeman & Co., New York, 1999.
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Impulse Propagation
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potential =75 mV potential +1 mV
Courtesy Prof. H. C. Héller, Stanford University.
Source: Purves, Orians, Heller, and Sadava, “Life: The

Science of Biology,” Sinauer Associates’/W.H. Freeman & Co.,
New York, 1999.
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" Source: Netter, F.,“The CIBA Collection of M edical

e *5_ Illustrations: Volume 1, Nervous System, Part 1, Anatomy and
potential (V) ] Y ;f /oWl Physiology,” CIBA-GEIGY Corp., 1983,
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18-CHANNEL CMOSFILTER/AMPLIFIER
ARRAY CHIP
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Fluid Well

Dual-
Inline
Package

(Note: bond wire insulation not shown)
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8-CHANNEL RECORDINGS FROM
DORSAL ROOT GANGLION CELLS

G. Kovacs © 2000




8-CHANNEL RECORDINGS FROM
CHICK MYOCARDIAL CELLS




AP MODULATIONWITH
PHARMACEUTICALS/ TOXINS

10uM Epinephrine 10uM Verapamil 100nM TTX

", L
!

L)
WY oo w iy

Time (msec

Reference: Borkholder, D. A., DeBusschere, B. D., and Kovacs, G. T. A., “An Approach to the Classification of
Unknown Biological Agentswith Cell Based Sensors,” Proceedings of the Solid-State Sensor and Actuator
Workshop, Hilton Head, South Carolina, June 8 - 11, 1998, pp. 178 - 182.

Courtesy Dr. D. Borkholder, Stanford University and Cepheid.
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INTEGRAT

'ED CELL CARTRIDGE

ENABLESH

Cartridge PC
Board

Highlighted
Fluidics
Channdl

Courtesy D. DeBusschere, Stanford University.

AND-HELD BIOSENSOR

Stanford University
Hﬂﬁ_fl’h Microflumes Septa (Fluidic
i | nter connect)

Silicon Die &
Chambers

Dellusschere
FCBAO-10
19898.,2.,.27
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PROTOTYPE HAND-HELD BIOSENSOR

Integrated Cell Cartridge

L EDsindicate AP activity

Courtesy D. DeBusschere, Stanford Univer sity.

Removable flash
memory cartridge
(2MB) for data
storage

L CD for system
control and real time
graphing of
experimental data

Buttons for menu
selections

G. Kovacs © 2000




“GUTS OF THE INSTRUMENT

Mixed signal (Stimulation DAC, ADCs
Low noise AP amps and filters

control :
electronics Speaker jack -

Microcontroller & SRAM
DC-DC

i / converter

Battery
[ charger

Serial

uplink allows
monitoring
and analysis

by host PC

pH & Temp amps Rechargeable batteries

Courtesy D. DeBusschere, Stanford Univer sity.
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DIRECT NEURON-TO-FET
COUPLING

Stimulus
Current
Optional | tim l
Ground Intracellular
Electrode Electrode

\ Voltage Follower
= Electrolyte (Current Monitor)

Transresistance
Amplifier

(I-to-V Converter)

Reference: Fromherz, P., Offenhausser, A., Vetter, T., and Wels, J., “A
Neuron-Silicon Junction: A Retzius Cell of the L eech on an Insulated-
Gate Field Effect Transistor,” Science, vol. 252, no. 5010, May 31, 1991,
pp. 1290 - 1293.
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CONTROLLED OUTGROWTH OF NEURONS

/>N
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Courtesy Prof. G. Whitesides, Harvard University. Reference: Mrksich, M., and Whitesides, G. M ., “ Patter ning Self-Assembled
Monolayers Using Microcontact Printing: A New Technology for Biosensors?” TIBTECH, val. 13, 1995, pp. 228 - 235. G. Kovacs © 2000




|nterdigitated 170 nm width
ultramicroelectrode resultsfor 28 hours
of culture of fibroblastsunder 1.5V, 5
MHZz fields, showing cell “repulsion.”

Source: Fuhr, G., and Wagner, B., " Electric Field Mediated Cell Manipulation,
Characterization and Cultivation in Highly Conductive Media," Micro Total
Analysis Systems, Proceedings of UTAS'94 Workshop, Twente, Netherlands, Nov. 21

- 22,1994, pp. 209 - 214
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PRACTICAL ISSUES FOR
CHEMICAL SENSORS

e Sengitivity
o Selectivity

* Repeatability
e Testing
e Calibration




PRACTICAL ISSUES FOR
CHEMICAL SENSORS

o Sensitivity
o Selectivity

e Repeatability
e Testing
o Calibration




CHEMICAL ACTUATOR:
REVERSIBLE ELECTROLYSIS

Hamberg, et al. (1995) demonstrated areversible electrolytic gas
gener ation scheme using Cu and Pt electrodes and CuSO, solution.

|f the Pt iIsmade anodic and the Cu cathodic, catalytic release of O,
at the anode and Cu deposition at the cathode will occur.

