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Abstract

The atomic force microscope (AFM) isatool that enables the measurement of
precisely locdized forces with unprecedented resolution in time, space and force. At the
heart of thisingrument is a cantilever probe that sets the fundamenta limitations of the
AFM. Rezoresdive cantilevers provide asmple and convenient dternative to opticaly
detected cantilevers, and have made it easier for commercid gpplications to exploit the
power of the force microscope. Unfortunately, piezoresistive cantilevers do not provide
performance levels equa to those of the optically detected AFM. Severa advances will
be discussed in thiswork that largely erase that discrepancy, and in some cases teke the
capabilities of the piezoresstive cantilever beyond those of the standard AFM cantilever.

The primary key to improved cantileversis to make them thinner and shorter, for
increased force resolution and bandwidth. A fabrication technique using epitaxialy
grown piezoresistors is shown to reduce cantilever thickness afactor of four below the
thinnest implanted piezoresstors. Using this approach cantilevers under 100 nm have
been congtructed, with force sengtivity 4 orders of magnitude greater than commercialy
available piezoresstors. These cantilevers are cgpable of angle digit femto-Newton-per-

root-Hertz force resolution.

These ultra-thin piezoresgtive cantilevers suffered from an unexpected increasein Ut
noise, dthough the net force resolution was Hlill greetly improved. Itisshown in this
work that the 1/f noise observed in piezoresstive cantilevers can be accounted for usng a
30-year-old modd of 1/f noise proposed by F. N. Hooge. This model states that the 1/f
noise leve of aresgor is proportiona to the total number of carriers. For a given dopant

concentration, smaler cantilevers therefore have fewer carriers and higher /f noise.

From this relation between the number of carriers and the 1/f noise, the processing

and design of piezoresistive cantilevers was optimized. Previoudy unknown trade-offs



are demondtrated between piezoresistor size, doping density, dopant thickness and other
parameters. In most cases, clearly defined optimaexist that determine the fundamenta

cgpabilities of piezoresdtive cantilevers.

Finaly, in an effort to extend the force measurement capabiilities of piezoresstors,
particularly in the presence of steep force gradients, anovel axid resonant piezoresstive
AFM probe was developed. This probe has demonstrated the ability to measure pico-
Newton forces with a probe that is extremely rigid (>500 N/m) and is thereby immune for
snap-down ingabilities.
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Introduction

| began work at Stanford for Dr. Kenny at the end of 1995, with adesireto learn
micromeachining, but no clear project in mind. Although | had no experience with atomic
force microscopes, | came up with the notion to micromachine a device that could unzip
drands of DNA as atool for sequencing them. Reated work was being done by Dr.
Colton at the Naval Research Laboratory (NRL) in Washington, D.C. and to my surprise
it turned out that he and Dr. Kenny were good friends. It further turned out that Dr.
Colton’s group had dready begun working on an experiment very smilar to the one | had
envisaged, but required custom microfabricated cantilevers. 1 began my work in the
clean room making cantilevers for the DNA work, while paying the lab fees by making

piezoresistive cantilevers for another biosensor project at the NRL.

After acouple of summersin Washington, and severd cantilever iterations, we il
did not have aforce detection apparatus with the single pico-Newton force resolution and
10s of kilohertz bandwidth to see the sgnals we sought. The DNA project wound down
as post-docs at the NRL finished up, but the need for improved force probes was clear,
and | devoted the rest of my time at Stanford to understanding the fundamenta issues and
improving the probe designs. The piezoresistive cantilevers for the biosensor had been
successful, and | felt piezoresstors held promise as a high bandwidth sensor that could
achieve the force resolution we were seeking. The inherent smplicity and convenience
of piezoresstance dso made it attractive as a versdtile sensor for avariety of sensng
applications beyond the [aboratory. Asaresult, the rest of my efforts were focused onto

understanding and improving piezoresitive force probes.
There are three main resultsin thisthess:
a processing improvement to advance conventiona piezoresigtive cantilevers,

optimization of such cantilevers based on fundamenta noise limitations;
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anovel resonant force probe based on aresonant piezoresistive beam.

Although the ultimate god for both the piezoresistive cantilevers and the axid
resonant probes is maximum force resolution, design guidelines areinitialy presented
based only on a sengtivity anadlyss without including the noise effects. Whileitismy
feding that noiseis often neglected in MEM S device design and testing, in these two
cases gppropriate design guidelines can be derived from a sengtivity analysis aone, and
the noise isreserved for a more complete trestment in later chapters. This approach aso
reflects the order in which the actual devices were designed and fabricated, snce some of
the noise understanding was devel oped through experimenta results after device

construction.
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Chapter 1

Chapter 1. Background and Motivation

1.1. AFM background

The overriding god of thiswork isto improve the capabilities of the atomic force
microscope’ (AFM) and AFM-based sensors by advancing the force detection capabilities
of piezoresigtive cantilever probes. A brief description of the AFM and of piezoresistors

is provided by way of introduction.

AFM imaging modes

The atomic force microscope uses amicromachined cantilever probe to measure
forces and displacements with nanometer precision and sub-nano-Newton force
resolution. Initstypica configuration, amicromachined silicon or slicon nitride
cantilever with an aomically sharp tip is mounted on a piezodlectric actuator. The
actuator alows positioning and scanning of the tip over 10s to 100s of microns with sub-
nanometer resolution, and is used to raster scan the tip across the surface. Forces on the
tip that cause deflection of the cantilever can be measured to create an image of the

urface.

To measure cartilever deflections, alaser isreflected off the end of the beam into a
position sendtive photodetector, asillustrated in Figure 1-1. Hexing of the cantilever
resultsin motion of the reflected laser spot, which is measured by the photodetector. In
the most common imaging mode, a feedback loop is closed around the actuator so that a
predetermined deflection is congtantly maintained by adjusting the cantilever height as it

scans across topographical features.
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laser

piezoelectric photodetector

tube

sample

cantilever

Figure 1-1. Schematic of atomic force microscope with optical lever detection.

The primary advantage of the AFM as an imaging tool isthat it does not suffer from
the diffraction limitations of optica or scanning eectron microscopes. Such wave-based
microscopes are generdly limited to a resolution of the same order as the imaging
waveength. Thisimpressive capability has been convincingly displayed by aomic
resolution images of non-conducting crystals?, an example of which is shown in Figure
1-2.

For softer samples, such as biologica meteridsin liquid, resolution is not as high,
due to deformation of the sample by the nano- Newton forces exerted by the cantilever
tip. Substantial improvements have been achieved using tapping mode AFM?3, but atomic
resolution is not yet possible.
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Figure 1-2. (@) 5 nm contact mode atomic resolution AFM image of mica.
Image/photo taken with NanoScope® SPM, courtesy Digital Instruments, Veeco
Metrology Group, SantaBarbara,CA. (b) 252 nm tapping mode AFM image of
an individual human transcription factor 2: DNA complex. Clearly resolved are
the protein: protein interactions of two transcription factor proteins which
facilitate the looping of the DNA. Image taken with NanoScope® SPM

courtesy of Bustamante Lab, Institute of Molecular Biology, University of
Oregon, Eugene.

AFM force curve mode

The AFM can aso be used to measure forces as afunction of cantilever distance from
asingle point on the surface®. Again, by measuring the position of areflected laser beam,
the deflection of the cantilever can be plotted as a function of distance to the surface. If
the cantilever spring congtant is known, this deflection can be trandated into aforce. A

conceptudized typicd force curveis shown in Figure 1-3.
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cantilever deflection

height of cantilever base

Figure 1-3. Schematic illustration of aforce curve. In position (A) the
cantilever isfar from the surface and experiences negligible attractive force. As

it approaches, the cantilever is bent towards the surface, but is not yet in contact
(B). At point (C), the cantilever snaps down onto the surface. At point D, the
cantilever isin contact with the surface, but has zero deflection. Further motion
down and the repulsive forces bend the cantilever back (E). Upon retraction
from the surface, the cantilever snapsfree at point (F).

Such force curves have recently been used to measure intermolecular forces of single
macromolecules such as DNA and proteins as they are unfolded or separated by a
cantilever tip>’. The forces to be measured in these experiments typically rangein the
100s of pico-Newtons up to afew nano-Newtons. Where better force resolution is

required, optical tweezers are often used, but at the expense of temporal resolution.
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Optical tweezers trap amicron-sized beed in a soft potentia gradient (~10°° N/m)
established by photon pressure from alaser®. The motion of the bead can be measured
with a photodetector, so if the gradient strength is known, the forces that caused the
motion can beinferred. Optica tweezers are limited to operation in liquid, and athough
the force resolution can be under a pico-Newton, the bandwidth is limited to less than one

kilohertz and the maximum gpplied forces are in the 10s of pico-Newtons.

The force resolution of atypical AFM is~100 pN in a1 kHz bandwidth’, athough
this can be improved to 10s of pico-Newtonsin awdl-controlled environment. The force
to break individual hydrogen bonds has been roughly measured a about 5 pN*°, which is
of the same order as the van der Wadls forces between two atoms **. The capabilities of
the AFM aretantalizingly close to alowing measurement of these fundamentd force
interactions with unprecedented bandwidth. The prospect of measuring the force
interactions of biologica macromoleculesin their actua environment is particularly
enticing. Asacontext to discuss the probe issues in such measurements, consider the
following experiment, undertaken in collaboration with Dr. Colton and his group at the
Nava Research Laboratory (NRL).

Unzipping DNA
The experimenta objective was to measure the forces of the individua bonds that
hold the two strands of double stranded DNA together, with a possible commercia

gpplication as a sequencing tool.

In one possible configuration, single stranded DNA is bound onto a subgirate & the 5¢
end, asillugtrated in Figure 1-4. The complementary strand is then bound to a cantilever
at the 3¢end. Complementary DNA binds such that the 5¢end of one strand is matched
to the 3¢end of the other. When the cantilever is brought close to the surface the two

strands bind together in the usud double helix. Pulling the cantilever away unzipsthe
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DNA, sequentidly breaking the complementary base-pair bonds. If the cantilever has
single pico-Newton force resolution and tens to hundreds of kilohertz bandwidth in
solution, it should be able to resolve the difference between the two hydrogen bonds
which hold together an adenine-thymine (A-T) pair and the three hydrogen bonds which
hold together a cytosine-guanine (C-G) pair. There may dso be additiona force
variations due to interactions with neighboring bases dong the length of the chain,
potentialy dlowing full determination of the sequence. The bandwidth requirements for
this experiment are gpproximately two orders of magnitude gregter than those of most
AFM measurements. Pico-Newton force resolution has not been achieved with such
bandwidth.

cantilever

DNA

T

N
| | hydrogen bond

A

>
—

>__—

—
>

Figure 1-4. Unzipping DNA with an AFM cantilever. Asthecantileveris
retracted from the surface, the base-pair bonds rupture sequentially. The G-C
bonds are held together with 3 hydrogen bonds, which should enable them to be
distinguished from the A -T bonds which only have two hydrogen bonds.
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A verson of this experiment has snce been completed by other researchersusing a
glass pipette as an extremdy soft cantilever'®. Forces were calculated by using avideo
camerato measure the displacement of abead at thetip of athin pipette. Thissystem
provided aforce detector with high resolution (<1 pN) but low-bandwidth (probably
under 10 Hz). Their results showed distinction between A-T-rich regions and C-G-rich
regions, with separation forces in the 10-15 pN range, but could not resolve individua
bond rupture events, perhaps due to the stored energy in such a soft cantilever (see
section 2.2).

The first necessity for this experiment is a cantilever that meets the force resolution
and bandwidth requirements. The flexibility of the cantilever determines how much
bending occurs for a given force, and its resonance sets the frequency at which the
mesasured forces become mechanically attenuated. Since the resonance is determined by
the square root of the spring constant over the mass, the only way to increase both
bandwidth and force senstivity is to make thinner cantilevers (<0.1nm) for alow spring
constant and shorter (<50mm), narrow (<10mm) cantileversfor low mass. An example of
acustom cantilever | congructed for this gpplication is shown in Figure 1-5. To further
reduce mass, the cantilever istipless, and an array of tipsis instead fabricated on the
surface to be probed. Congtructing the tips on the surface rather than the cantilever gives
the added advantage that if atip becomes damaged, the measurement can be shifted to

another tip without replacing the cantilever2.
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Figure1-5.50mm” 0.1 mm tiplesssilicon nitride cantilevers with 5 mm paddie.

The main difficulty for a cantilever this Szeisin getting enough reflected laser light.
The laser spot of acommercia AFM is about 30 nm, 0 not much light isreflected. Even
with the addition of a5 mm diameter paddle a the cantilever end, less than 5% of the
totd light isreflected from the cantilever. Furthermore, silicon nitride isfairly
transparent, with transmittance of red lasers generdly in excess of 60%. These two
factors, but principaly the former, result in asmal reflected sgnd which is
overwhemed by the rest of the laser light reflecting back off the sample surface.

The reflectivity of the cantilever can be improved by coating the end of the paddie
with athin meta layer, as was done on alater generation of devices. The problem of the
paddle size, however, can only be addressed by focusing the laser to asmaler spot size.
Unfortunatdly, asmaler spot sze means a shorter focal length, and arapidly diverging
reflected beam. Thisin turn means that the photo-detector must be quite close to the
cantilever, so for agiven cantilever deflection the laser spot in the detector does not move

asfar. Although the properties of the cantilevers themsdves were promising, minor
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modifications of the optics of acommercid AFM at the NRL were insufficient to achieve
the necessary performance.

Other researchers are working to take redl time images of biological processes such as
DNA transcription™3, and facing similar limitations in force resolution and bandwidith.
They too have constructed optical cantilevers under 10 mm wide™*, and promising efforts
are underway to congtruct customized AFMs with optics specially designed optics™.

There may be an easier dternative, however, that lies outsde optica detection.

1.2. Piezoresistor background

Piezoresistive sensors have been around for over 40 years™®, and are widdly used in
commercia pressure sensors and accelerometers'’°. A stretched wire grows longer and
thinner, which increasesiits res stance from geometry done. Any conducting materid can
act asadrain gauge by this geometrica mechanism, but piezoresgtive sensing usualy
refers specificaly to strain gauges in semiconductors. The dectrica properties of some
doped semiconductors respond to stress with resistance changes over 100 times greater

than those attributable to geometric changes done.

Piezoresistorsin silicon are created by introducing dopant atoms to cregte a
conducting path. When the silicon experiences stress, and therefore strain, the lattice
gpacing between the atoms changes, affecting the band-gap energy. This band-gap
change ether increases or decreases the number of available carriers in the doped region,

which is messured as a change in resistance?®.

To account for more subtle piezoresigtive effects, the many-valey modd of Herring is
used?!. The“valeys’ of thismodel represent the possible combination of eectron wave
numbers by which an eectron can enter the conduction band. Although the energy
valeys themsdves are anisotropic, for an unstressed silicon lattice the net effect of dl the
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valeysisisotropic conductivity. Under anisotropic stress, eectrons move between the
valeys, increasing conductivity in some directions and decreasing it in others. This

model works well in n-type silicon, but is not as successful for p-type silicorf°.

The most commonly exploited piezoresistive coefficient islongitudina, where the
current flow and Sressare pardllel. There are dso transverse and shear piezoresistive
effects, however, which can have substantial effects?. In the transverse piezoresistive
effect the current isnormal to atensile stress. The shear piezoresistive congtants gpply to
piezores stance arising from shear stresses. In the remainder of this work, only the

longitudina coefficient will be consdered.

Thefird piezoresistive AFM cantilever was created at Stanford University by Marco
Tortonesein 1991%%, By implanting boron, a conducting path was created in the surface
of the slicon at the base of a cantilever. Under an gpplied voltage bias, current flowed
out ore leg of the probe, and back the other asillustrated in Figure 1-6. For a downward
flexing of the cantilever, tendle sress in the top layer resultsin an increase in resistance,

and conversaly when the beam is bent upwards.
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doped layer

undoﬁed silicon

Figure 1-6. Schematic of a piezoresistive cantilever. Thetop layer is
conducting due to aboron-doped layer. Bias on the bond pads causes current to
flow out one leg and back on the other, around a physical split between the two.

Integration of a senang eement into the cantilever eiminates the need for the
externd laser and detector used in most AFMs. Thisremoves the delicate step of
aigning the laser to the cantilever and photodetector which usudly precedes an AFM
measurement, a smplification which expands the potential of the AFM for usein difficult
environments such as ultrahigh vacuum chambers®. Integrated sensing also facilitates
the use of large cantilever arrays>*, or sensors designed for portability and robustness™>.

Example gpplications are given in the next section.

A further advantage of piezoresstorsis that the minimum size congraint associated
with optica cantileversis avoided. Reducing cantilever Sze dlows for asmultaneous
increase in bandwidth and decrease in the spring congtant, key advances for increased

performance.

