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Ultrasensitive force detectors are required fogpees towards single atom

imaging using magnetic resonance force microscopitHM). MRFM is a
scanned probe imaging technique, with potential &wmic-scale, non-
destructive and sub-surface imaging. To achieve gb& of single atom
imaging, technical development towards realizatdrhigh magnetic field
gradients as well as force detectors with very leghsitivity are necessary.
Given values of field gradients that can be acldeatepresent (typically of the
order of 10 T/m), force sensitivity of an atto-newton (fON/ Hz) at low
temperatures (0.3 — 4 K) is required for singlensg@nsitivity. This has been
achieved using optical interferometry; howeverjagptinterferometers corrupt
measurements by heating the cantilevers and ingwgnoherence of spins in
the sample. Thus, there is a need to develop afligh technique to measure
cantilever motion with high sensitivity. In this sdertation, a design for
ultrasensitive force detection using capacitive ssen is developed.

Thermomechanical noise and position detection ®ehgiconstraints are



addressed. The fabrication of an ultra-thin, naradraeical force sensing
cantilever with an integrated sense electrode &pacitive detection (double
cantilever architecture) is accomplished. Galliumisehide field effect
transistors with potential for integration onto tth@uble cantilever chips are
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towards the development of integrated nanomecharim&e detectors

towards single spin sensitivity for magnetic resweaforce microscopy.
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Chapter 1

NANOMECHANICS FOR M AGNETIC RESONANCE FORCE MICROSCOPY

1.1 Introduction

The field of nanomechanics, a recently coined tenas been rapidly
expanding with the surge in research in the fidldhanotechnology. While
nanotechnology is a broad term that is highly ohssiplinary, nanomechanics
concentrates on aspects of this science primaritye fields of Physics and
Mechanical Engineering. It is a subset of nanoteldgyy, but a core
knowledge area that helps in understanding thevilmhaf systems close to
and smaller than the nanometer regime.

Nanomechanics as a field, has seen a significargl@@nents in recent
years because of vast advances in nanofabricaomsology. The knowledge
gained in fabrication and characterization of meteotromechanical devices
(MEMS) has helped nanomechanics researchers makeesleto observe
phenomena previously not possible. Using novel nage to make
microelectromechanical systems is a challenge, esitite majority of
microelectromechanical systems have been polysilitmsed, as such
spawning an entire infrastructure aimed at fabngatsuch structures
[MUMPS, MOSIS]. Silicon nitride devices have beeropplar in

nanomechanical devices because of the relativelisitypof fabrication as



well as the availability of good quality nitridelrfis in the market. More

recently, single crystal structures of silicon agalium arsenide have also
been used, though the higher cost of fabricatiosush devices has greatly
limited their use.

This chapter is aimed at giving a brief introductio this novel field and
the relevance of this dissertation in the develogmef this field. This
dissertation focuses on the experimental techniqtlest extend the
technological know-how in this field; hence muchtleé introduction will be
in experimental nanomechanics. An introduction egnetic resonance force
microscopy is included and will serve as the bagjdior the rest of the

dissertation.

1.2 Experimental Nanomechanics

Cleland [1] regards nanomechanics to be the mechlabehavior of
nanometer-scale objects. Experimental nanostrigctare often built to
investigate various mechanical properties and egiptns of nanomechanical
devices. Almost all experimental structures in maechanics are currently
made using semiconductor processing techniques. c@irse many
experimental structures have potential applicatierter as the original

structure or with modifications.



Nanomechanics has origins in many of the traditidiedds (such as
Physics, Mechanical Engineering, Electrical Engimgg Materials Science,
Civil Engineering and the life sciences). This scéuse at the nanoscale,
seamless integration of mechanical (structural) eledtrical components is
required, which in many cases obey the bizarre laixguantum mechanics
and demonstrate behavior highly dependent on tlal Iproperties of
materials. Thus, the boundaries between the vafields have to be scaled in
order to design systems with wuseful applications.orevl recently
nanomechanics has come to be regarded as a subskteahanical
Engineering and Physics — the use of engineerisiguaeools such as the
continuum theory combined with quantum mechanicgrtmuce new tools
such as the enriched continuum theory [2] haveired@engineers to learn the
fundamentals of Physics normally not taught to raadal engineers. Thus,
both design tools as well as fabrication techn@esdiave to be developed.
This dissertation is intended to be in the area ofexperimental
nanomechanics.As such, it will talk about experimental strucwthat can
interact with elements that are governed by quamh@thanics.