(anode) 2HOF#® O, +4H" +4e’

(cathode) CU" +2€ F4® Cug
(overall reaction) 2HO +2Cu”" 34® O, 4+ 4H " +2Cu

Thereaction was carried out in a sealed, micromachined chamber
with a corrugated silicon nitride membrane.

Only 20mbar pressurefor 1.5 um deflectionswere possible over 1
minute, reversing in 5 minutes, with only 10uW power consumption.

Reference: Hamberg, M., Neagu, C., Gardeniers, J. G. E., Ijntema, D. J., and Elwenspoek, M., “An Electrochemical Micro Actuator,”
Proceedings of the IEEE Micro Electro M echanical Systems, Workshop, Amsterdam, the Netherlands, February 2, 1995, p. 106-110.
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Corrugated
Silicon Nitride
Membrane

Nafion® Layer

Platinum
Anode

Adhesive

Copper

» Pl nclljm Cathode
Silicon Anode

Nitride

Cathode

Corrugated
Silicon Nitride
Membrane

\ Silicon

Silicon

Filling
Hole

Reference: Hamberg, M., Neagu, C., Gardeniers, J. G. E., Ijntema, D. J., and Elwenspoek, M., “ An Electrochemical Micro Actuator,” Proceedings of

the IEEE Micro Electro Mechanical Systems, Workshop, Amsterdam, the Netherlands, February 2, 1995, p. 106-110.
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POLYPYRROLE EXPANSION
CHEMICAL ACTUATORS

It iswell known that conducting polymer s of the polypyrrole (PPy) family can be
grown electrochemically and are capable of significant (several percent) physical
expansion when doped with a suitable molecule (e.g. dodecylbenzene sulfonate)
and when cations such as Na are present.

Smela, et al. (1995) demonstrated the electrically controlled expansion of PPy
thin filmsthat were doped in such a manner and fabricated as micro-hingesthat,
when contracted, would raise flaps of an inert, rigid, polymer

(benzocyclobutene).

When operated in an agueous salt solution, the flaps could bend through nearly
90° within 0.5 - 10 seconds (depending on PPy thickness) when the voltage was
raised from -1.0to +0.35 V.

They used selective removal of a Cr sticking layer to form regions of Au that
wer e so weakly adherent to the underlying Si that the hinges self-released.

References: Smela, E., Inganas, O., and Lundrstrom, |., “ Differential Adhesion Method for Microstructure Release: An Alternative to the
Sacrificial Layer, Proceedings of Transducers ‘95, Stockholm, Sweden, June 25 - 29, 1995, val. 2, pp. 350 - 351.

Smela, E., Inganas, O., and Lundrstrém, |., “ Self-Opening and Closing Boxes and Other Micromachined Folding Structures,” Proceedings of
Transducers ‘95, Stockholm, Sweden, June 25 - 29, 1995, val. 2, pp. 350 - 351.
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Benzocyclobutene (BCB) (500 nm)

Au (20 nm)
Cr

(3nm)
Silicon

Direction
Polypyrrole (PPy) (300 nm) Patterned PPy of Movement

and Au :
/\ Region of Weak
N ~ Adhesion

&

References. Smela, E., Inganas, O., and Lundrstrém, |., “ Differential Adhesion Method for Microstructure Release: An Alternativeto the
Sacrificial Layer, Proceedings of Transducers ‘95, Stockholm, Sweden, June 25 - 29, 1995, vol. 2, pp. 350 - 351.

Smela, E., Inganas, O., and Lundrstrém, |., “ Self-Opening and Closing Boxes and Other Micromachined Folding Structures,” Proceedings of

Transducers ‘95, Stockholm, Sweden, June 25 - 29, 1995, val. 2, pp. 350 - 351.
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THIN-FILM BATTERIES

Cross

: - 4 Section

1 Line
1J_‘.\ TOP VIEW
| \LIPON Li Passivation
y Electrolyte | Lalyer Vv
— CROSS-

SECTIONAL
Substrate VIEW
/

s 00 Flge
'E;FEIHEJ- T by
Anade
(Oxidation)
Cathode —
(Reduction) aden FDOV
Substrate \\
NE ectrolyte

Reference: Bates, J. B., Gruzalski, G. R., Dudney, N. J., L uck,
C.F., Yu, X.-H., Jones, S. D., “Rechargeable Thin-Film
Lithium Microbatteries,” Solid State Technology, vol. 36, no. 7,
July 1993, pp. 59 - 64.
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BIOLOGICAL TRANSDUCERS

* Neural interfaces
e Cultured tissue systems

e Others




BIOLOELECTRIC TRANSDUCER
CONCEPTSRECAP

Electrically active cells (neural, muscular, etc.) generate small
currentsin snort “spikes’ (action potentials) - discussed
already.