Despite these advantages, however, most AFMs do not use piezoresistive detection,
mainly because piezoresistors do not achieve the force resolution of optically detected

cantilevers. With commercidly avallable piezoresstive cantilevers, auser generdly
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gives up an order of magnitude of force resolution as a price for the convenience. Aswill
be discussed later at some length, however, there are piezoresistor design and processing

improvements that can make the performance of the two types of cantilevers comparable.

Piezoresistive cantilever applications

Most current piezoresistive cantilever applications are focused on developing large
cantilever arrays, and cantilevers with high bandwidth. A mgor criticism of AFM-based
imagng isthat the serid nature of reading with asingle tip makesit too dow for fadt,
large area scans. This concern has been amply answered by Minne et al., who have
shown impressive high- speed large-areaimaging with arrays of 50 or more cantilevers™.
Optica measurement of the diplacement of many cantilevers would either require many
lasers and detectors, or multiplexing of afew lasers and detectors. In ether case, the
precise laser and detector aignment required for each cantilever makes this gpproach
difficult. Cantilevers with built in diffraction gratings have been developed which ease

|laser dignment?’, but integrated piezoresistive sensors remain more convenient.

With the ability to build an array of high-speed cantilevers comes severa important
commercid gpplications. In addition to high resolution imaging, as for semiconductor
diagnostic purposes, AFM cantilevers can be used to write patterned photoresist or oxide
mask lines for integrated dircuit lithography®®. The pressure for ever- smdler circuit

features makes this a potential successor to current lithography technologies.

A smilar pressure for smaler features dso exidsin the data storage industry.
Magnetic bits can only be packed so closely together before they reach the paramagnetic
limit and begin to flip spontaneoudy at room temperature. This limit is expected to occur
a data density of about 100 Ghit/in®. Small physical pits or bumps can be written and
detected with AFM cantileversto store data at densities above 500 gigabits per square
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inch, and such AFM-based techniques are currently under investigation at IBM research
labsin Almader?® and Zurich™.

Piezoresstive cantilevers are dso ussful when portable, low cost individuad sensors
arerequired. Researchers at the Oak Ridge National Laboratory are developing sensors
for humidity, mass, hest and chemica reactions based on cantilevers with integrated
sensors®. Heat in abimorph causes bending, and mass changes affect the resonant
frequency. For portability and ease of use, laser interrogetion is again avoided. These
types of measurements can potentialy be combined in an array of sensorsto creete an

electronic nose.

All of these gpplications benefit from improved cantilevers. Increased cantilever
resolution resultsin images of smaller features, faster scanning speeds, reading and
writing of smaller data pits, and increased sengitivity chemicd sensors. Thereisa
ubiquitous trade-off between the smalest measurable sgnals and the time of
measurement, so even for applications where current cantilevers suffice, improved
cantilevers dlow faster measurements. If enough advances can be made, piezoresstors
may aso hold promise for scientific AFM studies beyond the capabilities of the current
opticaly detected devices. How these improvements can be achieved is the subject of the

remainder of thiswork.
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Chapter 2. Fundamental parameters of cantilever
sensors

The god of any sensor isto measure sgnds of interest in the presence of noise, and
to do so on atime scale commensurate with the signal.  Furthermore, the sensor cannot be
too obtrusive during the measurement, and thereby affect the signals or change the

environment.

A large response to asmadl sgnd is dearly beneficid to the performance of a sensor,
and is measured as the sengitivity. The output without an input sSignd isthe noise.
Resolution is defined as the noise divided by the sengitivity, and is ameasure of the
amallest resolvable sgnd. 1t should therefore be as smal anumber as possible. The
frequency range of the sgnds that can be measured is the bandwidth, and is related to the
speed of the sensor, as wel as the sampling rate and the total length of the measurement.
Findly, for an AFM cantilever, the spring congtant of the beam will determine how it

interacts with its environment.

These important terms- sengtivity, noise, resolution, bandwidth and spring
constant- will each be explained in more detail below.

2.1. Cantilever design parameters

Sensitivity

For transducers that convert an input signa into an dectrica sgnd, the sengtivity
determines how large the output voltage is given a particular input. For aforce sensor, it
is therefore usudly quoted in units of volts per Newton [V/N], and for displacement

sensorsin volts per meter [V/m). In apiezoresstor, achangeis resstance is usudly
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converted into a voltage by usng a Wheatstone bridge followed by an instrumentation
amplifier, as shown in Fgure 2- 1.

V,

Figure 2-1. Piezoresistive cantilever in aWheatstone bridge circuit. The
piezoresistor is half of avoltage divider, so as the resistance changes, the output
voltage varies. The other half of the bridge is another voltage divider, balanced
with avariable resistor to null out the signal when thereisno input force. An
instrumentation amplifier then provides gain.

It is evident from the figure that the sengitivity can be made arbitrarily large by
varying the gain of the instrumentation amplifier. For this reason, a sengtivity quotation
by itsdf in volts per Sgnd containslittle information.  Sengtivity is therefore sometimes
given asafractiona change per signd, such as DR/R per Newton [N ] for the changein
resstance of a piezoresistive force sensor. Thistype of sengtivity is often quoted as parts
per million, where 10° N is equivalent to 1 ppnVN. While sensitivity can be a useful
metric, the real parameter of interest in most applicationsis resolution. To determine

resolution the noise must be known.
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Bandwidth

The range of frequenciesthat can be measured is known as the bandwidth of the
measurement. The upper limit may be set with eectronic filtering, or it may be sat by the
sampling rate of the measurement, the bandwidth of the amplifiers used, the resonant
frequency of the of the cantilever, or capacitive lossesin the wires, among other
posshilities. The low end of the frequency bandwidth is usudly set by the length of the
measurement, or again by eectronic filtering. For ameasurement that only lasts one

second, a1 mHz sgnd will appear to be unchanging.

The mechanicd response of a cantilever is attenuated above its resonance, o the
maximum measurement bandwidth for a cantilever is usudly set by its resonant
frequency. The choice of the bandwidth often determines the dominant source of noise,
and will therefore have a greet impact on the probe design. If low frequency Sgnas are

of primary interest, high frequency noise can be neglected in the design.

Noise

For the circuit in Figure 2-1, noise is any voltage Vot thet is present when thereisno
force sgnd applied to the cantilever. A smple measurement of the noise would be to
square Vout, average it over time, and take the squareroot. If this root-mean-square (rms)
vduewere 1 mV, then 1 mV signds are considered the lower limit on what can be

measured.

It isusualy beneficid, however, to consder the frequency distribution of the noise,
computed by taking a Fourier transform of the noise waveform. If thereis noise at
frequencies that are not of interest to the measurement, they can be eectronicdly filtered,
effectively improving the sgna to noiseratio. Smulated example waveforms are shown

in Fgure 2-2.
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Figure 2-2. Matlab simulated signalsin the presence of white noise. (a) shows
a100 mVrmssignal at 10 Hz in a 10 kHz measurement bandwidth. (b) shows

the same waveform after afilter at 100 Hz. (c) and (d) show the power spectral
density of the waveforms.

Because the tota noise depends on the measurement bandwidth, the power spectral
density (PSD) [V2/HZ] of the noiseis often quoted. The PSD isameasure of the signdl
power in agiven 1 Hz frequency band. Although VV are not units of power [W], it is
assumed to be the power disspated inal Wresistor. To get the totd power of two
incoherent sine waves, the squared amplitudes must be added. By summing the PSD at
each frequency over the bandwidth, the total noise can be computed. As an example, the
white noise in Figure 2-2 has power spectra density of 6407 VV2/Hz, so the unfiltered
noisein a 10 kHz bandwidth had a total noise power of (6407 VV?/Hz)%¥10° Hz) = 0.06
or 0.24V. After filtering to a 100 Hz bandwidth, the noiseis 0.008 V.

In addition to Imply filtering a waveform to remove noisg, it is sometimes dso
possible to remove noise by using alock-in amplifier. A lock-in amplifier multiplies the

incoming waveform by areference snewave. Congder a sine component of the sgnd
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with amplitude A; at frequency ws. If the lock-in reference sgnd had unit amplitude and
frequency fo, then the output signd is given by

A, Sn(w,t)Sn(w,t) = 79'n((wo - Wy)b) +%S'n((wo tw)t)  (21)
HAf the power of the frequency components of the sgnd waveform near fo will be
shifted to DC, and the other hdf shifted to 2fs. The DC components can then be filtered
with alow-passfilter of bandwidth B. Thisis effectively the same as having anarrow

band passfilter of bandwidth +B centered at frequency fo.

In addition to use as atracking band pass filter, the multiplier function of alock-in
can aso be used to move alow frequency signd up to ahigher frequency, and back, if
desired. Thistechniqueisused in “chopped” op-ampsto circumvent low frequency noise.
Chopping asignd to remove noiseis only possible if the sgnd can be frequency shifted
before introduction of the noise. Asan example, low frequency resstance drift of a
piezoresstor cannot be removed by chopping, because the drift noise isintroduced a the

same point and time as the signd, and the two cannot be separated.

Resolution

The resolution of the probe determines the minimum force or displacement that can
be measured. Resolution is defined as the noise divided by the sengtivity. Thetota
amount of noise is dependent on the bandwidth of the measuremert, since filters can
remove noise outside the bandwidth of interest. Asaresult, resolution should be quoted
as the minimum detectable force or displacement in agiven bandwidth. Thisis often
given as NI\/E or m/\/H72 for measurementsin a1 Hz bandwidth. If the noiseis
congtant as a function of frequency, such a measureis sufficient to compute the resolution

in any bandwidth. If the noise leve variesirregularly with frequency, however, the tota
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resolution should be given for the rlevant bandwidth, asin 5 nN in a bandwidth from 10
Hzto 1 kHz.

Spring constant

The spring congtant, k [N/m], of a cantilever beam is dso criticd to the usefulness of
the sensor. In the discussion of section 3.3, it will be shown that increasing the diffness
of a cantilever improvesits displacement sengtivity, while decreasing the diffness
improves the force sendtivity. This observation by itsef would suggest a short, thick,
gtiff cantilever for digolacement measurements such as surface imaging, and along, thin,
soft cantilever for force measurements. There are other restrictions on the cantilever

giffness, however.

The disadvantages of an extremely tiff cantilever are readily apparent. For contact
AFM imaging, a diff cantilever will exert large forces that may damage the sample or
result in tip wear. For imaging solids, acceptable forces are in the 1- 10 nano-Newton
range. For imaging biologica samples, the forces must be bedlow ~0.1 nN. The
disadvantages of a soft cantilever as aforce sensor are somewhat subtler, and will be

discussed in the section 2.2.

Other parameters

There are many other parameters used to specify sensor performance, such as
linearity, dynamic range, accuracy and drift. Linearity and dynamic range are not usualy
discussed for AFM sensors because the probes are typically used in a feedback mode
where the god isto keep a constant force on the cantilever. For force measurements,
they should be important figures of merit, but the sgnas usudly involve such smdl
displacements that linearity is assumed. The signds are dso typicaly so closeto the

noise limits of the sensor that both concerns are secondary to the need for resolution. As
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AFM force curve measurements become a more widespread and rigorous scientific tool,

dynamic range and linearity should gain importance as figures of meit.

Drift issmply amessure of the noise in a particular, low frequency, bandwidth, and

should therefore be superfluous if resolution is quoted correctly.

Accurecy israredly mentioned for AFM force measurements. AFMs measure
displacement accurately, and the spring constant of the cantilever is used to infer the
forces. The accuracy to which the spring congtant is known is usudly the limiting factor
in the accuracy of aforce measurement. Although severa gpproaches have been devised,
there is still no convenient way to calibrate the stiffness of an AFM probe and get results
with much better than 20 percent accuracy. The displacement resolution of an AFM
probe can be accurately determined by applying known displacements to the probe.
These cdibration displacements can be applied with a piezo-dectric actuator that has
been previoudy calibrated usng another known sensor, such as alaser interferometer. To
cdibrate aforce sensor, however, the spring congtant must be known. Thisdlowsthe

converson of known displacements into known forces.

There are numerous methods that have been used to compute or measure cantilever
soring congtants. The most common is Smply to make a good measurement of the
cantilever dimensions and compute the theoretical spring congtant. The spring constant
varies as the cube of the thickness and length, SO measurement inaccuracies result in large
goring congtant errors. The largest error istypicaly associated with the thickness
measurement. A measurement of the resonant frequency can be used to get another
estimate of the thickness, which helps with the accuracy of this technique™.

Alternatively, known masses can be gpplied to the end of the beam, and the resulting
resonance shifts measured?. This method can be accurate if the masses are accurately

known and their location on the beam iswell determined, but it primarily suffers from the

25
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inconvenience of the method. Micro-manipulating 10 nm-diameter beadsisatime

consuming task, and likely as not to result in a broken cantilever.

If the spring congtant of a Sngle cantilever is accuratdy established, it can
theoreticaly be then used to apply known forces to other cantilevers and thereby cdibrate
them. Itissurprisngly difficult to repestably calibrate a second cantilever in this manner,
however. Slight tilt in the rdaive orientation of the beams and lateral motion during the
loading apply buckling loads thet introduce substantid errors.

A find technique isto make use of the intringc therma noise of the cantilever. There
is Brownian mation in any mass-spring system that has an expectation vaue proportiona
to the temperature and one over the spring constant. The spring constant can then be
deduced from a measure of the thermomechanica displacement and the temperature. The
magor difficulty with this gpproach is getting an accurate measure of the minute

thermomechanical motion over abroad frequency range.

2.2. Force instabilities

Attractive force instabilities and probe stiffness

The snap-in and sngp-out of the cantilever force curve shown in Figure 1-3 resultsin
aregion in which the forces cannot be measured, fundamentaly limiting the usefulness of
the technique. These ingtahilities arise when the attractive force gradient from the

interaction with the surface exceeds the cantilever soring constant.

The ingability can be understood by looking at a static baance of forces. The
cantilever tip will be stationary when the restoring force from the flexing of the
cantilever, F=kx, equas the attractive force from the surface. Asthe cantilever base
moves closer to the surface, the attractive force increases, causing further bending of the

cantilever until equilibrium is again reeched. This bending of the cantilever movesthetip
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gill closer to the surface in turn increasing the atractive forces. If the Stuation arises
where these surface forces are increasing faster than the restoring force of the flexing
beam, the tip snaps down. Therate at which the restoring force increases (dF/dx = k) is
the spring congtant. Therefore, when the attractive force gradient exceeds the spring
constant, snap-down occurs. A Smilar phenomena causes snap-in for dectrogatic

actuators commonly used in MEM S devices.

Figure 2-3 illugtrates the attractive forces from a Leonard- Jones potentid of the form
-Ad®+Bd 2, where A and B are constants and d is the distance from the surface. Typica
vauesfor A and B of sngleaomsare 1077 Jxf and 10* 2.3 A 0.01 N/m cantilever
probing this interaction would sngp in 0.67 nm from the surface at aforce of 1 pN. Upon
retracting the cantilever it would snap free 0.39 nm from the surface at aforce of 22 pN,
and end up a anew equilibrium 2.3 nm from the surface. In addition to thisforce vs.
distance curve, for each pogtion of the cantilever base aline of dope k can be plotted of
the force versus distance due to the cantilever bending. Two such contours are indicated,
one at snap-in and one a snap out, where they are tangent to the surface potentia force

curve.
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Force

Distance

Figure 2-3. Diagram of an attractive force potential versus distance with
contours of the cantilever spring constant. For an approach, point A indicates
snap-in. The forces then balance and achieve equilibrium at point B. When
retracting the cantilever snaps free at point C and comes to equilibrium at point
D.

The region between points A and C of this force potential cannot be mapped usng
this cantilever. To fully map out thisforce potential requires a cantilever of stiffness
greater than the maximum dope of the force potentid.

Although snap-out due to van der Wadls forces can be observed, the most commonly
observed snap-outs are the result of meniscus forces from condensation and other

contaminants®. The attractive force of the meniscusis usualy 10-100 nN®.

Force instabilities in molecular manipulation

Theingtabilities described in the preceding section are well known to AFM users, but
alessfamiliar variation of this problem exists for force measurements on
macromolecules. Congder again the DNA unzipping experiment described in section
1.1, and diagrammed in Figure 1-4. For the case of a strong bond followed by awesker

bond, force-gradient ingtabilities may prevent measurement of the weaker bond.
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When measuring the first, srong bond, the cantilever will flex until the beam
restoring force is great enough to bresk the bond. The free end of the cantilever will then
spring back until it either reaches zero deflection, or catches on the next bond in the
sequence, adistance d away. If it catches a second bond before completely relaxing, the
cantilever at this point exerts aforce equa to the force of the first bond minuskd. If this
remaining force is enough to bresk the second bond, the cantilever will Smply rip

through that bond as well, without recording it as a discrete event.