Recent nanomechanical devices have demonstratetebey of the limit
of heat transfer [2], achieved very high displaceimsensitivity [4],
approached very close to the Heisenberg limit[id]and have achieved sub-

attonewton force sensitivity [7] among other thingSlearly all the



applications listed above have bearing on futuchrtelogical development.
For instance, the Schwab-Roukes experiment in §érchines the limit of
thermal conductance which could be an importartbfaia electronic devices
of the future as decreasing feature sizes coulihbted. As evidenced later,
the device described in [7] represents many aspeaicthe goal of this

dissertation.

1.3 Metrology Requirements in Nanotechnology

One of the important requirements in the emergingldf of
nanotechnology is to be able to characterize naddeai the nanoscale. While
many new techniques are being employed (for instamc[8]), it is widely
accepted that most of these methods have sevatatioms, both physical as
well as in terms of generating pertinent informatioThe accurate
characteristics of material properties is very intgnat in nanomechanics, since
micro-anomalies, normally ignored in engineeringige with good reason,
play an important role at these scales. Since imosteuctures, the
interdependence of mechanical and electrical ptiegeof the material are
often exploited, the designer must take into actthese properties, for which
these properties must be well established.

Some of the important tools in current use are rthro-indentors, the

atomic force microscope (AFM), the scanning proberoscope (SPM), the



electron microscope (both transmission mode (TEMQ acanning mode
(SEM)) and some laboratory equipment such as proélers etc. that yield
limited scale-specific information. The AFM has beevery useful tool in the
emerging field of nanotechnology, since it can pazdultra-high resolution
images of surfaces. Another of the important toblthe twentieth century has
been Nuclear Magnetic Resonance Imaging (NMR). Nafid its modified
form Magnetic Resonance Imaging (MRI) have yielagdresting and useful
information helping us better understand humanacamgat drug performance
and chemical potentials in solutions among mangrathings.

There is no doubt that the concept of NMR is a pwand indispensable
tool for scientists, engineers and healthcare psideals. NMR provides a
non-destructive (or non-invasive) technique to poedimages of structures
well below the surface. As for the AFM, it has bestapted by micro- and
nanotechnologists to perform various applicatioresyond what it was
originally designed for. (See [9] for an example)

A combination of MRI and AFM, i.e. a tool that hthg three dimensional
imaging capabilities of MRI, while at the same tirhaving the lateral
resolution of AFM would be the ideal tool for studly nanoscale materials
and devices, as well to exploit properties of naho€ated devices. Such a
tool would enable metrology of nanostructures to-sr otherwise and would

provide a wealth of information about the charasties of materials at the



nanoscale. In addition it would enable molecularagmg, which will
revolutionize research in the biological and mddisziences. The
fundamentals of development of such a tool aregntesl in this chapter and

serves as the motivation for this dissertation.

1.4  Nuclear Magnetic Resonance (NMR)

The fundamentals of nuclear magnetic resonanceasréllows. If a
sample is placed in a magnetic field and is subgetd radiofrequency (RF)
radiation (energy) at the appropriate frequencylaiuin the sample can
absorb the energy. The frequency of the radiatesessary for absorption of
energy depends on three things. First, it is clanatc of the type of nucleus
(e.g.,*H or **C). Second, the frequency depends on chemicalamaient of
the nucleus. The NMR frequency also depends onasgdatation in the
magnetic field if that field is not uniform. Thiadt variable provides the basis
for magnetic resonance imaging (MRI).

NMR is a well characterized technique and thera iarge quantity of
literature in the field. A short tutorial that ti@lowing description follows is
found in [10]. A brief description of the nucleaagnetic resonance follows
herewith. A spinning nucleus acts as a tiny barmaagriented along the spin
rotation axis. If we put this small magnet in thedd of a much larger magnet,

its orientation will no longer be random. Therelviae one most probable



orientation. However, if the small magnet is orgehprecisely180° in the
opposite direction, that position could also be ntzned, i.e. the most
favorable orientation would be the low-energy statel the less favorable
orientation the high-energy state. This two-stascdption is appropriate for
most nuclei of biologic interest includirftd, *°C, **N, **F, and®'P; i.e., all
those which have nuclear spin quantum number K2isla quantum
mechanical requirement that any individual nuckgains of a nucleus with
spin quantum number 1/2 be in one of the two stérd nothing in between)
whenever the nuclei are in a magnetic field. limportant to note that the
most common isotopes of carbon, nitrogen and oxytfén **N and*®0) do

not have a nuclear spin.