Thesecurrentsareduetoions(e.g. Na*, K*) moving acrossthe
cell membrane through protein channels.

Extracellular recording from close proximity to cells can pick
up these signals (= 100 - 1000 uV).

Many thin-film electr ode designs can be used, and they are
generally smpleto fabricate.

G. Kovacs © 2000




GENERIC MICROELECTRODE

Insulation
(Passivation)
Layer

| nterconnect
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 Electrode sizes
can be comparable
to neural cellsor
lar ger.

*Nearly arbitrary
geometriesare
possible.

*Multiple electrode
materials can be

A
Fr g ]

IRIDIUM c_omblned on a
single array.

10 pm
diameter diameter
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PENETRATING CORTICAL PROBES

Silicon p++ Boron Diffusion

Dioxide /
Selective T~
diffusion of

substrate. Silicon Substrate

Combination

Deposition, ——— < Oxide/Nitride

patterning - Dielectric
and insulation of

conductors.

Polysilicon
_ _ _ ___—Interconnects
Dielectric patterning AN
and metalization of
recording sites.

Wafer
dissolution in
EDP.

Reference: Najafi, K., Wise, K. D., and Mochizuki, T., “A High-Yield | C-Compatible M ultichannel Recording
Array,” |EEE Transactionson Electron Devices, vol. ED-32, no. 7, July 1985, pp. 1206 - 1211.
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Source: Najafi, K., “ Solid-State Microsensorsfor Cortical Nerve Recordings,” |EEE Engineeringin Medicine and
Biology Magazine, val. 13, no. 3, June/July 1994, pp. 375 - 387.
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Sharp Probe
Tip

EWLUONC birbuiny Exploring the central nervous system

at the cellular level.

Courtesy Prof. K. Wise, University of Michigan.

Probe Shanks With
Four Sites per Shank G. Kovacs © 2000




Source: Hoogerwerf, A. C. and Wise, K. D., " A Three-Dimensional Microelectrode Array for Chronic Neural Recording,"
|EEE Transactions on Biomedical Engineering, vol. 41, no. 12, Dec. 1994, pp. 1136 - 1146.

G. Kovacs © 2000




LEEOve

Source: Hoogerwerf, A. C. and Wise, K. D., " A Three-Dimensional Microelectrode Array for Chronic Neural Recording,"
|EEE Transactions on Biomedical Engineering, vol. 41, no. 12, Dec. 1994, pp. 1136 - 1146.
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MIGHIGAN MULTISITE
NEUROSTIMULATOR PROBE
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Najafi, K., “ Solid-State Microsensorsfor Cortical Nerve Recordings,” | EEE Engineering and Biology M agazine,
June/July 1994, pp. 375 - 387.
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1 PENETRATING ARRAYS
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Courtesy Prof. R. Normann, University of Utah.
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Courtesy Prof. R. Normann, University of Utah.

200 zm
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DRY-ETCHED CORTICAL PRO‘BES

* Plasma etch defined probe shape
o Multiplethin-film iridium electrodes
Separ ate 18-channel amplifier chip.

Reference: Kewley, D. T., Hills, M. D., Borkholder, D. A., Opris, |. E., Maluf, N. |., Storment, C.
W., Bower, J. M., and Kovacs, G. T. A., “Plasma-Etched Neural Probes,” Sensors and Actuators,
vol. A58, no. 1, Jan. 1997, pp. 27 - 35.

G. Kovacs © 2000




PECVD Silicon
Nitride Etch Barrier

PECVD
Silicon
Nitride

Ti/Au

Silicon Removed
2 by KOH Etch

Exposed Ir Electrode
(Etch masked by Cr pattern,
removed at this stage)
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Reference: Kewley, D. T., Hills, M. D., Borkholder, D. A., Opris, |. E., Maluf, N. |., Storment, C. W., Bower, J. M., and Kovacs, G. T. A.,
" Plasma-Etched Neural Probes,” Proceedings of the Solid-State Sensor and Actuator Workshop, Hilton Head, South Carolina, June 3 - 6, 1996,
pp. 266 - 271.
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Courtesy M. Hills, Stanford University. G. Kovacs © 2000