For the DNA unzipping experiment discussed in Chapter 1, 10-15 pN forces were
required to rupture the individual complementary strand bonds®. According to these
results, the A-T pair, composed of two hydrogen bonds, should rupture at ~10 pN, and the
C-G pair, composed of three hydrogen bonds, a ~15 pN. The spacing between the bond
parsin double-stranded DNA is 0.34 nm, which means that for unzipping the cantilever
tip can move 0.68 nm before catching the next bond. To measure a C-G followed by an
A-T, then, the cantilever must have a Soring constant of greater than
5 pN/0.68 nm=0.007 N/m in order to stop on the wesker bond. In other words, the spring
constant of the beam must be greater than the force gradient between the two bonds.

In fact, matters will be even worse than this, since the cantilever will have some
inertiawhen it reaches the next bond. Even if the cantilever has room to reach zero
deflection before the next bond, for any quality factor greater than one it will have some
overshoot that could rupture the subsequent bond. To be certain that ingtabilities and
dynamic effects are not affecting the measurement, the cantilever should idedlly never
deflect more than haf the distance between bonds. This criterion alows for maximum
overshoot, so that as long as the oscillations are allowed to settle before the next event,
each can be measured independently. In the example of the previous paragraph, the
cantilever could have aminimum spring congtant of 15 pN/0.34 nm=0.04 N/m. Thistype

of ingtability will prevent researchers using soft devices such as thin pipettes or optica
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tweezers from resolving al the individua bond ruptures when mechanicaly denaturing
DNA.

A mgor drawback to this type of gpproach for sequencing is that as the double helix
becomes unzipped it acts as another spring attached to the end of the cantilever. Now the
net effective spring constant between the base of the cantilever, which is controlled, and
the point where bonds are bresking is Keft = (Kcantilever = + Kona srand ). Itisthis spring
congtant which will now set the unzipping ingability point. Asthe unzipped strand
becomes longer, its spring constant decreases, thereby lowering the overal effective
spring condant of the syslem. The dadticity of the DNA will likely limit this type of
sequencing to strands below one kilo-base-pair in length.
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Chapter 3. Design for Sensitivity and Bandwidth

In this chapter fundamenta equations are derived which determine the sengtivity and
the mechanicd characterigtics of the cantilever. This derivation primarily indicates the
relation between the stressin the beam and the distribution of the dopant, which in turn
determines the current flow in the cantilever. A smilar set of equations was presented by

Tortonese in his 1993 thesis', and has been the basis for most cantilever designs since.

Such designs, based purely on the god of maximizing sendtivity within some
mechanica condraints of spring congtant and bandwidth, have the implicit assumption
that the noise of the device will be largely unaffected by these design decisons. Aswill
be shown in Chapter 4, thisassumption isinvaid for some cases, but in many instances,

design for maximum sengtivity does lead to substantia performance gains.

3.1. Mechanical properties of a cantilever beam

The spring congant, k, of arectangular diving-board cantilever is given by

_ Ewt®

wherew, |, and t, are the width, length and thickness of the beam, and E isthe
modulus of dadticity of the materid. For cubic crystds such as silicon, the modulus of
eladticity depends on the crystal orientation according to

E'= S - 2(511 - S _%544)G’ (3.2

where
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G=0,"0," +9,°0," +9,70,", (3.3)

and o1, ¢, and gz are the direction cosines between the axis of interest and the three
standard crystal axes. For example, the angle between the [110] direction and the x-axis
is 45 degrees, so g1 isCR/2. For silicon, sy1 is0.7740M /N, sp0 is—0.2140' /N and
S44 s 1.2540™ n?/N3. The modulus of rigidity, G, can be caculated from the same

coefficients according to

G*'= S 4(511 - Sp- _;344)67 (3-4)

The resulting Y oung’s moduli for sllicon in the predominant crystalographic
directionsare given in Table 3-1. Piezoresistive cantilevers are usualy congtructed on
<100> wafers, so dong the dominant strain axis the <110> value of 1.7~ 10*! N/mis
used.

E (GPa) G (GPa) r (kg/md)

Si <100> 166 80
S <110> 170 62 2333
S <111> 190 58

Table3-1. Modulus of elasticity (E), modulus of rigidity (G) and density (r ) for
silicon and silicon nitride. The valuesfor the <100> and <111> arethe
extremes.

The resonant frequency for a cantilever is*

f, :anli2 (3.5)

E
r
wherer isthe materid density (2300 kg/n for silicon) and a , are coefficients for the
various resonant modes. For the fundamental mode, a1 = 1.01, so the fundamental
resonance is often gpproximated without the a parameter. The next resonant modes

occur at a» =6.36, a3 =17.81, and a4 = 34.90.
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3.2. Stress distribution in a cantilevered beam
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When atransverse load F is applied to the end of a cantilever, asin Figure 3-2, the

stress, s, in the beam is proportiona to the resulting moment M according to

s = # (3.6)

where the bending moment M= F(I-y) and for arectangular beam I=wt*/12. The stressis

then given as

s = 12(:M—3y)c F. (3.7)

For a beam loaded as shown, the top haf of theisin tendle siress dong the [110]
direction, and the bottom haf isin compresson. At the center of the beamisalayer
cdled the neutrd axis, which experiences zero sress. To first order approximation, the
dress digtribution increases linearly from the tip of the cantilever to the base, and varies
linearly across the beam thickness. Hafway through the thickness of the beam, thereisa
point of zero stress, where there is atrandtion from atensile stress to a compressve one.
The plane of these points dong the length of the cantilever is cdled the neutrd axis. The

variable ¢ denotes the distance from the neutrd axis.

As can be seen in Figure 3-1, equation (3.12) breaks down near stress concentrators
such as sharp corners, or notchesin the beam. The stress adso extends beyond the base of
the cantilever into the subgtrate. For many analyses, including this one, the
gpproximation of linearly varying dressis sufficient. According to equation (3.7), the
dressincreases linearly from the end of the cantilever to the base, and linearly from the

neutral axis out to the surface.
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Figure 3-1. Finite element model showing the stress distribution in a cantilever
beam. The stressincreases linearly along the length from the tip to the base, and
also linearly across the thickness. The bottom half is in compression and the top
half in tension.

A triangular beam could be used instead of the rectangular beam shown, and would
have the advantage that the width, and hence the area moment of inertia, |, also increases
linearly from the tip to the base. Such abeam would be no more likdly to fal under a
load, would have a congtant stress dong its length, and would have a higher resonant
frequency. Because most piezoresistive cantilevers have been rectangular, a rectangular
beam will be used in the remainder of this treatment.

3.3. The piezoresistive coefficient

To compute the sengitivity of apiezoresistor, expressed as DR/R per Newton, for a
cantilever with arbitrary dopant profile, the effects of the stress and dopant distribution
must be andyzed. The stress varies across both the thickness and length of the beam, and
the dopant profile varies across the thickness, so a complete derivation of the net effect

must involve integration dong both these axis.

A piezoresigtor with cubic symmetry responds to stress as
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Dr
r— =p;s . (38)

where s isthe resdtivity and p; isthe longitudina piezoresstive coefficient, dong the
direction of thetendle stress. There dso exigts atransverse piezoresstive coefficient,
usudly denoted as p;. Andogoudy to the derivation of the modulus of dadticity, the
piezoresstive coefficients are determined by p11, P12, ahd paa. Thedirection cosines are

again used to determine p; and p¢ in any other direction, according to

P, =Py - 2(p11 P p44)G, (3-9)

P =Py - 2(p11 P - p44)G' (3-10)

Coefficients for p-type and n-type slicon are given in Table 3-2. These numbers
are given for low doping levels, and therefore represent the maximum coefficients. For a
[100] wafer, the maximum piezoresistive coefficient occursin the [110] direction, where
Gis¥a Thisresultsinap; for p-type silicon dong the [110] direction of 71.840" m?/N.
Although higher values of p; can be obtained with n-type silicon, the high piezoresistive
coefficient occurs in directions that are inconvenient from afabrication point of view. A
gragphica representation of the piezoresstive coefficientsis available in the work of

Kanda>.
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P11 [10" M?/N]  p12 [10™ mPIN]  pas [10™ m?/N]
Qlti’gevf‘/'gno)” -102.2 53.4 -136
péygf\ﬁ_ g%f;“ 6.6 11 138.1
n-ty(%é ggv r_naif;ium 4.7 -5.0 -137.9
p-type germanium -10.6 50 46.5

(15 W-cm)

Table3-2. Piezoresistive coefficients for n-type and p-type silicon and

germaniun®.

3.4. Piezoresistor sensitivity

Subsequent calculations will assume a cantilever with the design shown in Figure 3-2.

The totd thickness of the cantilever ist. The path of the piezoresistor is defined by

solitting the cantilever base into two legs of length ey that extend some fraction of the

totd length |. The gap between the legs is assumed to be of negligible width, so that the

totd cantilever width isw and the legs are of width w/2. A summary of dl the variadbles

used in this paper can be found in appendix A.
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Figure 3-2. Diagram of integration variables and cantilever dimensions.

First consider athin horizontd dice dc of the cantilever, where c isthe distance from
the neutrd axis of the beam, as shown in Figure 3-2. For an infinitesmadly thin dice, the
stress and dopant are constant as afunction of thickness. A differentia length dy of thin

vertica dice has res stance of

_rdy

dRince _W ! (311)

wherer istheisthe resdtivity. The resstance from each vertical diceisadded in

series, giving the resstance for afull horizonta diceis

[
9rdy _2r g

Rslice =2 = 0 (312)
0leO dc wdc

with the factor of two entering because there are two legs. The resistance

contribution where the current changes direction to the return leg is neglected.

The andogous cdculation for DRyice is Where the piezoresistive effect enters. When

stressed, the resistance in this eement varies according to equetion (3.8) as
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Dr dy
D(dR,,..) = : 1
(ORue) =~ (313)
The change in resstance of the full diceistherefore
=rp, (- y)e
DRyice = 24 O— Fdy , 3.14
slice : WztSdC y ( )
which when integrated gives
rp, (- ey )l
— ! 2l (3.15)
DR, . =24 F.
Rsllce W2t3dC
For asingle dice, then, the sengtivity DR/R is
DR, P (- 12 3.16
lice :12 32 F . ( . )
Rslice wt

The maximum possible sgnd occurs at the surface, when c=t/2. If the doped region
exigs only at the surface, there are no other resistance contributions and the sengtivity is

DR _ 6p, (I - lleg/z) =

- — (3.17)

By including the spring congtant of the cantilever, and the rdlation F=kx, asmilar
equation can written for the maximum sengtivity to a displacement,

DR _ 3p Et( - ||eg/2)x.

(3.18)
R 2|2

The change isresistance is usualy measured by making the piezoresistor one quarter

of a Whesatstone bridge, so the measured output is Vou= (DR'R)(Vbiad4).
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3.5. Non-ideal dopant distributions

Equations (3.17) and (3.18) are smplified by the assumption of only measuring the
sress at the surface. For a better modd of the total fractional resistance change,
Tortonese formulated an efficiency factor b to be inserted in the numerator of the
sensitivity equations’. b is computed as the ratio of the complete DR/R, which indludes
the digtribution of the stress and dopant, to asmplified verson in which the sressis
assumed to be at the surface vdue. As such the efficiency factor which ranges between 0
and 1.

To compute the full sengtivity equations (3.12) and (3.14) can be integrated to sum
the contributions of each horizontal dice across the beam thickness. Sincethese are
resstors adding in paralld, it is convenient to convert to conductance to carry out the

integration. The conductance G is defined as /R, and it is easily shown that

DR_ DG

== (3.19)
Thetota conductanceis
t
G= z‘)de, (3.20)
121 (O)l

2

where the resgtivity now varies in across the thickness depending on the dopant profile,

s0 the integral cannot be solved in aclosed form.

The change in conductance can be rewritten from equation (3.19) as

DG =- ?, (3.21)

50 the contribution of asinglediceis
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i leg
26p, F(l )C
DG=-§ _2 dc (3.22)
T t Mg
2
Findlly the full sensitivity is
t
2 ¢ i
.. O =
3p, (- -2 i (©
R__DG_ 2" 5 F. (3.23)
O (©)

Thisform is generdly too complex to be of use for design calculations, hence the
factor b. Comparing this with the smplified equation assuming maximum surface stress,
and accounting for the difference with b yieds

b =

2 , (3.24)

<Y

2 &0 (p)m(p) p e e
' t/2p|(p)m(p)pdc

where the resistivity has been expanded according to r = (p;n) . Both the
piezoresigtive coefficient, p;, and the hole mohility, m are functions of the dopant

concentration p.

The advantage of thin piezoresistors

Of the key performance parameters, sengtivity, resonant frequency and spring
congtant dl improve with reduced cantilever thickness. From the smplified force
sengitivity equation (3.17), it is evident that reducing the thickness will improve the
sengitivity, but decreasing the thickness without adjusting the length will decrease the

Spring congtant, o this by itsdlf is not a complete metric.
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Condder the effect of a thickness reduction while maintaining afixed spring constant.
From equation (3.1) the spring constant is proportional to /1%, so t and | can be reduced
together without affecting the stiffness. The force sengtivity from equation (3.17) varies
as|/t?, it isevident that athinner, shorter cantilever resultsin anet force sensitivity
improvement. The spring congtant is usudly specified by the demands of the application,

S0 optimizing for force resolution given k aso optimizes for displacement resolution.

The bandwidth aso scaes favorably with reductionsin thickness. The resonant
frequency is proportional to t/1? from equation (3.5), so again, if the thickness and length
are reduced together, the spring constant remains unchanged while the resonant

frequency increases.

As an example, acantilever for high-gpeed AFM imaging may require a bandwidth
over 100 kHz and a spring constant below 0.01 N/m to minimize sample damage. From
equation (3.5) for the resonant frequency, aminimum vaue for t/I2 is specified. For a
practical minimum width of 20 mm, equation (3.1) for the spring constants then gppliesa
second congtraint to the ration of t/l. To satisfy these requirements the cantilever

thickness must be below 0.2 mm.

Figure 3-3 illudrates the displacement sengitivity versus thickness for lines of
constant spring constant, as well as lines of constant resonant frequency. For this case,
the legs are assumed to extend half of the total cantilever length, with the bias voltage of
5V. To read force senstivity from this plot, smply multiply the displacement sengtivity
by the spring congtant. The width of the cantilever in the plot isfixed a 10 mm, and the
length is adjusted to achieve the desired spring constant or resonance. The design space

of the cantilever in the previous example is indicated as the shaded region of the figure,

43
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Figure 3-3. Displacement sensitivity vs. thickness for a 10 mm wide cantilever
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region illustrates the design space for cantilevers with over 100 kHz bandwidth
and under 0.01 N/m stiffness.

One drawback to the use of amd| cantileversis the difficulty in approaching a surface

without crashing the corners of the cantilever chip, asilludrated in Figure 3-4. Such a

problem can be dleviated by piggybacking the cantilever on agiff extenson. If a50
mm:long 0.2 nmthick cantilever extends from the end of a 50 mm-long 2 mm-thick

support cantilever, 99.8% of the deflection will occur in the thin cantilever. The effective

length of the cantilever is therefore doubled, while the sengtivity is essentialy

unchanged.
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@

(b)

Figure 3-4. Angular alignment difficulties with short cantilevers. (a) A short
cantilever can have difficulty accessing a surface because slight angular tilt of
the chip may cause the chip corner to crash. This problemisalleviated in (b) by
piggy-backing the short cantilever on alonger, thicker substrate.

3.6. Summary

45

This chapter described the fundamenta equtions that describe the mechanica
characterigtics of the beam and the sensitivity of the piezoresstor to gpplied forces. From
these equations, it is evident that thinner, smaller piezoresstors are the route to improved

characteristics.



46 Chapter 3

References

1. Tortonese, M., Force Sensors for Scanning Probe Microscopy, Ph.D. Thesis,
Stanford University, 1993.

2. Nowick, A. S. and Berry, B. S., Anelagtic Relaxation in Crystalline Solids,
Academic Press, New York, 1972.

3. J deLaunay, "The theory of specific heats and lattice vibrations," Solid Sate
Physics, vol. 2, pp. 219-303, 1956.

4.  Timoshenko, S., Young, D. H., and Weaver, J,, Vibration Problems in Engineering,
5th ed., Wiley, New Y ork, 1974.

5. Y.Kanda "A graphica representation of the piezores stance coefficientsin sllicon,”
|EEE Trans Electron Devices, vol. 29, no. 1, pp. 64-70, 1982.

6. Harris, C. M. and Crede, C. E., Shock and Vibration Handbook, McGraw-Hill,
1961.



Chapter 4 47

Chapter 4. Constructing Ultrathin Piezoresisitve
Cantilevers

It was established in Chapter 3 that thin cantilevers provide increased sengtivity and
bandwidth for a given soring constant. The ability to condruct thin piezoresistive
cantilevers will expand the design space in ways that are physicaly impossible with
thicker devices. In this chapter, the standard fabrication techniques for piezoresistive
cantilevers will be introduced, and then modified to dlow thinner devices. Datawill be

presented on actual devices under 1000 A thick.