N

Figure 1.1 The charged nucleus (e.g., 1H) rotatiitly angular frequencyy,=2p , creates a
magnetic field B and is equivalent to a small bagnet whose axis is coincident with the spin



The small nuclear magnet may spontaneously "ftgth one orientation
(energy state) to the other as the nucleus sitseifarge magnetic field. This
relatively infrequent event is illustrated at tledt lof Figure 1.2. However, if
energy equal to the difference in energie€)( of the two nuclear spin
orientations is applied to the nucleus (or mordisgeally, group of nuclei),
much more flipping between energy levels is indu€kd irradiation energy
is in the radio frequency (RF) range and is typycapplied as a short pulse.
The absorption of energy by the nuclear spins atra@sitions from higher
to lower energy as well as from lower to higher rgge This two-way
flipping is a hallmark of the resonance process &hergy absorbed by the
nuclear spins induces a voltage that can be detdste suitably tuned coill
of wire, amplified, and the signal displayed ases induction decay (FID)
Relaxation processésgide infra)eventually return the spin system to thermal

equilibrium, which occurs in the absence of anytfer perturbing RF pulses.

state

High
state ** v **‘ A éﬁ‘*‘ﬁ‘#A *A* *A* *3 v ** ¥ **‘ Ve

Low

state

Spontaneous flipping Induced flipping due to Signal detection during Return to thermal
at thermal eauilibrium rf enerav free induction decav eauilibrium

Figure 1.2 The phenomenon of flipping of energyestéspontaneous, upon application of RF
energy, free induction decay (FID) after signakithdrawn and return to thermal equilibrium,
in that order, left to right)



The energy required to induce flipping and obtaMMR signal is just the
energy difference between the two nuclear oriesatiand depends on the
strength of the magnetic field,B1 which the nucleus is placed. It is given by:

E=ghB, /2 (1.1)
where h is Planck’s constant (6.63 ¥416rg s). The Bohr condition E = h )
enables the frequency of the nuclear transition to be written as:

n,=gB,/2 (1.2)

Equation 1.2 is often referred to as the Larmoraéiqn, andvo = 2p ois
the angularLarmor resonance frequencylhe gyromagnetic ratio is a
constant for any particular type of nucleus andiisctly proportional to the
strength of the tiny nuclear magnet. At magnegddfistrengths used in NMR
experiments the frequencies necessary to fulfi# tesonance condition
(Equation (1.2)) are in the RF range; e.g. in ametg field of 14.1 T, the

transition frequency, for *H is 600 MHz.

1.5 Magnetic Resonance Imaging (MRI)
As mentioned in section 1.4, the NMR frequency aspends on spatial
location in the magnetic field if that field is neverywhere uniform. This

variable provides the basis for magnetic resonanaging (MRI).



Figure 1.3Schematic Operation of a one-dimensional MRI sysi#me magnetic field
gradient generates a precession frequency gradieateiver picks out one frequenayin a
band of width w, allowing detection of the atoms in a slice abfzwidth z, [1]

In MRI, the use of controlled field gradients all@elect ‘slices’ of nuclei
at specific depths in the sample to be in resonahice gradient of the field
influences the thickness of the resonant sliceeatgr the gradient thinner the
slice, thus superior resolution. The state of ttidviRl can resolve to about
1mm. MRI forms the basis for the magnetic resonanogefmicroscope.

A brief description of the MRI as described in {djorovided. A magnetic
field with a gradienB = (Botb2) is applied to the object to be imaged. Here
is the field gradient, in units of T/m. At each i, a particular type of atom
(typically hydrogen) will have a local precessioaduencywy(z) = n(Botb2).

A receiver for the NMR signal tuned to a particui@guencywy will only
pick up frequencies near and therefore will detect atoms witlrcoordinate

nearzo=wo/( -Bo)/b. If the bandwidth of receiver input frequency qiteace is



w, it will detect atoms centered at this height, anslice of thickness
z= w/ nyb. The uniform field B can then be changed slightly allowing
detection in a slice at a somewhat different l@cgtand thus by measuring the
signal as a function of Bthe composition of an extended solid along the z-
axis can be mapped out.
The proposed magnetic resonance force microscopd-{i), originally

envisioned by Sidles [11] is described in the follag section.

1.6 Magnetic Resonance Force Microscopy

The use of nanomechanical devices to develop aosuopic imaging
technique known as “magnetic resonance force neomg or simply MRFM
has been among the thrust areas in nanomecharties last decade. MRFM
is a visionary project the ultimate goal of whichto enable imaging of
various atoms on a surface (and below it), complatie identification of the
element. This would give a resolution of a sindgtara

MRFM was proposed by Sidles [11] in 1991. The fundatals of this
proposal are as follows. A molecule whose structsire® be determined is
placed below a sharp magnetic tip. The magneticstgitached to a sensitive
micromechanical cantilever that will bend in respomnto small forces,
including the magnetic forces due to the magneiaan in the sample. (Many

common elements, such as hydrogen, fluorine, catBprphosphorus, etc.,



have magnetic nuclei.) Nuclear magnetic resonaacased to manipulate
individual nuclei that are just the right distarfoem the tip (i.e., within the
“resonant slice”). By applying a suitably modulateztiofrequency (RF)
magnetic field using a small coil, the magnetic neabof the nucleus within
the resonant slice can be flipped up, down, up,jaic., thus generating an
alternating force on the tip that causes the eamil to vibrate slightly. This
vibration is detected using a sensitive positiotecteon scheme. By scanning
the sample with respect to the tip in a three-dsraTal raster pattern, an
image of the atomic structure of the molecule @amrinciple, be obtained.

