Cantilever Sensors

Common sensing components of MEMS are:
« Cantilevers
— (Diving boards)
 and suspended Membranes (@) %
3

— (ie trampolines or drum heads). ; .ﬁ:_.

 Must be able to operate in ambient environment
— Air -
— Vacuum
— Liquid

* Used to detect changing parameters
— Stress
— Mass Y e
— Temperature G
— Force ~ Ve
— Charge ﬁu&*r
— efc.

» Must transduce to measureable electrical or optical signals.




 Levers come in many flavors.

 Dimensions
— Thickness <5 um
— Length from 10 to 500 um
— Width from 10-100 um

e Spring constants from pN/nm
to uN/nm.
Ewt’
K. =——
3L

— More commonly .01 nN/nm to
100 nN/nm.




 Resonant responses of structural elements
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Lever Fabrication

Prepare with bulk or surface
micromachining (surface shown
at right)

Instead of silicon nitride etch
stop, doped Si can also be used.
— P doped Si is the etch stop now.
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o Cantilevers and membranes generally implemented by
detecting, as a function of external parameters:
— Static response,
— Resonance,
— Or damping.

« Deformation caused by:
— External stimuli
» Additional mass

— intrinsic device parameters
 Remnant stresses in lever or film coatings




Lever detection

Deformations detected by:
e Optical ‘beam bounce’ scheme

Reflect laser or LED off of lever onto quadrant photodetector
As angle along lever changes due to bending, so does reflected spot
Femtometers can be detected

Challenging when working in fluids with varied refractive indices,
high opacity, or high turbidity.
i Fosition
Only works at present for ac signals up to several MHz o Detector
Mass produced Laser

Very cost effective
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o Parallel capability
— ‘Ribbon lasers’
— Still beam bounce method
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e Interferometry " HeNelaser photodetector

spectrum analzer

— First implemented beam N
— Most accurate spier input
— Not easy to align [ — |
— Not cheap s

tracking RF out put

« Likely application for highest
resolution devices 1
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Figure 16.6: Nanomechanical paddle oscillator. (From Ref. 26
by permission of the American Institute of Physics.)




« Knife-edge scheme

PSD'’s are relatively slow compared to high speed avalanche
photo diodes (APD’s).

But, need to somehow modulate the signal.
Place reflected beam in path of a knife edge.

Any deflection causes change in spot size, and thus intensity, on
APD.

Acceptable up to GHz frequencies. S ostion

Expensive. Sensitive Detector
Laser
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Knife edge



Piezo
sensing

* Piezoresistivity
— Change in resistance occurs with change in deformation
— Practically, electrically connect multiple electrical leads between lever
— and a highly resistance sensitive Wheatstone bridge nearby

e Or piezoelectric mechanisms
— Coat lever with piezoelectric thin film and top/bottom electrodes
— Bending causes stress causes charge

— Now detect with preamplifier ] | §
* Note that necessary electronics ‘ J | I 0 I8 |
can be built ‘onboard’ ey
— (after all, this is MEMS) rrrrrrrer ;ﬁ
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o Capacitive Sensing

— Detect change in capacitance between free lever/membrane and
nearby fixed structure

o C=Eps*Epso*Area/separation
— Base electrode is either:

* beneath suspended structures

* Interdigitated electrode

— Requires very small gap between
MEMS structure and nearby electrode

e Concept implemented in
‘quantum bell’



Tunable resonances

 Resonance of paddle
can be tuned with
paddle dimensions

« And application of a
DC bias

From textbook, Chapter 16,Ref. 26 by permission of the American Institute of Physics.)



Static response of cantilevers to loads

Molecular adsorption and interfacial
reactions induce surface stresses

Implemented with a cantilever
modified on one side for selective
adsorption/reaction

— (usually by coating with a noble metal,
colloid, etc)

— Free energy balance between reactive and
passive sides used to predict bending.

— Alternatively, bending can be used to
monitor free energies of adsorption,

— Applicable in gas or liquid environments.



Static Response: 3 models

 Model I: surface processes with thin film
coatings for adsorption studies

— Radius of curvature of bent beam is:

 inversely proportional to poisson ratio and
differential surface stress

o directly proportional to young’s modulus and
lever thickness.

— If adsorption causes reduction of interfacial
stress, lever bends away from coated side.
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* |Instead of measuring radius of

curvature, usually just measure bending:
 F=k.z



Model II: thicker detector coatings
— Deflection occurs due to analyte swelling
iInstead of simple surface energy balance
— For solid coatings, stress changes within
the coating.

— For gel-like coatings, pressure changes
within the coating.