4.1. Standard Fabrication Procedure

The fabrication of piezoresgtive cantilevers generdly ill follows the technique
developed by Tortonese et al. A cantilever-shape is defined on the top layer of aslicon
on-insulator (SOI) wafer. It isthen doped with boron to create a p-type conducting layer,
ameta is deposited for contact to the doped layer, and the cantilever isreleased by the
remova of the bulk slicon undernegthit. This processisoutlined in Figure 4-1.
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Figure4-1. Generic process for the fabrication of a piezoresistive cantilever.

(@) starting substrate of silicon-on-insulator (SOI) wafer (b) cantilever and leads
are etched in top silicon (c) top silicon is boron doped through part of its
thickness, and p+ contacts are implanted at the base of the cantilever (d) metal
leads are deposited (e) the wafer is etched from the back side, stopping on the
buried oxide (f) the oxide is removed, releasing the cantilever.

Variations on this process flow are used for most piezoresistive cantilevers. Process
changes tend to involve the dopant introduction and possible coatings to improve the
noise characteristics. A thin (~1000 A) oxide is often grown after the dopant introduction
in gep (c), nomindly to passvate dangling bonds and thereby reduce the noise. The
effectiveness of this agpproach will be discussed in the section on piezoresistor noisein
Chapter 4.

The fabrication of thinner piezoresgtive cantileversis difficult for two reasons. Firg,

thin cantilevers are more fragile, and physicaly harder to release without damaging them.
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Release techniques such as critical point drying! can be used, however, and 400 A non-
piezoresistive cantilevers have been fabricated®. The second fabrication difficulty is
related to the eectrica properties of the piezoresistor. Thin piezoresistors are difficult to
fabricate because the dopant must not be allowed to spread through the cantilever
thickness. Aswas shown in Figure 3-1 haf the thickness of aloaded cantilever isin
compressive dress, and the other hdf isin tensle dtress. If the dopant isevenly
distributed through the cantilever, the sgna from the compressive bending stress on one

sdewill cancd the tensle dress signd from the other.

Following their invention, the major performance advances of piezoressive
cantilevers have come through reduced thickness. At each step, different techniques have
been employed to circumvent the stress-dopant distribution problem. The first substantial
improvement over the origina 2 to 4 mm-thick piezoresstive cantilevers by Tortonese et
al. wasby Chui et al., who made 1 nm-thick cantilevers by implanting a borondoped
piezoresistor through a protective oxide and activating it with arapid thermal anneal®.
Pre-oxidizing the cantilevers and implanting through the oxide diminates the diffuson
from a passvating oxide gromh annedl that Tortonese had used. Ried et al. made 0.3
mm-thick cantilevers by usng alower energy implant, again arapid therma anned, and a

low temperature oxide for passivatiort'.

For sub-micron thick cantilevers, it is difficult to confine the dopant to only the top
haf of the beam, and the 0.34 nm-thick cantilevers are gpproaching the minimum
thickness achievable with conventiond ion-implantation. The damage from the implant
results in transent enhanced diffusion, which causes a 1000-fold enhancement of the
boron mobility, even for rapid therma anneds®. Until the boron atoms find their lattice
gtesin the crystd, even dight annedl's cause substantia diffusion of the doped layer.
Anneding is required to achieve thisimplant activation, So some transent enhanced

dopant diffuson is an inevitable consequence.

49
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An dterndtive gpproach to improving the cantileversisto include other resstors on
the chip®. If acantilever hastwo identical piezoresistors, it can be used as two of the
resstors in the Whegatstone bridge, thereby gaining afactor of two in sengtivity. The
increase in cantilever size required to accommodate two resitors requires alarger
cantilever, however, so the net effect may be mitigated somewhat. A second resstor can
alternatively be added e sawhere on the chip, perhgps on adummy cantilever, in order to
decrease temperature sengitivity. For most AFM measurements, the time scale issuch
that temperature fluctuations are not critica, but where low frequency drift isanissue, a

dummy resstor can be an effective remedy.

4.2. Epitaxially grown piezoresistors

The thickness limitations of ion implantation can be overcome by using vapor phase
epitaxy. In vapor phase epitaxy, a clean surface of silicon is exposed to sllane and borane
gasses at temperatures ranging from 800° C to 1200°C, resulting in growth of boron
doped silicon layers at about 10 A/sec a 800 °C. A 300 A-thick boron-doped layer can
therefore be grown at 800 °C in 30 seconds, during which time thereis negligible
diffuson. The dopant concentration is set by the concentration of the borane gas, and the
epitaxy results in a step-like doping profile. Thisisin contrast to implanted atoms, which
follow a Gaussian profile. Furthermore, the dopant is active in the lattice as grown, so an
activating anned is unnecessary and there is no trangent enhanced diffuson. Some
additiona annediing istherefore tolerable.

A TSUPREME-IV smuldion of an epitaxidly grown prafile is shown in Figure 4-2,
both as grown and after a 3-hour wet anneal at 700°C which grows 200 A of thermdl
oxide. Before theimplant, the doping concentration drops amost five orders of

magnitude in under 10 nm. After the anned, thereis fill an order of magnitude drop in
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that distance. From these profiles, cantilevers well under 100 nm thick should be

possble. Thevdidity of this smulation is shown in the experimenta results of section

4.3,
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Figure4-2. TSUPREM -4 simulations showing the dopant profile immediately
following epitaxy, and after a 3-hour anneal at 700 °C.

One advantage of implantation is the ability for easy patterning with a photoresst
mask. The same result can be achieved epitaxidly by patterning parts of the surface with
oxide, and then dternating growth steps with etching in situ using gaseous HCl. Silicon
that is deposited on the oxide layer is amorphous and is quickly removed during the
etching cycle, whereas the single crystd slicon is not. This cgpability isastandard

feature of vapor-phase epitaxy reactors.

4.3. Detailed epitaxy fabrication procedure

The starting material for these devices was a SIMOX SOl wafer with 22000 A top
layer of <100>, 10-20 W-cm p-type silicon on a4000 A thick oxide. The silicon layer
was thinned to 800 A by growing atherma oxide and stripping it with buffered oxide
etch (BOE). After cleaning, the wafer was loaded into the epi reactor, and cleaned in the

chamber for 30 seconds in gaseous HCI. Thistypically removes another 100 A of silicon.
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Approximately 300 A of epitaxial silicon was then grown at 800°C, doped to its solid
solubility limit of 4 10™° cm®. The cantilevers were then photolithographically paiterned

and plasma etched, and 10® cmi of boron was implanted at 30 keV for ohmic contacts.

To activate the contact implant and passivate the piezoresistor surface, 200 A of
therma oxide was grown in a3 hour wet anned a 700°C. According to TSUPREM-IV
amulations, previoudy shown in Figure 4- 2, the dopant diffuson fromthissepis
minima. The front Sde processing was completed with the evaporation and patterning of
auminum leads and a 1- hour forming gas annedl a 400°C. The forming gasanned is
critica for the 1/f noise characterigtics, which are at least an order of magnitude worse
without it. The effect of the 3 hour annedl, which was aso included to improve 1/f noise,
is discussed further in Chapter 3.

The release for these cantilevers was done using a Bosch deep reactive ion eich
(DRIE) from the back of the wafer. After the DRIE, they are still embedded in a
protective photoresst on the front side and the buried SOI oxide on the back. A dipin 6:1
BOE was used to remove the oxide, and after unsuccessful attempits to cleanly remove
the photoresist layer with an O, plasma etch, an acetone dip followed by critical point
drying was ultimately used . Upon release from the photoresist it was discovered that
due to surface tenson, the BOE had not cleared out the oxide at the bottom of the etch
holes. A few cantilevers were set asde for reference, and the rest of the wafer was
dipped in pad etch, which could access the now-exposed oxide from the front of the
wafer. This etch removed both the SOI buried oxide and the 200 A passivating oxide
around the cantilevers. Thisaccidental loss of the passivating oxide did not adversdy

dffect the noise of the devices.

" Critical point drying was performed at Hewlett-Packard L abs.
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4.4. Results: 100 nm-thick piezoresistive cantilevers

A variety of cantilevers between 870 A and 900 A thick were fabricated using the
epitaxy approach. These devices represent a factor of 4 thickness reduction compared to
the thinnest implanted piezoresistive cantilevers®, and a factor of 20 reduction compared
to current commercia piezoresistive cantilevers’. The thickness values were measured

using an ultra-violet reflectometer.

The cantilevers range in length from 10 mm to 350 nm and in width from 2 mm to 44
nmm, four of which are shown in Figure 4-3.

Figure4-3. SEM of 87-91 nmthick cantilevers. (2) 10 mm”~ 8 nm (b) 50 mm”
2mm(c) 40mm”~ 20mm (d) 350 M~ 44 nm. Cantilever (d) isat a40% scale
compared to the others.

Note that thereislittle evidence of curling even in cantilever (d) despite the extreme
length to thickness ratio of the cantilever. Althoughthe4” 10° cm® boron dopant
concentration introduces some compressive stress, the stress is not large enough to pose a

concern for cantilever bending.

The cantilevers range from 0.1 N/m stiffness and 2 MHz resonant frequency to
0.00003 N/m dtiffness and 1kHz resonance. A generd-purpose 50 nm” 2 mm wide
cantilever has spring constant of 0.001 N/m and a 50 kHz bandwidth.
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The sengtivity of the cantilevers was measured by using a piezodlectric actuator to
press them with known deflection againgt a solid surface. The results for the longest
cantilever, with the best force resolution, are shown in Figure 4-4. Comparing this
sengtivity to that predicted by equation (3.17), gives ameasured sengtivity of 70 % of
the theoretical maximum, or b=0.7. Thevaueof b predicted from the smulation can be
computed by integrating the profile of Figure 4-2, and resultsin avaue of 0.65. This
suggests that the smulated doping profile is a good gpproximation, and that the epitaxy
gpproach isvdid for thin cantilevers.
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Figure4-4. Responseof 0.089 mm”~ 44 mm” 350 mm cantilever to 1 mm and
0.1 mm displacements. The spring constant is0.00003 N/m, so these are forces
of 33 pN and 3 pN respectively. The bandwidthisfrom 1 Hz to 1200 Hz.

This method of measuring sensitivity was not found to be repeatable for the longest
cantilever, with results varying dmost an order of magnitude, some better and some
worse than thisone. The problems here are andogous to those discussed in section 2.1
regarding cantilever spring congtant cdibration. Any dight tilt in the cantilever mounting

angle introduces substantial buckling forces. The piezodectric actuator that provided the



Chapter 4

Z-motion in the scans was d o visbly introducing some unwanted motion inthe x and y

directions that gpplies atorque on the beam.

The cdibration of the shorter cantilevers using direct bending with a piezodectric
tube was more repestable, but suffered from a different problem. Misalignment of the
backs de etch during fabrication resulted the top silicon layer overhanging the backside
cavity 20-50 mm at the base of the cantilever. The gpplied displacements are then
absorbed by the deflection of the thin sillicon layer a the base of the cantilever, reducing
the measured sensitivities by up to 50%. This problem could be avoided with a thicker

top substrate such as the piggy-back cantilever shown in Figure 3-4.

In order to more accurately cdibrate the senstivity of the largest cantilever, a second
sengtivity measurement was made using the thermomechanicd noise of the oscillator. In
avacuum, the resonance qudity of this oscillator is enhanced from about 5 up to 85, and
the thermomechanica motion at the resonant frequency is then visible above the other
noise sources of the cantilever. This motion was measured with the piezoresstor and al'so
with a cdlibrated laser vibrometer to compute the displacement sengitivity. The
piezoresistor response to thermomechanica noiseis shown in Figure 4-5, dong with the
theoretical thermomechanica noise and vibrometer data from another cantilever of the
same geometry but dightly different resonant frequency. The sensttivity value of the
piezoresstor in thisfigure is conastent with the AFM sengtivity measurement of Figure
4-4,

55
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Figure4-5. Piezoresistor response to thermomechanical noisein a30 mTorr
vacuum. The theoretical thermomechanical noiseisalso indicated for this
oscillator with aQ of 60. The dotted points are vibrometer data from another
cantilever of the same geometry but slightly different resonance. The
vibrometer noise floor isafactor of 5 below that of the piezoresistor. The
piezoresistor sensitivity shown here is consistent with the sensitivity of Figure
4-4.

For piezoresgtive cantilevers, the most frequently quoted bandwidth is from 10 Hz to
1 kHz. Inthat bandwidth, the resolution of this cantilever is500 fN. At its best
frequency (near 1 kHz), it achieves aresolution level of 8 fN/OHz. A typica commercia
cantilever has force resolution of only 0.5 nN in the 10 Hz to 1 kHz bandwidth, so for
pure force resolution, this cantilever represents a three order of magnitude improvement.
These performance specifications are Smilar to those achievable using optica
tweezers™®,
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4.5. Outstanding fabrication issues

The back side etch to expose the cantilever and the final release step are the two

processing steps that are most troublesome.

Back-side etching

Tortonese and Chui both used wet etches to make windows under the cantilevers and
define the chip. This has the two disadvantages. The firgt isthat the 55 degree angle of
the exposed <111> planesuses alot of red estate on the wafer. It dso makes definition
of thefind chip problematic due to the rgpid etching of convex corners. Without the
ability to etch convex corners, the chip will be attached to the wafer at al four corners,

and quite resstant to breaking from the wefer.

The second disadvantage of wet etching is that the front Sde of the wafer must be
protected. Protection from tetra- methyl-ammonium hydroxide (TMAH) or potassum
hydroxide (KOH) can be achieved using polyimide pluswax and aglass plate, usng a
layer of nitride, or angle-sde etcher. The polyimide-wax method was found to require
close monitoring for the 8 hours of the etch, since lesks in the wax occur quite frequently.
Ethylene diamine pyrochatechol (EDP), an dternative to TMAH that can be masked

using only polyimide, is now unavailable in most clean rooms due to safety concerns.

Anocther dternaive to protecting the front of the wafer isto deposit slicon nitride. On
ametdlized wafer, this requires a PECVD nitride chamber, and the resulting film tends to
be full of pinholes through which the TMAH can penetrate. As another dternative, oxide
layers proved to be an unsatisfactory TMAH mask, as oxide protected features eroded far
sooner than predicted from published etch rates'®.

Because of these difficulties, most of these cantilevers were etched using the DRIE
process. Such an etch stops readily on the buried oxide layer of the SOI wafer, requires
little in the way of front Sde protection, and is not limited in the shape of the etch.
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Because larger areas etch faster than dower ones, easy-to-release chips can be fabricated
by taking advantage of thisin the mask design shown in Figure 4-6. The centrd chip will
be supported by the two tabs at the bottom. If the space between the chip and tab is
around 10 microns, with the rest of the spaces a least 50 microns wide, the thin spaces
will only be etched about hdfway through the wafer, enough to alow the chip to be
broken off cleanly and eesily.

Figure4-6. Backside release mask for DRIE release. The space between the
central chip and the bottom tabs etches more slowly than the rest, so the
completed chip is supported by two tabs which are pre-scored to break off
cleanly.

For amore compact packing of devices, acombination of DRIE and dicing can be
used. If thefront of the wafer is protected with a polyimide layer, then it can be diced
after the DRIE etch. In this case the backside etch holes can be just large enough to

expose the cantilevers, rather than amoat surrounding the chip, as shown in Figure 4-6.

Buried oxide removal

Both awet etch and a deep reactive ion etch stop on the buried oxide of the SOI. This
oxide must then be removed. A plasmaetch can be used, but if DRIE was used for the
dlicon removd, the sdewalls may have negative dope and will then shadowmask the
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oxide. A wet etch such as buffered hydrofluoric acid is more convenient for the oxide
remova and more sdective to silicon, but the surface tenson tends to prevent the acid
from entering the rdease holes. Thisis particularly problematic for DRIE etched wafers,
which are coated with a polymer resdue. Adding a surfactant (X-14) to the oxide etch
does not improve matters noticesbly. Simply avoiding smdl holesis another option, or,
snce the passivating oxide did not prove to be important, etching the oxide with pad etch
from the front surface of the wafer is dso a possibility.

Cantilever release

Ancther difficulty which plagues both the DRIE and the wet etch approach isin the
fina release of the cantilevers. Mot of the cantilevers discussed in this research are too
delicate to be removed directly from aliquid. Astheliquid dries the cantilevers are bent
backwards by the surface tension of the receding liquid-air interface until they are broken
or pinned to the chip. Critical point drying is an effective technique to avert this problem,
but requires specidized gpparatus not found in most clean rooms.