Figure 1.4 shows a schematic of an MRFM apparatus.

cantilever
Magnetic Tip
Resonant Slice Sample
B=w/g ‘
. C¥ RF Field
- . w)
Magrnetic field due to tip

Figure 1.4 A schematic of the MRFM imaging appasatu

MRFM with single-nucleus sensitivity is still beybnpresent-day
experimental capability because the magnetic fogemerated by an

individual nucleus is so small (~¥®N). Present research activity is focused



on the detection of individual unpaired electromspwith angstrom-scale
spatial resolution. Despite the thousand-fold largagnetic moment of the
electron (137 N), the goal of single electron spin detection andging is a

challenging one. This is because the forces thad ne be detected are still
extremely small - in the attonewton range - andabee the behavior of
individual spins in the presence of a nearby feagnetic tip is not well

understood. Recent experiments by Rugar et al. lreonstrated the

detection of a single electron spin [16].

1.7 Motivation

The motivation for this dissertation is laid outtime Sidles proposal to
build a Magnetic Resonance Force Microscope. A wmgrkMRFM will
transform imaging technology and result in a rgmidgress in the field of
nanomechanics, which is an essential theoretiel for the development of
nanotechnology. Beyond the anticipated imaging laiéipas of the MRFM, it
can be used to carry out a number of interestipgmxents that can result in
exotic machines. One such application is to usé suMRFM as a possible
read-out scheme for solid state quantum computihgrae proposed by Kane
[12].

In magnetic resonance force microscopy (MRFM) maeidia detection of

magnetic resonance signals is carried out by seslgitmeasuring the force



F=m.NB between a permanent magnet that provides adreldientNB, and
the spin magnetizatiom. Periodically modulating this force by modulatimg
alters the oscillation amplitude of a high Q, logrisg-constant micro-
mechanical resonator (cantilever or bridge) sucis ased presently in AFM.
A schematic of a MRFM is shown in Figure 1.5. Theus of this dissertation
is the design and fabrication of a force deteatatty sufficient sensitivity to

detect single electron spins.

INGREDIENTS Focus of Dissertation

itive f |
compliant mechanical element
displacement readout

miniature magnet

provides coupling to spins)

=> F=(m- N)B

defines magnetic resonance I
imaging volume
=> w(r)=gB(r) B = BY cos(wt)

Figure 1.5 Necessary ingredients for a proposechetagresonance force microscope
(P.C. Hammel, D.V. Pelekhov, and M.L. Roukes). @lasign and fabrication of the
sensitive force detector is the focus of this dissen

1.8 Dissertation Tasks

The major goal of this dissertation is to desigad adevelop cantilevers
with sufficient sensitivity to detect single spifisis would entail cantilevers
that have a force sensitivity of at least0~® N/ﬁ. Another desired

requirement is the development of a lightless mwsitletection scheme to



detect frequency shifts of the cantilevers. Thidasirable since even a small

amount of sub-bandgap light is known to increaskxation rates in

semiconducting samples by several orders of matmifd3]. While these

goals are general, | have defined the followindgda® be completed in this

dissertation:-

1.

To design and fabricate Single Crystal Silicon (yCéantilevers
with frequencies in the 5 — 60 kHz regime

To develop a process for high yield scribing oftdewers in order
to suspend cantilevers on-an-edge

To conceive and design a light-free, ultra sersiforce sensing
scheme in order to detect forces of the order tefast 10°N/ Hz
for a single electron spin at a temperature oKD.3

To develop processes for fabrication of ultra-tbamtilevers and
other required electronic components with sufficeamsitivity

To fabricate and characterize field effect tramssfor use as low
temperature amplifiers

To make measurements of the designed component@rify

suitability for low temperature experimentation



Chapter 2

THE SINGLE CRYSTAL SILICON CANTILEVER

2.1 Introduction to Cantilever Design

The design of cantilevers for ultrasensitive aggtians by itself is not
novel, as seen in Section 2.2. However the desnghfabrication of such
structures with high yields is very involved andat trivial. While the design
of integrated force sensors is a good approach,obribe most prohibitive
issues for single electron or atom magnetic resmm&orce microscopy is the
design of a position detection mechanism that nsitiee to a single electron
spin (for electron spin resonance) and a singleeauncspin (for species
identification). It has been demonstrated in [1&ittthis can be achieved using
optical interferometry, though its suitability faruclear spin detection is
unknown. While this approach is the most straightéod, it has some
inherent disadvantages. These disadvantages incgatig of the cantilevers,
alignment issues and increased relaxation rategin$ in the sample [13].