COCHLEAR PROSTHESES

MULTI-ELECTRODE IMPLANT

PERCUTANEOUS

connecTor —— IIFII
8 AUDITORY
= NERVE

ELECTRODE

_'\'J:.) ARRAY

COCHLEA

TISSUE

Courtesy Prof. R. White, Stanford University.
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Courtesy Prof. R. White, Stanford University. G. Kovacs © 2000




Courtesy Prof. R. White, Stanford Univer sity. G. Kovacs © 2000




REGENERATION-TYPE
ELECTRODE ARRAYS

Silicon Nitride
Passivation Microel ectrodes
(2 Layers)

A 0 0 A 0 L A, Ay

Reference: Kovacs, G. T. A., Storment, C. W., Halks-Miller, M., Belczynski, C. R., Della Santina, C. C., Lewis, E. R., and Maluf, N. I .,
“Silicon-Substrate Microelectrode Arrays for Parallel Recording of Neural Activity in Peripheral and Cranial Nerves,” |EEE Transactions
on Biomedical Engineering, June 1994, val. 41, no. 6, pp. 567 - 577.
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@ 1998 Sinauer Asscciates, Inc.

UNMYELINATED
& MYELINATED
AXONS

Courtesy Prof. H. C. Héller, Stanford University.

Source: Purves, Orians, Heller, and Sadava, “Life: The
Science of Biology,” Sinauer Associates’W.H. Freeman & Co.,
New York, 1999.

The action potential jumps
quickly to the new node and...

@ 1998 Sinauer Asscciates, Inc.
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Myelin sheath ~ Node of Ranvier

Na* channels open, rSpr(:ading current from the upstream
generating an action node brings channels at the next
patential. | node to threshold.

Courtesy Prof. H. C. Heller, Stanford University.

Source: Purves, Orians, Heller, and Sadava, “Life: The
Science of Biology,” Sinauer Associates/W.H. Freeman & Co.,
New York, 1999.

Point C

© 1998 Sinauer Associates, Inc.

Source: Darnell, J., Lodish, H., and Baltimore, D., “M olecular
Cell Biology,” Second Edition, Scientific American Books, W. '
H. Freeman and Co., New York, NY, 1991. Node of Ranvier
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Courtesy Prof. J. Rosen, Dartmouth University.




Courtesy Prof. J. Rosen, Dartmouth University. G. Kovacs © 2000




Courtesy Prof. J. Rosen, Dartmouth University. G. Kovacs © 2000




Courtesy Prof. J. Rosen, Dartmouth University. G. Kovacs © 2000
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Silicon Dioxide
Gold Microelectrodes Silicon Nitride

Silicon Substrate

Silicon Nitrid

Microel ectrode
Contact Windows

EECEEEE
\

ViaHoles

Fabrication of
surface structures.

Membrane
formation.

Viahole etching and
passivation patterning.

Reference: Kovacs, G. T.
A., Storment, C. W., Halks-
Miller, M., Belczynski, C.
R., Della Santina, C. C.,
Lewis, E. R., and Maluf, N.
., “ Silicon-Substrate
Microelectrode Arrays for
Parallel Recording of
Neural Activity in
Peripheral and Cranial
Nerves,” |EEE Transactions
on Biomedical Engineering,
June 1994, val. 41, no. 6, pp.
567 - 577.
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U.C. Berkeley.

Courtesy C. Délla Santina,




Reference: Kovacs, G. T. A., Storment, C. W., Halks-Miller, M., Belczynski, C. R., Della Santina, C. C., Lewis, E. R., and Maluf, N. | .,
“Silicon-Substrate Microelectrode Arraysfor Parallel Recording of Neural Activity in Peripheral and Cranial Nerves,” |EEE Transactions
on Biomedical Engineering, June 1994, val. 41, no. 6, pp. 567 - 577.
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NEURAL
RECORDINGS
FROM FROG
AUDITORY
NERVE USING
REGENERATION
ARRAY AND

ACOUSTIC
STIMULUS

Courtesy C. Della Santina, U.C. Berkeley.
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BORON-DOPED
REGENERATION ARRAY S

s 100 zm

Courtesy Prof. K. Najafi, University of Michigan.

Source: Najafi, K., “ Solid-State Microsensorsfor Cortical Nerve Recordings,” | EEE Engineering and Biology M agazine,
June/July 1994, pp. 375 - 387.
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PACKAGING AND INTERCONNECT FOR
NEURAL PROBES

Courtesy Pl Medical, Inc.




|SSUES FOR BIOLOGICAL
TRANSDUCERS

e Practicality
* Biocompatibility

e Bioresistance

e Packaging for implant
e |nterconnects

e Telemetry