The other option isto embed the cantileversin membranes that protect them during
drying and can then be selectively removed in adry plasma. Organics such as polyimide
or photoresist can serve this purpose, but the membrane removal proved surprisingly
challenging. Frequently, even after prolonged O, etches tendrils of blackened polyimide
or photoresist remain on the cantilevers and around the release holes, as shown in Figure
4-7. ldentica wafers without release holes come perfectly clean, suggesting thet it is
some feature of the membrane that impedes clean remova. | postulate that because the
membranes do not have silicon nearby to conduct away the heat they char into a semi-
permanent form. Piranhaetch (H.SO4 + H205) will dso not remove these remains. This
problem did not occur on al the wafers, but when did occur, it was regrettably necessary

to discard the cantilevers.
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Figure4-7. Polyimideresidue on FABS cantilevers after O, plasmarelease.

4.6. Summary

To address the problem of dopant spread, epitaxial growth was used to create a doped
piezoresigtive layer. The technique was demongtrated by the condtruction of high-
sengtivity cantilevers under 1000 A thick. The basic fabrication procedure, aong with
the mgor processing difficulties of the backside etch and rel ease, was also described.
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Chapter 5. Noise in piezoresistors

5.1. General noise observations

Piezores stive sensors have two main noise sources, both easly distinguishable on a
typica noise spectrum vs. frequency, as shown in Figure 5-1. At low frequencies,
resstors suffer from conductance fluctuations, usualy called 1/f noise because the noise
power density [V2/Hz] decreases as one over the frequency. In addition to thisis Johnson
noise, which isindependent of frequency, and shows up on a frequency spectrum plot as
horizonta line. Johnson noise is fundamenta, due to thermd energy in aresigtor, and is

well-understood’.

10
N
E 1/f noise
S i
L Johnson Noise
-8 | IIIIIII| | Illlllll\llllllll | [
10 4
10 100 1000 10

Frequency (Hz)

Figure 5-1. Typical measured cantilever noise spectrum from thin (1000 A)
cantilevers showing Johnson and 1/f noise. Typical cantileverstransition from
1/f to Johnson noise in the low hundreds of Hertz.
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The cause of 1/f noise, on the other hand, is till an active area of research, and
despite the fact that it is the dominant noise source for most piezoresistors, it has not been
properly included in a piezoresistor analysis. It will be shown that a 30 year-old
empiricdl modd of 1/f noisein aresistor? is applicable for piezoresistors. This model has
clear dependencies on the sensor geometry and processing, and provides the missing link

for acomplete optimization.

5.2. Johnson noise

The Johnson noise of a piezoresigtor is afundamentd limit, set by the thermd energy
of the carriersin aresigtor, and dependent only on the resstance, R, and the temperature,
T. Itiswhite noise, independent of frequency. The voltage noise power density S; (units

[V?/Hz]) in ameasurement bandwidth from frin tO frma i

S, =4k TR(f, . - frin ), (5.1)

where the subscript J indicates thet it is the Johnson noise.

Figure5-2. Schematic of piezoresistive cantilever with variables.

For a step doping profile of thickness tg, the total Johnson noise depends only on the
geometry and the doping. For the geometry given in Figure 5-2 the resstance is
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approximated by R=(4legr )/(Wtg). The resdtivity of the doped region is defined as

r= (m)qp)'l, where mis a known function of the dopant dengity. The factor of 4 enters
because the cantilever has two legs, each of width w/2 and length lieg. The total Johnson
noise power for agiven geometry and doping is therefore

— 16k, Tl

2
V.] - \Ntqup (fmax - fmin)' (52)

Although the overdl resistance sets the Johnson noise level, minimizing Ris not
usudly a priority for the following reason: the sengitivity is proportiond to the bias
voltage, which isin turn limited by the power dissipation of the device (Vg?/R= constant),
s0 Vg= \VRonstant. Since both the sensitivity and noise vary as\/ﬁ, the Johnson noise
due to high resistance can be compensated for by an increased bias voltage. The
minimumvaue of Risin fact more of a concern, and should be high enough to exceed
the voltage noise of thefirg stage of amplification. For the AD624 instrumentation
amplifier, the voltage noise is 4 nV/CHz, which is equivaent to the Johnson noise of a
1 kW resistor. The current noise of the AD624 is 200 fA/OHz above 10 Hz, soin that
frequency range the Johnson noise of the resistor will exceed the current noise up to a

resistance of 400 kW.

5.3. 1/f noise

Hooge noise theory
In 1969, F. N. Hooge put forth the empirica observation that the 1/f noise spectra
density (units[V?/Hz]) of ahomogeneous resistor is dependent on the total number of

cariersin the resstor, according to the equation:
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aVy’
Nf

S, = (53)
where Vg is the bias voltage across aresstor with atota number of carriersN, and f is
again frequency?. a isadimensionless parameter which, for an implanted resistor, has

since been found to vary depending on the anneal®.
If equetion (5.3) isintegrated from fmin to frax, then the voltage noise power is

[ 2 o)
V,* _ Ve | B x. (5.4)
N fmin ﬂ

Note that for any decade of frequency, the integrated 1/f noiseis constant. Thetotal
noise between 1 Hz and 10 Hz isthe same as that between 1 kHz and 10 kHz. Although

the bandwidth is much grester in the latter case, the noise leve is correspondingly less.

For a congtant doping concentration, the number of carriersis proportiona to the
volume, so the 1/f noise power density variesinversdy with the cantilever volume. This
is an unfortunate result for the progpects of further cantilever miniaturizetion. The Hooge
noise is not dependent on the res stance Snce along thin resstor with high resistance can

have the same number of carriers as a short, wide, low resstance one.

Verification of the Hooge formula

Weinitidly happened onto Hooge noise as the source of our 1/f problems after a set
of thin epitaxid cantilevers showed unusudly high 1/f noise characteristics. Four of
these 0.1 nm-thick cantilevers were pictured in Figure 4-3.  Plots of noise vs. frequency
for these cantilevers are shown in Figure 5-3.  This data set suggests that there is
something systematic in the 1/f noise of these piezoresistors, since the noise levels are
ordered according to the sSize of the cantilevers. These noise levels are aso higher than

those reported for other thicker cantilevers from the literature, whose 1/f noise corner is
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typicaly in the low hundreds of hertZ*°>. Some 1 mm-thick cantilevers from the same
fabrication run as the cantilevers of Figure 5-3 had much lower 1/f noise, so the epitaxid

processitsaf could not account for the excess noise.

10-6_ I IIIIII| L IIIIII| L IIIIII| L |:
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Figure5-3. Noise spectraof the 100 nmthick cantilevers shown in Figure 4-3.
@10mMm” 8mm (b)50mMm”~ 2mm (c)40mm”™ 20 mm (d) 350 nm”™ 44 mm.

The piezoresistive region is not the same percentage of the total cantilever
volumein all cases.

Our initid explanation was that because the passivating oxide on the cantilevers had
been removed (see section 4.3), surface noise effects were dominating. A set of
cantileversthat had not been released or stripped of their oxide showed the same noise
spectra, however, discounting that hypothesis. The ability to remove or omit the
passvating oxide, in fact, has pogtive implications for thin piezoresistive cantilevers,
since for such thin cantilevers even a thin oxide passivation contributes a substantia
percentage thickness and results in undesirable bending from the compressive stress of

the oxide.
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To test the Hooge noise relaion, the total number of carriersin each cantilever was
cdculated usng afinite dement analyss. The 1/f noisefor avariety of cantileversis
plotted as afunction of the effective number of carriers, N, in Figure 5-4. The plot shows
cantilevers of different lengths, widths and thicknesses, ranging from 970 A to 2.2 mm
thick. The square points are from this work, for 300 A-thick 440° cm® boron doped
epitaxidly grown layers with lengths ranging from 10 mm to 350 nm and widths ranging
from 4 mm to 40 nm. Fgure 5-3 dso includes points from thicker cantilevers previoudy
published by other authors.
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Figure5-4. Measured 1/f noise power density at 10 Hz vs. number of carriers
for piezoresistive cantilevers. A line of slope -1 indicates the Hooge model. The
point from Tortonese et al. has a greater anneal than the others (see section 6.3).

This plot further contradicts the notion that surface qudlity is paramount in the 1/f
noise leve of aresstor, Snce the data shows increasing noise as the surface area
decreases. If the hypothesis were put forth that the surface to volume ratio were the
important parameter, then cantilevers with congtant thickness and doping should al have

the same noise, because their surface to volume ratio, (Wl)/(wit), is constant. The square
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points plotted in Figure 5-4 are from cantilevers of the same thickness and doping,

indicating thisis aso not the case.

Computing the number of effective carriers

For arectangular resistor with constant doping concentration, N=pwit. For non
rectangular resstors, where the current dendty is not congtant, the equivaent number of
carriersis more difficult to compute and the smple formula of equation (5.3) cannot be

directly applied.

Intuitively, carriers near the tip of the cantilever should not beincluded in the
computation of N, since they are not involved in the conduction. Thisisindeed the case,
and amore complicated formula must be used, which weights carriers by their

contribution to the current density. This can be written a°;

a
|2 f

2

S, =—2 {3 )? L dxdydz (5.5)
p

where | isthetotd current and J isthe current dengty. Theintegrd istaken over the

full volume of the cantilever.

To usethis formulaon anon-trivid geometry requires knowledge of the current
densty, which usudly entalls afinite dement solution, such as that shown in Figure 5-5.
Note that highest current dengity is a the corner where the current changes direction.
Since the current dengity contributes noise power to the fourth power it istherefore

advisable to minimize sharp cornersin the current path wherever possible.



70 Chapter 5

Figure5-5. Finite element solution of current density in a cantilever. The
current travels out the top leg, and returns on the bottom leg, with the highest
current density near the corner where it changes direction.

For back-of-the-envelope caculations, one can define a square of resistance astheleg
width squared, and compute the number of carriersin one square. Knowing the totdl
number of squares from a measured value of resistance then gives a close gpproximation

of N.

Sharp corners pose a difficulty for counting squares without rea devicesto measure.
Table 5-1 shows four smulated geometries, and the number of squares of resistance
associated with each. This should be a sufficient tool to adequately approximate most
structures for design purposes. Some of the shapesin the table can be constructed from
sub- shapes, which gives an idea of the errorsinvolved in building from simple cases.
Although the equivaent number of squares resistance can be obtained from Schwarz
Christoffel conforma mapping’, these values were obtained with a finite eement mode.
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| -

(@) 1.42 Squares (b) 2.55 Squares
|
(c) 2.88 Squares (d) 4.05 Squares

Table5-1. Building blocks for computing the number of squares resistance.
The bold lines at the ends of the structuresindicate lines of constant potential
where the bias voltages are applied.

In many cases, however, goproximating the number of carriers as the dengity times
the doped volume of the legs (N=1iegtqw) is adequate. Then, asfor Johnson noise, the
Hooge noise can be predicted based on only the doping and geometry as

— aVZ  o&f 0
v, 2=—"¢ Ing ma £ (5.6)
IIegtdwp fmin a

5.4. Thermomechanical noise

Another possible noise source for consideration in piezoresistive cantileversisthe
thermomechanica noise®. Thisis the mechanical analog of Johnson noise, and consists
of physicd oscillaions due to therma energy in the beam. Thermomechanica noise has
yet to be alimiting factor for the low frequency noise of any piezoresgtive cantilever, but
has been observed for high-Q cantilevers on resonance’® and could particularly be a factor
in resonant sensors where the noise spectrum near the resonance is of consequence. The

cantilevers reported in thiswork are the closest to DC thermomechanical noise of any
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thus far reported. The Johnson noise of the softest cantilever comes within afactor of 5
of the low frequency thermomechanica noise.

Thermomechanica noiseis effectively awhite noise drive [N%/Hz] of force power
density

(5.7)

Thisdrive sgnd passes through the trangfer function of the cantilever. If the damping is
independent of frequency, the fundamental mode can be well represented as a second

order oscillator as

Hw) = ]{m : (5.8)
(Wo2 - Wz) +(wow /Q)?
0 the resulting displacement noise spectra density [mf/HZ] is
aw kT
Shw) =—— L (5.9)

mQ (Wo2 } W2)2 + (WOW/Q)2 |

At low freguencies the displacement noise isindependent of frequency, which, rewritten
to include the pring congtant, k; is

4k, T
kw Q"

Sn = (5.10)
At resonance the amplitude is increased by afactor Q, with awidth of fo/Q at the —

3dB points. Above the resonance the noise rolls off at —40 dB/decade, athough there will

be higher order modes present which are not included in thismodd. The amplitude [m]

of the noise oscillaions as afunction of frequency is shown in Figure 5-6.
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Displacement Amplitude

; R S ;

Frequency

Figure 5-6. Displacement as afunction of frequency for the thermomechanical
noise of an oscillator, illustrating two methods to measure Q from such a
diagram.

Note that in Figure 5-6 the definition of fo/Q as the width at the —3 dB point is not the
full width haf maximum of the curve. The définition of fp/Q asthe width at half
maximum is true only on a power plot [n7], and not on aplot of amplitude [m]. In either
case, Q is defined with reference to the —3 dB point, but on a power plot there are only
10 dB per decade, s0 the haf maximumis—3 dB. In an amplitude plot there are 20 dB
per decade, so the —3 dB point is where the amplitude has dropped by 1/C2. This
definition of Q can be verified by showing that the amplitude of H(w) at f=fo+fo/2Q (from
equation (5.8)) isvery doseto hdf of H(w) at f=fo.

5.5. Summary

The three mgor noise sources for piezoresstive cantilevers were identified: Johnson

noise, 1/f noise and thermomechanica noise, and equations for each in terms of beam
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dimensions and electricd characteristics are provided. 1/f noise was shown
experimentdly to follow the Hooge relation for piezoresstors. These noise sources will

provide abasis for acomplete piezoresstor optimization in the following chapter.
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Chapter 6. Optimization of piezoresistor design
and processing

With the addition of the Hooge noise relaion of equation (5.3) to the sengitivity and
Johnson noise equations, the impact of geometry and doping on the mgor noise sources
and the sengtivity isnow known. The anadlysis of Chapter 2 can now be extended to a

full optimization of cantilever resolution.

The pattern of the optimization trade-off is repested severa times. Improvements
designed to help the noise by increasing the number of carriers or lowering the Hooge
constant, a, hurt the sengtivity, ether by lowering the b of equation (3.24) or reducing
the piezoresistive coefficient p.

The dectrica processing of the cantilever has no effect on the thermomechanica
noise, which is specified entirely by the spring constant, resonance frequency and
resonance quaity. The particular choices of length width and thickness once k and wy are
gpecified have no bearing on the thermomechanica noise, except perhapsin the Q of the
oscillator. For these reasons, and congdering that no piezoresistive cantilever has ever
been limited by low-frequency thermomechanica noise, the optimization which follows

concerns only Johnson and 1/f noise.

6.1. Geometrical design optimization

77

Thickness
As edtablished in Chapter 2, for high sengtivity and bandwidth cantilevers should be
made asthin as possble. Thinner cantilevers have increased bending stress from applied

forces, and the lower mass permits higher bandwidth for a given spring constant. Aswas
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shown in the previous chapter, however, 1/f noiseisworse for smdler cantilevers. 1t will
be demonstrated in this chapter that the low frequency resolution isworse for athin
cantilever, despite the increased sengtivity. The cantilever should therefore be made as
thin as necessary to satisfy the spring constant and bandwidth requirements, but no
thinner, if it isto be used as alow frequency transducer. For cantileversthat will measure
resonant shifts, or are otherwise primarily concerned with higher frequency sgnds, the
device should be made as thin as possible.

Width

From equation (3.17), it is evident that reducing width can improve force sengtivity
aswt. Inthis case it reduces the spring constant, but not the resonant frequency.
According to equations (5.2) and (5.6), the voltage noise from both Johnson and Hooge
sources varies aswY 2 so the resolution varies aswY?. From this perspective, cantilevers

for force resolution should be as narrow as the lithography limitations alow.

However, if the width isto be reduced without changing the spring congtant (i.e.
reduce the length at the same time), the force sensitivity only improves asw ™2, and both
the 1/f and Johnson noise gets worse according w22, In this case, the force resolution for
afixed spring constant actually improves for wider cantilevers, but varying only asw ™/,
With the spring congtant fixed, the displacement resolution in this case dso varies as
w8 again dightly favoring wider cantilevers. This variation is so dight, however, that

any convenient width vaue will do, and much concern need not be given to the matter.

Leg length

Once the thickness, spring constant and width are chosen, the length of the cantilever
isfully determined. Theratio of the leg length, | eg, to the total length | till remainsto be
chosen, however. |If the legs extend the full length of the cantilever, the number of

cariersis maximized, to the benefit of the Hooge noise, but thereisalossin sengtivity
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due to the extra resistance near the tip of the beam where the stresses are low. Conversdly,
if the legs had nearly zero length, the piezoresistive region would dways see the

maximum possible stress, but the resistor would have increased Hooge noise dueto a

lack of carriers. By writing afull expression for the displacement resolution, the

optimum leg length can be computed.
If the piezoresistor makes up one corner of a Wheatstone bridge, the output signal is

V; DR
=8 6.1
ow =, R (6.1)
and an expression for the displacement resolution which includes both noise sources

and the force sengtivity can be written:

avy | &, 0 16kTly al )
Iegt Wp gfmlné Vthrn:]p h "
Vg p Etad-| 0
8l° 2 5

(6.2)

min —

In this case the firgt term in the numerator is the contribution of Hooge noise, and the
second is the contribution of Johnson noise. The denominator is an expresson of the
sngtivity.