Another serious issue is the thermomechanical rafisiee resonator. The
thermomechanical noise in MEMS is a well known gmeanon that restricts
the measurement sensitivity of many devices [14jalégous to Johnson’s

noise in resistors, this noise has a direct depaeden the temperature. As



such measurements in magnetic resonance force soapy are usually
carried out at ultra-low temperatures and in utigh vacuum. The low
temperatures also play another important role y tkeep the spins in the
sample coherent. While decreasing temperature imgrtadecreases
thermomechanical noise, it still is the most seveoad-block in the
measurement of a single spin. This chapter examdessgn issues of
cantilevers and reports the design and fabricaifasm simple cantilever made
of single crystal silicon. Some measurements offteguency response of
these cantilevers are presented. It is expectaédhbdessons learnt from the
fabrication of these cantilevers and their testivith greatly help in further
modifications to the design of the cantilever adl @e in understanding the
basic physics of magnetic resonance force micros@m techniques to

measure spins.

2.2 Previous Work

Previous work on the fabrication of silicon cantédes for the purpose of
MRFM is described in Stowe et. al.[159]hese cantilevers were fabricated
using a similar process as described below. Furttogtifications of this work
led to mass loaded cantilevers that were usedtextda single electron spin
[16]. The cantilevers used in this experiment wiadericated using several

process steps, including a crystal growth steaébieving mass loading.



2.3  Design Issues for MRFM Cantilevers
2.3.1 Material Selection

While there is no specific evidence yet that exekidhe use of any
particular material for the fabrication of cantiées, there are three basic
design considerations that must be taken into adceuisting technology for
fabrication, ease of fabrication given the matgralperties and the associated
stiffness of the cantilever. While silicon-basedbrfeation obviously lends
itself readily (based on decades-long developnfenguch processing, silicon
based fabrication itself present many choices Her dctual material for the
cantilever — single crystal silicon, poly-silicosilicon dioxide and silicon
nitride to mention the most common. The fabricatmoncess will have to
accommodate easily the requirement of cantilevetisowt the presence of a
substrate underneath the cantilever (unlike comwesit MEMS processing).
This requirement rules out the use of poly-silidtiased processing (such as
MUMPS and MOSIS) without introducing additional pessing steps, which
may not be compatible with these processes. Theidwib choices left are
single crystal silicon and silicon nitride. Silicamtride films have large
residual stresses, thus the fabrication of thesgl@azers will result in curled-
up cantilevers. While this was not anticipated wdtv stress silicon nitride

films, we found upon fabrication that even low-sgresilicon nitride is not a



suitable material for the above reason. GalliumeAide - based cantilevers
may be another suitable option as evidenced laténis manuscript. In this
chapter only the silicon-based cantilevers areudsed.

2.3.2 Geometry of Cantilever

The geometry of the cantilever has great relevameeagnetic resonance
force microscopy. Mozyrsky et. al. [17] have rebentlemonstrated
theoretically that higher order modes of vibratminthe cantilevers (due to
intrinsic thermal noise) can cause spin relaxatiates in the sample to
increase. Thus these higher modes will have to drepédd. This can be
accomplished by designing the cantilever in sudhaaner that the cantilever
has greater mass toward the edge. The use ofesansil with uneven cross
sections to suppress spin relaxation is simulat¢tid].

However, the above developments are fairly rec&ften the silicon
cantilevers were designed, this result was not knd¥ence a triangular shape
for the cantilevers was chosen based on one maj@ideration. For MRFM,
the cantilevers will have to be brought very cldasethe sample, without
touching the sample. A rectangular cantilever wddgle to be very thin (in
terms of width) in order to reduce complicationisiag in the positioning of
the cantilever to minimize tilt. The triangular pkais convenient in this
regard. Another factor of consideration was therntteenechanical noise

dependence of an equilateral triangular cantilererts thickness. In such



cantilevers, the thermomechanical noise of theileast depends only on its
thickness (for a given material). Thus the thiclenetthe cantilever can be
varied arbitrarily (in practice is restricted tobfecation limitations) to suit
thermomechanical noise requirements, while the rotheensions can be
varied to suit frequency requirements. This appéarsery convenient for
calibrating MRFMs at various frequencies, while mtaining sensitivity.