 Model lll: high surface area coatings
— Nanoparticles
— Molecular sponges
— Combine bulk, surface, and grain

boundary interfacial sensitivities

e Absolute deflection no longer
predictable
— Number of binding sites critical

— Surface energy varies with surface
orientation, which varies strongly in
particulate system

« Still, response can be immense
— signal:noise can be great



Cantilevers as magnetic field sensors

Welland, Cambridge



Mass sensitivity: DC

Deflection changes with
mass attached to the lever

adsorbed alkane
chain length

Gerber, IBM Zurich



DNA identification

DNA bases A and G are attached to
adjacent cantilevers

Deflection is monitored when T or
C base pairs are added to solution

Selective hybridization

Gerber, IBM Zurich



Base pair sensitivity

I: reference
II: perfect match
Il difference of
justonebase pair



Resonant Response

e Everything can vibrate due to thermal energy
— May be noticeable at resonance if Q factor high enough

— Practically, damped heavily in fluids (bummer, but can be
improved)
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A, =amplitude, B=bandwidth, kT=thermal energy

http://www.nanoanalytics.com/products/qcontrol0101_e.htm
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Mass sensitivity: AC

The mass sensitivity can be improved
dramatically if measuring frequency shift of
the lever (and adsorbed species) at reson:
1 pg/Hz

Compare to DC response:

Gerber, IBM Zurich



Nano thermal measurements:
thermogravimetry

1 Attach substance to lever
2 Heat the [resonating] lever
3 Detect mass change

 Improve resolution by using
an additional reference lever
without an attached mass
(temperature calibration).

Gerber, IBM Zurich



Calorimetry

1 Coat one side of cantilever with metal

2 This ‘bimetallic strip’ deflects as a f(T)

3 Ramp ambient temperature linearly

4 Effectively measure heat flow with lever

alkane undergoes endothermic rotor—
rotor phase transition at 32.6

Gerber, IBM Zurich



Molecular sensors

Gerber, IBM Zurich



Alcohol discrimination and concentration

Resolution down to <30 pm

Gerber, IBM Zurich



The Pepsi Challenge

The Scottish versic



Also applicable for explosives detection
— Use a single MEMS device to trap explosives particles/vapors
— Rapidly heat them (very small volumes or masses) to combustion
— Monitor temp and forces in situ
— Determine whether an explosive or not.

Or drugs
Or for smells or tastes (flavor industry, perfume industry)

Or for medical purposes

— “hypothesized that an "electronic nose" would detect lung cancer on the
basis of complex "smellprints" of numerous volatile organic compounds
in exhaled breath from individuals with lung cancer as compared with
either other non-cancerous lung disease or healthy controls.

...Researchers tested the "electronic nose" on 14 lung cancer cases,
and 62 without the disease. Of the 14 cancer patients, 10 had a positive
exhaled breath test, and 4 had a negative. Of the 62 non-cancerous
patients, 57 had a negative exhaled breath test and 5 had a positive.

Positive and negative predictive values were slightly over 66 percent
and approximately 92 percent, respectively.”

http://www.medicalnewstoday.com/medicalnews.php?newsid=25486



May not even need a lever

Nathan Lewis: CalTech: Artificial Nose

Load an insulating polymer with a
dispersion of conducting particles.

Design particle separation so current
dominated by tunneling between
particles.

Expose system to a chemical.
When the polymer (or the particles) swell,

the overall conductivity changes.
. . ) ) -:-:-ndu-:hng elemen’cff
Since tunneling dominated, exponentially

sensitive to swelling.

If designed near percolation threshold,
even stronger nonlinear response is
possible.

Useful for sensing explosives, disease,
rotting tomatoes or oranges, identifying
liquids, etc.

Cheap and easy to manufacture and
monitor.

Resistance

E

http://nsl.caltech.edu/index.html
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e Time constant on the order of
seconds.

« Also will vary with species to
-:-:-ndu-:hng elemen’cl’rf
be sensed.
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http://nsl.caltech.edu/index.html



« Sufficient signal to

noise for detection. L
* Response for any given s
species different for any EEE s

given sensor.

e Sensors designed with
different polymers/
particles/ loading will
have their own distinct
sensitivity.

http://nsl.caltech.edu/index.html



 Build an array of sensors, each with distinct sensitivities
to any given molecule/liquid/gas

http://nsl.caltech.edu/index.html



e For any given molecule
A to be sensed, ‘training’
viryiaceta e) runs with known
species will provide
clues to which sensors
are particularly
sensitive.

— For PVA, sensors
3,4,7,8,10,11,14,15,16,
and 17 are indicators.

B 2hl acet=e B benzens

Sensor Number (normali zation factor)

http://nsl.caltech.edu/index.html



o Carefully identify a small
number of indicator groups
(eg. 3) and monitor their
response to various gases.

* Relative response for set
of indicators provides easy
species identification.

 Peak height indicates
concentration/partial
pressure.

http://nsl.caltech.edu/index.html



Paper for Tuesday
the week after the week after break
(summary due)

Li M, Tang HX, Roukes ML

Ultra-sensitive NEMS-based cantilevers for sensing,
scanned probe and very high-frequency applications

NATURE NANOTECHNOLOGY Volume: 2 Issue: 2
Pages: 114-120