If l,eg in equetion (6.2) isreplaced by a%, where a isthe fraction of the total length that
the legs extend, then the resolution can be written as afunction of a. Differentiating Xmin

with respect to a then gives an optimd ratio of the leg extenson.

The calculated displacement resolution for atypica cantilever® is shown in Figure
6-1, dong with the resolution limited by Johnson and Hooge noise independently. The
VUt limited resolution dways has aminimum at a=2/3, and the Johnson limited resolution
increases monotonically, so there is no reason to extend the legs beyond two thirds of the

cantilever length. For leg length less than one third the totd length, the 1/f noise
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increases dramatically, unless the cantilever is dominated by Johnson noise. For the rest

of thiswork a=0.5 will be used as an optimd vaue for the generd case.
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Figure6-1. Plot of noise vs. leg length ratioa for standard cantilever' ina

bandwidth from 10 Hz to 1 kHz. The dotted curve indicates the 1/f noise, and the

dashed curveisthe Johnson noise. Thermomechanical noise with aQ of 50
would add ahorizontal linetothisgraphat 4 10 m, and istherefore a
negligible source of noise.

At this point, the cantilever geometry has been optimized, but there remain severa

important processing decisions that will affect the performance. The appropriate doping

level must be chosen, as well as the thickness of the doped layer. Following that, surface

trestments and an gppropriate anned must be chosen to minimize the noise without

unduly reducing sengtivity.
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6.2. Dopant concentration

There are two mgjor decisions to be made regarding the dopant: 1) how deep should it
extend into the cantilever, and 2) what is the appropriate concentration. Both decisions
involve atrade-off between sengtivity and noise. The depth and concentration are

independent for the optimization, so they can be treated separately.

Dopant depth

The optimum depth of the doped layer involves a trade-off of reducing the noise at
the expense of reduced sengtivity. If the doped layer isvery shalow, the number of
cariersis amdl and the 1/f noiseis high, but if the doped layer isvery deep, b (see

section 3.5) tends to zero, and senstivity islogt.

Epitaxidly grown layers can achieve near step profiles, and implanted layers can be
goproximated with an equivdent step profile. The assumption of a sep profile smplifies
the integrd formula of equation (3.24) to b = 1-ty/t, where ty isthe thickness of the
dopant. After subgtituting this smplified equation for b into the total resolution equation
(6.2), the derivative can be computed with respect to ty to solve for the minimum
resolution. The resulting minimum occurs & ty =t/3, and is independent of the doping
level and the geometry, including thickness. For doping depth between 15% and 60% of
the thickness the resolution is within 20% of the optimum, beyond which point it rolls off
sharply, asshown in Figure 6-2. For dl piezoresstive cantilevers, then, the target
thickness for the doped layer should be approximately one third of the total thickness, but

there is some room for error.
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Figure6-2. Forceresolution as afunction of doping depth. The optimum
resolution is obtained for a doping thickness of t/3. Dopant depths from 0.15t to
0.6t give resolution within 20% of the minimum.

Concentration

Early studies of the piezoresstive effect showed that as the doping concentration
increased, the piezoresistive coefficient, p;, decreased®. This has adirect impact on the
sengtivity from equations (3.17) and (3.18), and so dthough a higher concentration has

more carriers for reduced noise, again it is not without cost.

A mgority of recent cdculations for the relation between p; and the doping
concentration have used a theoretical model proposed by Kanda® for the relation between
p; and the doping concentration. This model is reasonably accurate at low
concentrations, but it substantialy underestimates p; at higher doping concentrations. At
low concentrations (~5 10** cmi®) Smith found the p-type longitudinal piezoresistive
coefficient in the [110] direction for silicon to be relatively constant at 72° 101! mf/N.#

Since the piezoresistive coefficient decreases at higher concentrations (above 10t cm®),



Chapter 6 83

apiezoresstive factor P(p), dependant on the doping concentration, was defined by
Kanda to express the coefficient as afraction of the maximum, low concentration, vaue.
Room temperature data from Mason et al.?, from Tufte and Stelzer®, and one point from
Kerr and Milnes’, is shown in Figure 6-3 along with the theoretical curve from Kanda

1.2
i .
1.0
)
5 08
®
A i
3
S 06 |
s | .,
'% o4 H— Kanda ‘oy
5 o Mason et al. 'y,
N | v Tufte et al. ‘.'
a o2k Kerr et al.
NEEE fit line
OO EEEEETH | RN TR | Ll

10 1017 10%8 10t 100 10%
Boron Concentration (cm'3)

Figure 6-3. Thelongitudinal piezoresistive coefficient as afunction of boron
concentration. A widely used theoretical model by Kandais shown asthe solid
line. Thismodel substantially underestimates the piezoresistive coefficient at
high concentrations.

For concentrations in the range of interest (above 107 cni®), this datais well

approximated by a sraight line on the semi-log plot, according to
P(p) =logg—= . (63)
g Pg

with a= 0.2014 and b=1.53 x10"%% cm®.



84 Chapter 6

The trade-off is by now afamiliar one. At high dopant concentrations there are many
carriers, and therefore improved Hooge noise. At low concentrations the sengtivity is
highest, which gives the best resolution for adevice limited by Johnson noise. Thereisa
further limitation, however, because high dopant concentrations result in lower resistance.
The sengtivity varies proportiondly to the bias voltage (equation (6.1)), while the power
varies as V2/R o for afixed power consumption, a heavily doped cantilever will alower
bias voltage and therefore reduced sengitivity. Thisisasecond sengtivity loss associated
with higher doping.

For the 1000 A thick cantilevers in vacuum, we have found that power consumption
in excess of 2-3 mW can result in destruction of the beams. Thicker cantilevers should be
able to dissipate more power, but conservaively assuming a maximum power of 25 mw,
the optimum doping level can be computed. Figure 8 shows the Hooge and Johnson
limited force resolution as a function of dopant concentration for the standard cantilever
in abandwidth from 10 Hz to 1 kHz with a power consumption limited to 25 mW. The
best force resolution in this case occurs for adoping of 107° ci®, substantialy higher
than the 1017-10'® cm® typically used.
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Figure 6-4. Minimum detectable force vs. doping concentration for standard
cantilever® assuming a maximum power dissipation of 2.5 mW.

Again, the bandwidth of interest isimportant. A low-frequency cantilever thet is
dominated by 1/f noisewill favor heavy doping, while a cantilever used for
measurements in a Johnson noise-limited frequency regime will favor low doping. The
plot in Figure 9 shows the optimum doping leve as afunction of the piezoresstor
volume and intended bandwidth for a=10"° and P=2.5 mW. To find the optimum doping
compute the abscissa, (fmax-fmin/log(fmax/fmin)), for the intended bandwidth and read the
doping level from the curve corresponding to the cantilever volume (liegtaw). This chart
should dso be vdid for piezoresistors of other geometries. The dependence on volume
arises because alarge cantilever will naturaly have more carriers, and can therefore use a

lower doping leve to increase sengtivity.

High doping levels aso have the added advantage of reduced sengtivity to

temperature fluctuations. Tufte and Stelzer show convincing graphica evidence that as
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the doping concentration rises, particularly above 10?° cm®, the piezoresistive coefficient

becomes amost independent of temperature variations between -80°C and 100°C.

A find congderation for the doping and depth combination is the tota resstance, and

whether other noise sources may eventudly dominate. A good differentid amplifier has

noise gpproximatdly equivalent to the Johnson noise of a1 kW resistor, sol kWisa

reasonable vaue for the minimum acceptable resstance.

Optimal Doping (cm®)

22

10

(fmax'fmin)llog(fmax/fmin)

Figure 6-5. Optimal doping depending on cantilever size and operation
bandwidth. A value of 10 is assumed for a and the power dissipated is 2.5
mW. Compute the value of (fiacfmin)/109(fmad fmin) and read the optimal doping
off they-axisfor the given volume of the doped conducting region of the
cantilever (l,egwt). For other power dissipation values, the doping concentration
for a10-fold increase in power consumption is read from the curve of a 10-fold
larger cantilever.
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6.3. Surface treatment and anneal
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The last important processing decison is the annealing of the dopant, and the
potential addition of passvating surface layers. All of the piezoresstive cantilevers
discussed in the work have a passivating oxide layer on the surface of the device,
presumably to limit the 1/f noise due to charge trapping or surface charges (viz. the
McWhorter model of 1/f noise).

We have found in our batch of 1000 A thick piezoresistive cantilevers that the
removal of a200 A surface oxide had anegligible effect on the 1/f noise. Gerlach et al.
found that that “interna disturbances’ were reduced with thicker oxides, particularly
those grown a higher temperatures, but that secondary coatings such as nitride layers did
not improve the noise®. While surface noise sources may still be present, and perhaps
even dominant in large cantilevers with low Hooge noise, our data supports the claim that

thereisabulk 1/f noise source that eventudly limits the cantilevers.

Intheir sudy of the 1/f noise in implanted resstors, Vandamme et al. found that
annealing could reduce the a parameter of equation (5.3) by up to three orders of
magnitude’. They postulate that the annedl improves the quality of the crystdl lattice,
thereby reducing fluctuations in carrier mobility. It is not unreasonable to assume thet it
isthe tota annedl, measured in terms of the diffusion length \/E , rather than just the
temperature, which determines the lattice qudity (thet in Dt istime, to distinguish it
from the thickness, t). The diffusion coefficient is defined as D=D;oexp(-Eia/ksT), where

for boron Dj,=0.037 cn/sec and Ej;=3.46 eV*°. A plot of dataavailablein the literature

isshown in Fgure 6-6.
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Figure 6-6. Hooge noise parameter a as a function of anneal diffusion length
\/& . Theround points are datafrom Vandamme et al ., taken on implanted
samples annealed for 4 hours at temperatures ranging from 450°C to 900°C %3;
the cantilever from Tortonese et al. was annealed 10 minutes each at 900°C and
1000°C’; the cantilever from Chui et al. was annealed 10 seconds at 1000° C
and 40 minutes at 800°C**; the cantilever from this work was epitaxially grown
silicon annealed 3 hours at 700°C™. The oxide grown to passivate the epitaxial
cantileverswas |later removed with pad etch. The other cantileversremain
passivated.

Thisdatais not conclusive, but it does suggest that measured 1/f levels can be related
totheanned. Since athermd oxide growth is adso an anned, the importance of surface
oxides may actudly lie in the improvement of crystd lattice for Hooge noise rather than
surface passivation. The data point from Tortonese et al. in Figure 5-4 whichwas an
order of magnitude below thefit line of the rest of the data can now be accounted for by
Figure 10, where the a parameter for that work is an order of magnitude better than that
of Chui et al. and Harley et al.

Thefit lineof Figure 10 isgivenby a = 1.540™\/cm/(Dt)Y*. Ana vaueof 10°is

the lowest we are aware of, and the indicated trend line is not likely to continue
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indefinitdly. Annedswith\/Dt above 10°® cm are therefore perhaps unnecessary. The
point from thiswork isfor epitaxialy grown sllicon, and isn’'t expected to have the same
|attice damage as an implanted sample. These caveets asde, if theindicated lineis

correct, the result has some interesting implications for optimization.

Much like the argument for the depth of the doped layer, the trade-off hereisagain
between lower 1/f noise and worsening of b. Longer annedls cause the dopant to diffuse
through the beam, resulting in a digtribution further from the maximum dress at the

urface.

Following an implant, the dopant concentration iswell approximated by a Gaussan

digtribution. This distribution spreads as a Gaussian during an annedl, according to

Q, -z
p(z,t) :#e“m (6.4)
vp

where the total dopant density is Qr [cm?], Dt isthe diffusion length and zis the
depth into the surface. It is assumed that the initid implant was done through a surface

layer such that z=0 occurs at the top of the glicon.

Thisformulafor the concentration can be subgtituted into equation (3.24) for b. Itis
assumed that the implant energy has been sdected such that the doping concentration at
z=t/3 isafactor of 10 less than the concentration at the surface. Thisgivesb=0.7, which
has previoudy been determined to be optimd. The equation for b can then be plotted as
afunction of Dt. These results are shown in Figure 6-7 for aninitid pesk concentration

of 1.5 x10%° cm® for cantilevers of various thicknesses.
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Figure6-7. Plot of sensitivity factor b vs. anneal for cantilevers of various
thickness. Above the corner anneal for each line, the net resol ution worsens,
providing an optimum anneal level for agiven cantilever thickness.

The most important festure of Figure 6-7 is that up to some reasonably well defined
point the anneal causes negligible dopant diffusion, after which it ralls off. Snce the
Hooge noise is decreasing with additiona annedling, the force resolution improves as
long asb isunaffected. Beyond the corner where b drops off, there is a net loss of force
resolution, even for afully Hooge noise-limited cantilever. The optima annedl drategy is
therefore to anned just to the corner of the gppropriate curvein Figure 6-7. For a0.1 nm
cantilever, \/E ~10"® cm, so any piezoresistive cantilever thicker than 0.1 mm should
receive a least that annedl, which is 22 minutes at 1000°C. In generd, for annedswhich
are within the range plotted in Figure 6-6, the optima anneal as afunction of thicknessis
calculated to be Dt =0.025t2, if t is the thicknessin meters, and Dt is the anned meters
squared. Note that this andysis does not include trangent enhanced diffusion which can

substantially increase the dopant diffusion for implanted samples'™.
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6.4. Operation
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Now that an optimized device has been designed, only the question of optima bias
voltage remains. The sengtivity improves linearly with the bias voltage, according to
equation (6.4), so at first glance a high bias voltage appears desirable. For 1/f noise
limited sensing, the noise power varies as Vg?, s0 the noise voltage varies as Vg and there
should be no preference for a particular bias voltage. The Johnson noise is independent
of bias voltage, however, so in this case the higher biasis preferable. With one case
preferring high bias, and the other ambivaent, the cantilever should be biased as high as
its power dissipation abilities can tolerate. Thisistypicaly on the order of afew
milliwatts, corresponding to a bias voltage of 5-10 V for most cantilevers. In addition to
the potential physical destruction of the cantilever'?, a high operating temperature can

hurt the resolution performance™.

6.5. Predicted resolution

Incorporating dl the optimization decisons made so far, we can now estimate the
achievable force resolution for piezorestive cantilevers. Assume the leg lengths extend
haf the total length, that the width is 10 mm, and that a doped region of 10'° cm® extends
onethird of the cantilever thickness, giving ab of 0.7. The optima anned isthen
selected as afunction of thickness as described previoudy. For a given thickness spring
congtant and assuming awidth of 10 mm, the length can be determined from equation
(3.1).
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Figure 6-8. Displacement resolution, as limited by 1/f noise and by Johnson
noise for 10 nm wide cantilevers. The contours are for constant stiffness, with
the spring constant written above the contour. The dotted lines give the 1/f
limited resolution, and the solid lines give the Johnson limited resol ution.

The graph in Figure 6-8 illudtrates the digplacement resolution vs. thickness for
cantilevers of given spring congtants. The dashed lines of congtant spring constant
correspond to the left axis, and indicate the Hooge limited resolution. The solid lines
correspond to the Johnson limited resolution, and are to be reed off the right axis. The
Hooge limited resolution is given per root-decade of bandwidth since the integrated noise
per decadeis congtant. The Johnson noiseisflat vs. frequency, and is therefore givenas
nY\/E. Note that once a cantilever isfully limited by 1/f noise, reduced thickness
worsens the resolution, although it may Hill be advantageous due to bandwidth gains.
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6.6. Example of cantilever design

As an example, consder the design of a0.01 N/m 100 kHz cantilever intended to
operate in a bandwidth from 10 Hz up to haf its resonance, 50 kHz. From Figure 3-3, a
maximum thickness of 0.2 mmisrequired. A width of 10 mm is convenient, and from
equation (3.1) the length is set to 70 mm. The legs should extend hdf the totd length and
the doping 1/3" the cantilever thickness. For the bandwidth calculations frrin=10 Hz and
fmax=50 kHz, so the bandwidth figure for Figure 6-5 is 49990/3.7=13500. The cantilever
volumeis 134 rm?, so from Figure 6-5 the optima doping will be 440 cm®. From
Figure 6-7 the annedl should be ~240 cm.

To caculate the expected displacement resolution this cantilever in abandwidth from
10 Hz to 50 kHz, use Figure 6-8 to compute sqrt(((320™° mA/decade 2" (3.7 decades))
+ (440 m/CGHz)?~ (49990 Hz))) to get 1 nm displacement resolution in this
bandwidth. Since we have chosen a spring congtant of 0.01 N/m, the force resolution is
10 pN.