Triangular cantilevers may have mode shapes atehiflequencies of
thermal vibrations that contribute toward lowerirgaxation times in spins.
However, for purposes of establishing the basicctfoning of MRFM
technology, this shape was initially pursued irs thissertation. Also, the
subsequent gluing of a magnetic particle to thedfipthe cantilever can
significantly damp higher order modes, thus meetihg ‘mass at tip’
requirement proposed in [17].
2.3.3 Position Detection

The mechanism used to detect the frequency shiffteofantilever can also
play an important role in the design of the cawméfe In this dissertation three
basic schemes are considered: optical detectiamgusser interferometry,
capacitive detection using microwave resonator anegrated capacitive
detection. The last scheme will be addressed iridlieeving chapters, while

this chapter will focus on the first two schemes.



Optical detection is an obvious method to employ Wery sensitive
detection since the position detection resolutibrihese methods approach
10" m. Thus, this method is readily suitable for empient in MRFM.
Further, this method is fairly well established anthny atomic force
microscopes use optical detection for sensing leaeti displacement. The
problems associated with using this method for MR&id the effect of the
laser power in decreasing relaxation times in #rae and the difficulty in
aligning the lasers. The latter problem can beesblwith some ingenuous
design of laser positioning methods and ‘reflecfiagidles’ on the cantilever
[15]. However, in semiconducting samples, the iaseel rates of relaxation
are a serious problem associated with lasers. &hasn-optical detection
method is preferred, since the MRFM is expectetaee widespread use in
the semiconductor industry.

Scanning capacitive microscopy is another scannaaepechnique that is
seeing some renewed interest. This technique es@ogapacitive sensing
wire to sense displacement. This method can be ase@ non-optical
detection method. However, this method is not vesgful for sensitive
measurements, though it can prove invaluable irracterizing cantilever

characteristics.



2.4 Design of Single Crystal Silicon Cantilever

The design of the single crystal silicon cantilewas done considering the
above design issues. Resonant frequencies of thidegar as well as the
thermomechanical noise are calculated for a fewkti@sses of equilateral,
triangular cantilevers.
2.4.1 Assumed geometry

The assumed geometry of the cantilever is triamgllae geometry was
assumed initially based on frequently used shapdsw-temperature, atomic
force microscope cantilevers and requirementseafuiencies in the megahertz
regime. Thicknesses of cantilevers influence fraguyenore than shape (given

the quadratic dependence of stiffness on thicknélss} a certain geometry

A
v

Figure2.1 Geometry of single crystal silicon cantile



was chosen and calculations for a few thicknessemade. The shape chosen
is a equilateral triangle of side 92 microns.
2.4.2 Resonant Frequency Calculations

The resonant frequency of an equilateral triangcdantilever is given by

[19]

1782 (E

Wheref, is the resonant frequenayis the thickness of the cantilever beam
al is the height of the trianglular beais,the young’'s modulus and the
density. For siliconE = 210 GPa and = 2550 kg/m, thus giving resonant
frequency for a thickness of 100nm to be 60 kHz.

2.4.3 Thermal Noise Calculations

The spectral density of force due to the thermomeiclal noise of the

equilateral, triangular cantilevers given by theiipgrtition theorem can be

calculated using the below formula:

Kk T
S = F = szfc (2.2)

Where k is the spring constant of the cantileverjskthe Boltzman’s
constant, Q the quality factor andffie resonant frequency. All measurements
are made in ultra-high vacuum and at very low taaipees. Stowe et. al. [15]
have achieved Q of greater than 100,000. Thus tieeeQpected to be fairly

high. Assuming a Q of 15,000, the table below shihwe@smomechanical noise



(at 300mK) of single crystal silicon, equilateréiangular cantilevers of

geometry described above at different thicknesses.

Thermomechanical noise of Silicon Cantilevers
for different thicknesses

Thermomechanic

Thickness (hm Noise (N/ Hz)

200 3.60 x 108
100 1.80 x 18
50 9.01 x 1G°

Given that the required sensitivity at 300mK is tbk order of an
attonewton, cantilevers of thickness 100 nm willeinthe needs of thermal

noise sensitivity.

2.5 Fabrication of SCS Cantilevers

Fabrication of devices using existing MEMS techgglois quite
straightforward; however, the number and naturdesices that can be made
out of single crystalline materials are quite limoit Most of current day
commercial MEMS technology uses surface micromacinNhile there are
many commercial devices fabricated using bulk nmaochining, most of
these devices use a combination of both surfacebafid micromachining
techniques.