The resonant frequency of this cantilever is determined to be 100 kHz from Figure
3-3.

6.7. Summary

Piezoresstive cantilevers have been andyzed and optimized including expressons
for both the 1/f and the Johnson noise, as well as the cantilever sengtivity. These
equations provide a complete expression for cantilever resolution. Using this expression,

an optimization andys's has been performed, with the following conclusons.
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The maximum cantilever thickness and the cantilever length will be sat by spring
constant and bandwidth requirements. For a fixed spring constant the force
resolution varies as wY® and the resonance varies as w23, so narrower is

preferable, dthough the effect on resolution is smal.

For piezoresigtors limited by Johnson noise, improved resolution can be achieved
by reducing the cantilever thickness until, due to processing limitations, b~0.7 can
no longer be achieved. For cantileverslimited by 1/f noise, thicker beams have
improved resolution but lower bandwidth.

The cantilever legs should extend between 30% to 70% of the totd length, with
shorter legs for Johnson limited devices, and longer ones for 1/f noise limited

cantilevers.

Processing

The reduction of the piezoresistive coefficient with increased doping is not as

severe asis often assumed, and can be expressad according to equation (6.3).

The optimd thickness of the doped layer is one third of the totd thicknesswith a
20% loss in resolution for dopant depths of 0.2t and 0.6t.

For maximum resolution cantilevers should be doped as afunction of their

bandwidth and volume according Figure 6-5.

For cantileverslimited by 1/f noise the optimal annedl is related to the thicknesst
according to Dt =0.025t2, where Dt isin meters squared and t isin meters. Most
cantilevers should use an anned of ~240°® cm, the maximum for which thereiis

experimental Hooge noise data



Chapter 6

Operation

The cantilever should be operated at as high a bias voltage asiits power

dissipation can tolerate.
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Chapter 7. A novel axial resonant probe

Up to this point, AFM probes have been evauated primarily with regards to their
force or displacement resolution and bandwidth. Force resolution was improved by
meaking softer cantilevers, and bandwidth was improved by making smdler devices. This
approach works for both piezoresistive and optically detected cantilevers. As softer
cantilevers are used to achieve high force resolution, however, the force indabilities
discussed in section 2.2 become amajor concern. Cantilevers are unable to measure
forcesif the dope of an attractive force gradient exceeds the spring congtant of the
cantilever. An anaogous phenomenon occurs when pulling on macromolecules, where
the force difference and spacing between consecutive bonds to be broken will determine
whether the second bond can be resolved independently from the first with a cantilever of

agiven spring condant.

Because of force ingtabilities, force transducers with high stiffness and excellent
force resolution are required. In addition to force curve messurements, if aprobeis stiff
enough to avoid snap-down, non-contact imaging using attractive forces can be
performed without touching the surface'. This type of imaging minimizes friction forces
that can affect the image and avoids high repulsive forces that can damage the tip or
sample. Unlike contact mode imaging, where a grest many atoms can be in contact,
resulting in averaging of the sgnd, the forcesin non-contact mode imaging are
dominated by the nearest several atoms. For this reason, non-contact AFM isusudly
used for true atomic resolution images®. Non-contact imaging is also used for images of
magnetic fringing fieds>* and imaging of localized charge™®.

In non-contact AFM, the cantilever is oriented pardld to the surface, and is oscillated
normd to the sample at its resonance. The presence of aforce gradient from thetip-

sample interaction results in an effective pring congtant given by Kes=k+ dF/dz, where z
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isthe height of the tip above the ssmple®. By tracking changesin the resonance, the force
gradient can be measured. A rdativdly giff cantilever (k>10 N/m) isrequired to avoid
snap-down ingabilities.

A variation of this technique used for distance control in near fidld scanning
optical microscopy (NSOM) is amode called shear force microscopy’. In this mode, a
cantilever perpendicular to the surfaceis driven at resonance. Attractive forcesincrease
the resonant frequency, much like a pendulum in high gravity has a higher naturd
frequency. Because the cantilever is perpendicular, thereislittle concern of snap-down
ingabilities. This permits the use of softer cantilevers for improved force resolution.
Using this gpproach, atto-Newton-level forces have been measured in vacuum a low

temperature®.

Both non-contact AFM and shear force microscopy are valuable techniques,
resstant to force gradient ingtabilities, but they share a subgtantia limitation—the
position of the probetip is no longer precisaly specified. Oscillation amplitudes on the
order of 10 nm and greater are frequently used. For noncontact AFM, the measured
force gradient is therefore actually the average over thistip motion, athough the latera
gpatia resolution is till well defined. For shear force microscopy, the latera resolution
isdirectly blurred by the tip motion. Neither technique is gpplicable for pulling on
macromolecules, Snce nanometer-scale tip motion is unacceptable where the bonds to be
measured may be only angstroms gpart. Nortcontact AFM is further unsuitable for this

purpose, since it measures force gradients and not forces,

A third technique used to ress force indabilitiesis to stiffen a conventiona
cantilever by use of aforce-feedback re-baancing technique. In one partially successul
attempt, the cantilever end was coated with a magnetic materid, and an externa magnetic
field used to exert forces on the tip®. To balance the cantilever during a force instability
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requires a closed-loop bandwidth considerably grester than the cantilever resonance,

however, which their system did not have the required actuator authority to achieve.

Another advantage that non-contact and shear-force microscopy share over traditiona
AFM use isthe benefit of resonant detection. The popularity of resonant senang asa
technique for MEMS sensors is evidence of its advantages, and resonant detection has

been employed for avariety of high resolution pressure sensors and accelerometers %12,

There are severa advantages to resonant-based sensing techniques for
micromachined sensors. Signds varying at frequencies well below the device resonance
cause shiftsin the resonant frequency. Asaresult, the resolution is only influenced by
noise near the resonance, and not the 1/f noise that is present a low frequencies for
amog dl detection techniques. Asafurther benefit, the frequency sengtivity scales
favorably with reduced dimensions, aswill be shown in section 7.2, and can be quite high
for gppropriately designed micromachined sensors. Findly, the forces to be measured

can be gpplied axidly to the resonator, resulting in a highly stiff transducer.

7.1. An axial resonant AFM probe

A probe concept that exploits the advantages of resonant detection with a Sationary
tipisillusrated in Figure 7-1. A cantilever is oriented perpendicular to the surface, asin
shear force microscopy, but a tether near the end of the beam congtrains the tip from
oscillating, while alowing axia forces to be tranamitted to the resonator. Thetether is
the critica addition, and isillustrated conceptualy as ablock on rallers. In thisway, the
tether directly couples vertical forces to the senang eement, but prevents any motion of
the resonating beam from being transmitted to the tip, which remains Sationary. The
oscillator then responds to forces (not force gradients) by a shift in resonance. A close

andogy can be drawn to the tuning of aviolin or guitar, where the bridge prevents the
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string from motion near the tuner, but permits the tenson applied by the tuner to be
transmitted to the rest of the vibrating string. An earlier non-microfabricated AFM sensor

using this concept was in fact called a nanoguitar?.

Figure7-1. Schematic illustration of resonant beam AFM probe with stationary
tip.

This sensor design provides three mgjor benefits: 1) avertica cantilever is extremey
giff, and therefore much less susceptible to force ingabilities, 2) the maotion of the
resonating beam is measured near resonance, well away from the 1/f noise of the
secondary detector 3) the tip can be nearly stationary, for precise location and

manipulation.
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7.2. Sensor design

There are severa key components to the sensor design. Firdt, the oscillating beam
should be designed for maximum force resolution. Second, the tether needs to ensure
that the tip remains as Sationary as possible, while tranamitting the applied force to the
resonant beam. Third, amethod must exist for excitation of the resonator, and findly, the
tip must be sharp and able to access the surface for probing. All of these objectives must

be satidfied in amanner compatible with relatively planar microfabrication techniques.

It will be shown in the following section that athin beam is criticd to high sengtivity
frequency shifts. Although adesign smilar to the oneillugtrated in Figure 7-1 could
likely be fabricated usng DRIE techniques, a thinner oscillator can be fabricated if the
design ismodified, asillustrated in Figure 7-2. Inthis case, the oscillator vibrates out of
the plane and can therefore be deposgited as athin layer, rather than defining the thickness
lithographicdly. It isaso amore convenient orientation for an integrated piezoresistive

sensor to measure the beam motion.
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Figure7-2. Illustration of an oscillator and tether for a planar fabrication
process. The beam oscillatesin the y-direction, measured forces are applied in
the z-direction. Thetether prevents the oscillator motion from being transmitted
to thetip, so the tip does not move in response to the oscillations.

Beam design

The basic design trends for the resonator design can be derived from asimple
sensitivity analysis From fundamental besm equations®, the resonant frequency of a
beam with fixed ends, under an applied load F is given approximetely as

W @ 12Et? L L2F (7.1)
0 [“r [ >wtr

where wy isin radians per second, E isthe modulus of eadticity and r isthe density of
the beam materid. Thewidth, length, and thickness of the beamarew, | and t
respectively. Differentiating this expresson with respect to the applied force F, and
consdering the response where F is smal compared to the buckling force, givesthe
senstivity of the resonant frequency to an gpplied load as
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dw, 1 3 (7.2)
dF  wt?\rE’

By itsdlf, this expression could be mideading, snce asimple externd frequency
multiplier can make this number arbitrarily large. Similar to the DR/R sengitivity quoted

for piezoresigtors, this expresson can be normalized by the unloaded resonance to give

dw, |2 dF (7.3)

w  2wt’E

This equation gives the essentid design objectives for high senstivity: thin, long and
narrow beams, in that order of importance. The beam width chosen was 4 nm, about
twice the minimum line width of the stepper digner used for the masks, and the beam
thickness was chosen to be 0.2 nm. We were attempting 0.1 nm piezoresistors for the
first time concurrent with the fabrication of these probes™*, and some margin was desired
in case the thinner processfaled. A length of 200 mm was chosen to set the fundamenta
resonance in the 10s of kilohertz, away from most probable 1/f noise sources. Typica
dimensions for surface micromachined resonant sensors are usudly a2 mm thickness,
widths some 10s of microns and lengthsin the hundreds of microns. The dimensons
chosen for this sensor therefore improve the senstivity roughly four orders of magnitude,

primarily due to our capability of making thin piezoresstors.

The tether

In the coordinate system indicated in Figure 7- 2, the x-z planeis the surface of the
wafer. A surfaceto be probed would liein the x-y plane. The oscillating beam motion is
inthe y-direction, so in order to keep the tip Sationary, atether is needed to resst motion
iny. The surface forces to be measured occur in the z-direction, so the tether should be

flexible dong the z-axis to effectively tranamit forces to the resonator. This can be

105
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achieved with a cross-beam tether that is thick in the y-direction, and narrow in the z-
direction.

The ided tether does not exert any force in z, so a prudent observer might wonder if
the z-direction gtiffness of the tether will affect the forces measured by the oscillator. To
gpplied forces, the bending of the tether and the axia compression of the resonator ook
like springsin pardld. If thicknessis measured in the y direction, the tether width
measured in the z direction, and the length is the distance between the two supports, the
Spring congtant of the tether is

_ 16Ewt,’ (7.4)

t

The spring condant of the oscillating beam axidly is

_ Ewt (7.5)

axial |

Since the stiffness of abeam varies as the cube of its thickness, and because the
oscillator isonly 0.2 nm thick, a2 mm-thick by 400 mm-long tether should attenuate the
tip motion by severd orders of magnitude compared to an un-tethered beam. The width
of the oscillator was set a aminimum of 2 nm based on the lithography capabilities of
the aligner. The bending spring congtant of the tether in the y-direction is 0.68 N/m,
compared to the axid spring congtant of 680 N/m for the oscillator. This means that
99.9% of the gpplied force is absorbed in the oscillator, and the tether effect is
inggnificant. The 680 N/m axid spring constant is the number that determines
susceptibility to force gradient ingabilities, so the cantilever isimmune to such problems.

Probe tip

An essentid part of any AFM probeisasharp tip, usudly with aradius of lessthan
10 nm. Conventiond AFM tip-making techniques are developed for placing thetip at
right angles to the cantilever and are not gpplicable for avertica probe. Fortunately, a
technique has been developed a IBM Almaden to fabricate in-plane tips using a brief
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TMAH etch to define <111> planes which intersect to form atip of radius less than
5 . For proof of concept of these probes, a sharp tip was not required, and atip was
amply defined as a sharp vertex on the mask.

The other issue for the probetip isthat it be able to access the sample with clearance
for the chip corners. This can easily be accomplished by extending the tip on a support
member. In order that the tip beam not flex and cause tip motion, this beam shoud be

rigid.

Driving the oscillator

The sgnd to noise ratio of resonant sensorsimproves with larger oscillation
amplitudes. It is preferable, therefore, to drive the beam with larger oscillation
amplitudes than result from intringc thermomechanica motion done. AFM resonant
probes usudly use a piezod ectric actuator to shake the entire chip, but such amethod is
unacceptable if thetip isto remain sationary. The other likely options for the drive are
capacitive or therma. Both capacitive and thermd drive result in forces at twice the
voltage drive signd, because the forces are proportiond to the square of the voltage. The
resulting maotionsis therefore at twice the driving frequency, which isimportant for
didinguishing motion Sgnas from eectrical noise due to the drive signd. Capacitive
drive was chosen for this application, out of concern that atherma drive might not

provide sufficient amplitude for low-Q oscillation in air, particularly a high frequencies.
The eectrogtatic force between two parale platesis gpproximately given by

_ee, AV, (7.6)
plate — T ’

where V3 is the voltage difference between the two surfaces, A isthe surface areg, e is
the relative didectric constant, ey is the diglectric permittivity of avacuum (8.85° 1072
C/Nn) and d is the distance between the two plates.
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A narrow oscillating beam is favored from sengtivity concerns, yet provideslittle
areawith which to generate eectrodtatic drive forces. Accordingly, a paddle was added
at the center to increase the area for the capacitive drive. This paddle also provides
surface areato reflect alaser, which makes optica detection of the oscillator possible,
either for characterization or operation. For the purposes of this proof-of concept, the
drive eectrode was alength of fine copper wire epoxied onto the chip and bent close to
the oscillator with amicromanipulator, asillustrated in Figure 7-3. The end of the wire
was firs melted with alighter to produce abal a the end of approximately 500 nm
radius. With a sphere on the end of the driving electrode, the eectrode could be

positioned close to the paddle without concern for the orientation of the wire.

4

Figure 7-3. Calibrating an axial resonant probe. The sensor is calibrated by
pressing on a micromachined membrane of known spring constant. A thin
copper wireis epoxied to the chip to capacitively excite the resonator.
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Secondary detection

The primary objective, detecting forces gpplied to the tip, is achieved by measuring
the motion and resonance of the oscillator by way of a secondary detector. Optical
detection with an interferometer or optica lever would provide the best possible
resolution, limited only by thermomechanica noise of the paddie. The laser detection
that comes standard on dl AFMss, however, would not be able to reflect light off the
paddle because of the probe orientation. For the probe to be compatible with existing

AFMs an integrated piezoresistive sensor was chosen.

The Uf noise of the piezoresistor is not an issue for this sensor, o to maximize
piezoresigtor sengtivity the current path is confined to the base of the cantilever. To this
end, the current path a the base of the oscillator is defined by a split of the beam into two

2-mm-wide legs for the last 10 mm, as shown in Figure 7-4.

7.3. Fabrication

109

The fabrication procedure is essentialy the same as that described for the ultra-thin
piezoresistors in Chapter 2, with the added complication that different thicknesses are
required for the oscillator and for the tether. Thiswas achieved by starting with a
2-mmrthick SOI wafer and firgt defining amask layer for the tether and supporting
dructure. With the tether protected, the rest of the surface is thinned in an anisotropic
plasma etch to 0.2 nm. A thin epitaxia layer was then used to create a doped layer,
followed by another lithography and plasma etch to define the oscillator pattern.

The other fabrication steps are then exactly as for atraditiond piezoresstive
cantilever. The backside etch can be done with awet etch, if the tether supports are built
into the top epitaxia layers. A better solution is use of the Bosch process DRIE to define
abacksde etch mask that leaves bulk silicon at the base of the oscillator and at the ends

of the tether.
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A composite SEM of the completed device is shown in Figure 7-4.

N N N
AR Ak 4B _a

- - - s

plezoresistor

oscillator

Figure7-4. SEM image of force probe. Tether is 2nmm thick by 2nm wide.
Oscillator is 0.2mm thick, 4mm wide and 200mm long.

7.4. Applying calibrated forces

In order to test the force resolution of the devices it was necessary to apply aknown
force load to thetip. Cdlibrated loading was achieved by pressing the cantilever againg a
micromachined membrane 2 mm thick, and 2 mm on asde, asilludrated in Figure 7-3.

If the membrane oring congtant is known, then displacing the membrane a known
amount results in the gpplication of a cdibrated load. The membrane spring constant was
modeed using Ansysto be 0.92 N/m.