In order to make cantilevers of single crystalcsifi, silicon on insulator

(SOI) wafers commonly used in the integrated cirandustry can be



employed. The specific type of wafer used is cale8IMOX wafer, which
consists of an ion implanted buried oxide layereSéhwafers have few flaws
and if necessary very high quality material cambiined. While such wafers
have been used extensively in the integrated ¢tiiodustry, especially in
almost all modern MOSFETS, the use of such wafasshieen largely limited
in MEMS because of their high cost.

The cross section of a SIMOX wafer consists of adleor substrate of
single crystal silicon and a device layer alsoinfle crystal silicon separated
by an oxide layer (BOX or buried oxide). Thicknesséthe device layer and

buried oxide layer can be chosen from many avaltbtkness combinations.

Figure 2.2 Cross section of a SIMOX wafer for fahtion of single crystal silicon
cantilevers

For our particular device, it is desirable to ha&00 nm thick device
layer and a sufficiently thick BOX layer (to ser@® an etch stop). Initially we

obtained SIMOX wafers of the cross section showigure 2.2.



The proposed fabrication process is to etch thetsatk from the bottom
side of the wafer all the way to the oxide layand &hen to pattern the
cantilever on the device layer to have cantilewdrsequired geometry. Note
that the thickness of the device layer correspdndhe required cantilever
thickness.

To etch down to the oxide layer, use of potassiyardxide solution
(40% KOH) at 80C with constant agitation is employed. Calibratadretch
rates at this temperature was done and set at880wn/minute. KOH etches
silicon only along the (111) planes, thus the angfeetch would be
approximately 54.74 However, during the etch it is necessary to gtatiee
thin device layer. Also a good mask is necessarytlie etch. Standard
photoresists do not offer protection against KOHelavated temperatures.
Hence it is decided to deposit a film of silicortridie (SgN4) on both the
device and the substrate sides of the wafer. 1008 AO0 nm) was chosen to
be sufficient to act as a mask. It is necessaryttignitride layer be as free
from defects as possible, since small pores caritieshe completely etch of
the thin device layer. The nitride thus serveshasnhask for the KOH etch.
Upon termination of the etch, the nitride and thele layer will have to be
removed. Hydrofluoric acid (HF 49%) is highly selee to oxide and nitride
and does not attack silicon. However, the etchsrafeHF is 3 times quicker

for silicon dioxide than for silicon nitride. Th@&3 rds of the nitride will be



etched away using a dry etch and then the wafdrbeildipped in HF to
remove the oxide and the nitride layers. Then, dlieon layer will be
patterned using photolithography and cantilevefishgietched by another dry
etch. The photoresists will be removed using oraalvents and critical
point dried. The process is outlined in the follogvsteps.

Step 1: Deposit a 100 nm thick layer of low stress siigotride (SgN4) on

either side of the wafer as shown in Figure 2.3.

Figure 2.3 Step 1: Deposit 100 nm (1000 A) thidic6i Nitride on both sides of the wafer

Step 2: Membranes were patterned on the back side of therwssing
photolithography. SFwas used to etch away the nitride selectively {oose
silicon only in the region to be etched. Then udt@H (45% at 80 C) the

silicon was etched down to the oxide layer. Thalexayer is not an absolute



etch stop. However, KOH etches the oxide layer mslotver than it etches
silicon. Further it etches oxide isotropically vatit regard to crystalline
planes. Hence an undercut can be observed if tide tayer is etched further.
This undercut helps in establishing if the etch tre@shed the oxide layer. The
membranes thus formed have three layers, the diayjeesilicon sandwiched
between silicon nitride and silicon dioxide, allolOm thick. The membranes

are fairly delicate and extreme care was undertekensure their integrity.

] [ ]

Figure 2.4 Step showing etched membrane
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Figure 2.5 Step 3: Passivation removal

Step 3:The silicon nitride and the silicon dioxide hagebe removed from the
membrane. While concentrated hydrofluoric acid etchoth SiQ and SiN4
selectively with respect to silicon, it etchegNgiat a much slower rate than
SiO, (recorded difference was 10 times longer fosNHL Hence it was
necessary to remove most of the nitride prior ® ki dip. This was done
using a dry etch, which removed about 950 A oftaiii nitride. Then the
membranes were dipped in HF for 2 minutes. A col@nge was seen from
reddish to blue (due to the removal of the oxidbkictv is responsible for the
reddish tinge). The result of this step is showrestatically in Figure 2.5 Step
3: Passivation removal. Also shown in Figure 2.@nsoptical picture of a

membrane after the HF dip. The undercut can beasa border.