Pressing one cantilever againgt a known reference cantilever has been employed
as a cdlibration technique, athough not particularly reliable for norma AFM cantilevers.
Two issues that plague this type of cantilever cdibration are not present in this
measurement. The firgt, and perhgps most damaging, is that the two cantilevers are rardy
pardld. Most AFMsintentiondly tilt the probe cantilever 5 to 15 degrees so the

cantilever touches the surface before the support chip. With atip extending severd
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microns off the end of the cantilever, pressing down introduces moments that cause the
cantilever to bow upwards rather than bend downwards as expected. Because this model-

T probeis oriented vertically and has an in-planetip, this issue does not arise.

The second issue is that if the reference cantilever is not contacted at the tip, the
Spring congtant may be significantly different than expected. The same problem occurs
when pressing on amembrane if the probeis off center. For a2 mm-wide square
membrane, however, the spring constant 200 nm from the center is only 7% greater than
at the center, and 33% greater 400 mm from the center. Placing the probe with this level
of accuracy does not pose a problem. For 7% accuracy pressing on atypica 200 mm-
long AFM cantilever, the load must be within 5 mm of the cantilever end.

To test the lower force resolution limits, forces on the order of 1 nN or less must be
gpplied to the sensor.  Given the ~1 N/m spring congtant of the membrane, thiswill
require sub-nanometer displacements of the probe, which can best be achieved with a
piezodectric actuator. An existing AFM could be used asthe actuator for this
experiment, but in order to explore the importance of resonance quaity on the resolution
a system was needed which could function either in ar or vacuum. To thisend asage
was manufactured with a manual screw to gpproach within afew microns of contact, and
apiezoelectric stack to provide the fine motion. A photo of this stage is shown in Figure
7-5.
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piezoresistor leads
ascillator drive
piezo tube drive

Figure 7-5. Photo of experimental set-up. Thisisessentially acrude AFM,
intended for measuring the force resol ution inside a vacuum chamber.

The piezoe ectric stack was calibrated using a laser vibrometer and found to have a
displacement response of 59 nm/V. A Burleigh highvoltage op-amp was used to apply a
large DC offset for the approach, with a smaler sine wave added onto the approach
sgnd to apply asmadl force modulation. The voltage output from the Burleigh had 20-
25 mVrms of noise on the signd, which corresponds to dmost 2 nN of force noise. In
order that this noise not limit the detectable force resolution, the low frequency approach
voltage was low-pass filtered at 1 Hz, reducing the voltage noiseto 0.7 mvVrms, or 60 pN
of force noise. The gpplied force Sne-wave sgnd was then AC coupled in after the high-
voltage op-amp to modulate the piezoelectric stack.
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7.5. Results

Piezoresistor calibration

To characterize the secondary detector, a Polytek laser vibrometer was targeted on the
paddle, and the vibrometer and piezoresstor sgnas compared. This measurement was
done with no loading on the probe. Two principad modes are visible on the vibrometer
ggnd, as shown by the solid line in Figure 7-6. The fundamenta resonance occurs near
25 kHz, with a second resonant mode at 45 kHz. The response from the piezoresistor is
too noisy to show these thermomechanica noise pesks, but applying a capacitive drive
signd to the paddle creates amotion thet is detectable by both the vibrometer and
piezoresstor. From such a measurement, the piezoresistor response was measured to be
5300 V/m, or DR/R of 4200 m*. From this data the amplitude of the ocillation voltages

during operation can be trandated into displacement.
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Figure7-6. Vibrometer signal showing thermomechanical motion of the paddle
and the probetip. The solid lineillustrates the paddle motion, which has
resonant modes at ~25 kHz and ~45 kHz. Thetip has alarge unwanted mode at
~10 kHz dueto torsion of the tether.

Unwanted tip modes

The dotted line trace on Figure 7-6 was measured with the vibrometer reflecting off
the probetip. Thereisalarge peak near 10 kHz, which clearly indicates unwanted
motion caused by torson of the tether. This design flaw limits the use of these firgt-
generation probes, since without a stationary tip one of the main advantagesislost. The
addition of a second tether bar would alow the two tethers to exert a much higher
moment than a sngle tether, till without sgnificantly absorbing the forces intended for
the resonator. This concept isillustrated in There is no limit on the spacing between the
two tethers, so the moment they apply can be arbitrarily increased until this modeis no

longer aproblem.
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Figure7-7. Axial resonant probe with adouble tether. The two tethers can
exert arestraining moment, preventing the tip from oscillating by the torsion of
asingletether.

Demodulating the resonant signal

Applied loads modulate both the phase and amplitude of the resonator. For this
measurement, the amplitude-modulated signal was measured using the oscillator response
asadope detector. This gpproach, often used in the AFM community for its Smplicity, is
to drive the resonator with a sine-wave input dightly above its resonant frequency’. The
amplitude of the maotion will be enhanced by the transfer function of the oscillator. For a
fixed drive frequency, the resulting amplitude will vary as the resonator response curve
dhiftslaedly. Thisisillusrated in Figure 7-8.
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Figure 7-8. Amplitude detection of resonance shifts. The oscillator isdriven at
afixed frequency, near the resonant peak. Asthe resonance shifts, the Q
enhancement of the oscillator motion is either increased or decreased, resulting
in an amplitude modulated signal.

There are two mgor disadvantages to thistechnique. Thefirg isthat the sengtivity
varies with the gpplied load. The maximum dope of the transfer function occurs a a
sngle point just off resonance and as the resonance shifts further away from the drive, the
dope of the response curve changes. The second disadvantage is more fundamentd. 1t
was shown by Albrecht et al. that amplitude changes cannot occur instantaneoudy
because transients must first settle’®. For high Q oscillators these transients can limit the
bandwidth capabilities of the measurement to lessthan 1 Hz.

For the characterization of this sensor, the dope detector was adequate. Simple
frequency counting is ancther option, but the signa to noise of afrequency counter
degrades rapidly with increased bandwidth and is therefore not favored for AFM use. A
more complicated and versatile phase demodulator developed by Durig et al. would be

more appropriate as along-term solution, however'’.
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For asecond order system withagiven Q and wp the maximum dope of the
frequency response curve has been shown to occur a wo= Wo(liZUQ\/é )}, Atthispoint
the dope of the responseis

dA, _ 4AQ
dw, 343w,

7.7)

This equation gives the change in the amplitude of the cantilever motion as the drive
frequency is swept near resonance. It is aso the change in amplitude of afixed-
frequency drive as the resonant frequency shifts by amount dwp due to an applied load.
Combining this equation with the frequency sengtivity from eguation (7.2) givesthe
change in amplitude of the drive sgnd for agiven force dF as

dA _2y3AQ1% (7.8)
dF  9wt’E

This equation has the same geometry dependence as equation (7.3), vdidating the

origind sengtivity derivation as adesgn tool.

Force resolution

Using the set-up described in section 7.4, calibrated loads were applied to the sensor.
As the probe approached the membrane, the resonant frequency increases. Eventudly,
the membrane jumps up into contact with the probe, and the oscillation amplitude is
dightly diminished due to the dimination of the tip motion. Once in contact, a12 nm z-
motion at 50 Hz was applied to the membrane, resulting in an applied 12 nN load. The
resulting amplitude modulated signd was measured with alock-in amplifier with a
measurement bandwidth of 1 kHz and recorded on adigital oscilloscope. Thisdatais
shown asthe lower tracein Figure 7-9. The Q of the cantilever at thistime was only 20,
dueto air damping of the thin oscillator, and the oscillation amplitude was 36 nm. The

resolution in a1 kHz bandwidith is 9 nN, limited by the 300 pN/OHz white displacement
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noise of the piezoresstor. For detection using the laser vibrometer, thermomechanica
noise isthe limiting source.

The same measurement was then performed in a1 mTorr vacuum. At this pressure
the Q improvesto 450. This Q value was much lower than expected for such asingle-
crystal-silicon cantilever, and is perhaps due to surface contamination. There wasvisble
contamination on other devices from this wafer, remaining from an inadequate clean prior
to the critica point drying rlease. Single crystd cantilevers thinner than these have been
demondtrated with a resonance quality of greater than 15000, and up to 80000 after
annedling to remove surface contamination'®. Even for aQ of 450, with osdillation
amplitude of 53 nm, the force resolution improves draméticaly. A 1 nN applied load has
much better sgnd to noisein vacuum than the 12 nN load in ar as shown in Figure 7-9.
The force resolution under vacuum is about 200 pN in 1 kHz or 7 pN/CHz. Thisforce
resolution is gpproaching the limit of what this membrane cdibration source can apply,
due to the 60 pN of amplifier noise on the piezodectric drive Sgndl.
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Figure 7-9. Forceresolution of axial probein vacuum andin air. (a) Timetrace
of a1 nN force applied in vacuum with an oscillation amplitude of 53 nm,
compared to (b) a12 nN load applied in air with oscillation amplitude of 36 nm.
Both measurements arein a1 kHz bandwidth. The trace in vacuum has a Q of
~450, compared toa Q of ~20 in air, and the resulting signal to noiseratio is
improved by afactor of ~40 in vacuum compared to air.

According to equation (7.8), the sengtivity should improve linearly with the Q and
with the ostillation amplitude. Since the white noise from the piezoresistor is unchanged
inar or vacuum, the resolution should improve as 1/sengtivity. From the measured
increase in amplitude and Q, the resolution should have improved by afactor of 33. The
measured resolution improved by afactor of 40, adiscrepancy that is within the error of
the measurement. For clean cantilevers with better Q, therefore, the force resolution

should improve &t least another order of magnitude.

The Q for such cantileversis dramatically degraded in liquid, down to sngle digit
vaues'®. There are many interesting possible force measurements on biological
molecules currently on the fringe of the capabilities of the AFM. If an encgpsulation

119



120 Chapter 7

method could be devised to permit the Q of vacuum while in water, such a probe could

prove quite vauable.

An effective encgpsulation method would need to sed the resonator in avacuum
cavity, yet dlow forces to be transmitted to the oscillator within. A membrane

perpendicular to the oscillating beam (in the x-y plane of Figure 7-2) is one possibility.

Because of the high stiffness of the verticd probe, these forces correspond to minute
displacements. For a spring constant of 680 N/m, a 10 nN force corresponds to less than
a0.1 A displacement, so even in air the displacement resolution is excellent. In vacuum,

the 200 pN force resolution is equivaent to a 0.3 pm displacement.

7.6. Summary and future work

A novel probe has been presented which uses a resonating beam, tethered at both ends
to create a high- stiffness resonant force probe with good resolution, a stationary tip,
immunity to force gradient ingabilities and alarge dynamic range. Issuesremain
regarding unwanted tip motion, though they can be remedied in future designs with the
addition of a second tether. For the best resolution, operation in a vacuum is required,
which limits the potentid use to amuch smaler community with vacuum AFMs. If a
method to encapsulate the resonator could be devised, however, the probe would extend

the force measurement capabilities of the AFM for measurementsin air or water.
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Epilogue

For those that made it this far through the dissertation, anaturd question isthis: if |
were sarting the DNA unzipping experiment today, how would | gpproach it? My
estimations of the requirements for the project have not changed, so the question isredlly

whether or not a probe is now available with the following characterigtics:
1 pN force resolution,
10 Hz to 100 kHz bandwidth
a spring congtant greater than 0.01 N/m.

With these specifications in mind, | can evauate the ultra-thin piezoresistors and the

axia resonant probe.

Thin Piezoresistive Cantilevers
Once the excdllent sengtivity of the 1000 A piezoresistive cantilevers had been
demonstrated, | should have been able to meet the above specifications. The unexpected

increasein U/f noisefor the smal cantilevers brings this into question, however.

Devices 500 A thick are probably possible without further innovation. From Figure
6-8 then, the Hooge limited resolution would be (0.4 mvyQdec) ¥20dec) 0.01 N/m) =
8 pN. From the same graph, the Johnson limited resolution would be
(1pnmVCHZ2) XX(99990 H2)%.01 N/m) = 3 pN. Thetotal force resolution would therefore be
~8.5 pN. From Figure 3-3, the resonant frequency of the cantilever would be about
400 kHz, safely above the specification.

While these numbers are close, they dso presume nearly optima cantilevers, and il
turn up amogt an order of magnitude short of the desired force resolution. The cantilever
could beincreased in length to give a spring congtant of 0.001 N/m and <till meet the
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bandwidth specifications. Force ingtabilities may now become a concern, however,
athough the device is dill atwo order of magnitude improvement in stiffness over

optical tweezers. Inthis case, the force resolution is~3 pN.

| am aso concerned as to how these cantilevers will operatein liquid. My origina
piezoresistor work for the NRL biosensor project began because they could not use
commercid piezoresgive cantileversin solution. Under biasin an agueous solution, the
auminum leads undergo an electrochemica reaction and corrode in a matter of seconds.
This corrosion problem was overcome with by coating the leads with a passivating
polyimide layer. A smilar coating could be used for these cantilevers, but the biosensor
cantilevers additionally had a 1000 A-thick passivating oxide layer on the beamitsdlf. A
500 A-thick cantilever obviously cannot such alayer, and there may be problems with the

bare silicon in an agueous solution.

Axial Probe

The axia resonart probe is another possibility for the DNA- pulling measuremernt.
Because it uses resonant detection, 1/f noiseis not a problem. The current probes
achieved 7 pN/CHz force resolution in vacuum, which trandatesto 2 nN over a 100 kHz
bandwidth. If that device were reduced in thicknessto 500 A (afactor of 4), the
sengtivity should improve 64-fold. The length would have to aso be reduced to boost
the resonance up to the mega- Hertz region for the bandwidth, but the sengtivity could
dill improve a least an order of magnitude. The Q can reasonably be expected to
increase 30-fold. A 16x improvement in sengtivity and a 30x improvement in Q,
however, ill only get the probeto 5 pN in a 100 kHz bandwidth.

There may be other knobs to play with here, and another order of magnitude
improvement could be achieved by using optical detection ingtead of the built-in

piezoresstor, but | am glossng over the criticd limitation - these Q values are
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obtainable only in vacuum, not in liquid. This means the encapsulation problem must

aso be solved. The firgt difficulty hereisfiguring out afabrication process that makes a
resonator perpendicular to aseding membrane. Evenif thisis solved, thereis the matter
of the force due to the pressure difference across the membrane. Atmospheric pressure of
10° Paexerts 1 mN of force on a 100 nm by 100 nm square membrane. Designing a
mechanical system to account for this unwanted additiond force, and the force noise that

pressure fluctuations would cause, isatask | wouldn't even wish on athess advisor.

The vaue of this type of resonant probe probably liesin its ability to measure minute
displacements. There are few ways to measure pico-meter displacements, which this
system can accomplish in air, even without encgpsulation. Such adevice with abuilt in
NSOM tip could dternatively provide the height control for a near-field scanning
microscope with anon-oscillating tip. The problem of the unwanted tip oscillations

should be straightforward to solve.

Despite these concerns, it would be a mistake to underestimate the innovation of
future scientists, and | expect to see exciting force measurements in the not-too-distant
future. If pressed, | would wager that optica detection techniques will play arole.
Piezoressiorsin other materials may adso cometo light, although Hooge-like noise was
recently also observed in carbon nano-tubes (P.G. Callins, M.S. Fuhrer and A. Zettl, “1/f
noise in carbon nanotubes’, Applied Physics Letters, Vol 76., No. 7, pp. 894-896, 2000).



APPENDIX A: Table of Variables

Variable
a
b
d
e

€0

(@]

W)

Dio

Eia

fo
Fin

Definition

Hooge congtant

sengtivity effidency
distance between bonds
relative didectric permittivity
didectric permittivity of avacuum
mobility

piezoresgtive coefficient
resgtivity

stress

resonant frequency

leg length ratio

area

oscillation amplitude
measurement bandwidth
distance to neutrd axis
diffuson coefficient

distance between capacitive plates
diffuson coefficient

modulus of eadticity
activation energy

force

resonant frequency

Force noise power

Units

C/Nn?
cm?vist
m?/N
Wem
N/m?
rad/sec

Hz

cnst

cnst

N/m?

eV

Hz
N?/Hz
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tt

tq
VB

2" order oscillator transfer function
Areamoment of inertia

total current

current dengity

Spring congtant

Boltzmann's congtant

length

tether length

leg length

effective mass

moment

number of carriers

doping dengity

piezoresigtive coefficient factor
electron charge

total charge dendity

resistance

Hooge noise power density
Johnson noise power dengity

thermomechanica force noise power
density

thermomechanica displacement
noise power density

thickness

tether thickness
temperature
doped thickness
bias voltage

Alm?
N/m
JK

O<P<1

Clem?

V?/Hz
V?/Hz
N?/Hz

m?/Hz

< 3 X 3 3



output voltage

Hooge voltage noise power
Johnson voltage noise power
width

tether thickness

cantilever displacement
displacement resolution

distance to surface
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