Step 4:0nce the passivation was removed from the membitaeesilicon of
the device layer was patterned using photolithdyagince the membrane is
translucent, alignment could be done using the ambnaligner. Contact
lithography was performed using low pressure vacgontact to ensure that
the delicate membrane is not damaged. The patteimitone using a positive

photoresist. The particular resist used was OIRHO&5. the thickness of the

resist is estimated to bemh. The exposure dosage was 160 mJ. An optical

/3y
<

Figure 2.60ptical picture of a membrane showing unde
of oxide by HF. The undercut is seen as a border



picture of a patterned membrane is shown in Fidure the cantilevers are
then released using a dry etch.
Step 5:Critical point drying is necessary for the cantdes/to survive surface

tension forces of organic solvents used to remoeedsists. The cantilevers

Figure 2.7Picture of patterned membrane. The cantil
patterned as a triangle using a positive resist

are transferred under methanol into a critical pdiyer and drying is carried
out. Critical point drying has been a low-yield gess, primarily because of
the damages caused by the handling of the chids thé free cantilevers.
Current yields are estimated to be close to 80% &ftep 4. The total yield for
the process up to this stage is close to 60%.

Step 6:This is a step ubiquitous to the requirements ahsed probes, that
requires cantilevers to be suspended of an eddanrbe center of a chip.

This requirement is graphically represented in FEg.8. As such, this step



requires cleaving of the processed chip along aifspelane close to the

edge.

Figure 2.8 The requirement of ‘cantilever on
an edge' represented schematically

Figure 2.9 A failed attempt at scribing the chip®rder
to suspend the cantilever out on an edge

While standard wafer dicing operations lack theusmcy in order to
cleave the chip within 106m, scribing is a process that one can envision to
have better accuracy. Scribing requires that thbesenarks are made very

straight along the planes (desired cleaving plaridsy step requires careful



positioning of scriber and careful cleaving. Serthrequires fixing of the chip
using a vacuum chuck. The vacuum chuck can de#teofragile cantilever in
these chips, hence the wafer was bonded onto aesi@éhtape and this
assembly was placed on the vacuum chuck. Scribksmeere made using a
standard diamond scriber. Then, using a sharp didntip, the chip was
cleaved along the scribe marks. However, this m®deeing a mechanical
process with high handling stresses, severely lowield. The final yield for
the chips in the first attempt were 0%. A failedilse attempt is shown in
Figure 2.9. As seen from the SEM picture of thepclaven though the
cantilever remained intact after the scribe atteitigt cleaving did not put the
cantilever ‘out-on-an-edge’. Hence this chip wad neable for MRFM
experiments. Thus, even though cantilevers couldlimécated in the center of
the chip reliably, the scribing required to suspémein on an edge greatly

reduced yield.

2.6 The Scribing Dilemma
As mentioned in the previous section the scribing suspend the
cantilevers on an edge reduced yields to closerm Hence this problem was

serious enough to consider a process change tcedsag.



2.6.1 Polishing of wafer
SIMOX wafers have typical substrate thicknesses gfowafers) of 610-

710 mm. this thickness makes it extremely hard to cldheewafer. Hence, it
seemed like a possibility that the reduction irckhess would significantly
ease the scribing process. The thickness of therwadn be reduces by
mechanical polishing known as lapping. For the satesused, it was decided
to use sandpaper lapping with constant water flodOarpm. The sandpaper
used was a Struer 1500 grit wet/dry. The lappingcess would reduce

thickness to about 156m.
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Figure 2.10 Schematic showing the steps of theilgpprocess



The lapping process being a mechanical processesait in the crystal
planes being damaged. This may affect the KOH igtdbne prior to the etch.
hence it was decided to etch the membranes anddthéime lapping process
prior to the cantilever patterning and release. Tecess is shown
schematically in Figure 2.10. However, after a fegials this process was
abandoned since the few membranes that survivedptbeess did not
considerably ease the scribing process, sincestsiith difficult to align the
cleaving of the chip exactly at the base of thetilever. It is also suspected
that the crystal damage due to lapping can con&ituuneven scribing.

2.6.2 Long Membranes

A desirable feature for initial testing of cantiégs is to have multiple
cantilevers on one chip. This will be useful, sinlbe set-up on the MRFM
experiment is fairly time consuming and a brokentitaver otherwise would
mean redoing the entire set-up. Taking into accdbase factors, it was
decided to approach this problem differently. ladteof making small
membranes with one cantilever on each membranastdecided to make six
cantilevers on a long membrane, three on each $adeyon the membrane.
The anticipated advantages of this method arellasvi

1) More number of cantilevers per membrane



2) Scribing will result in straighter edges, becaudetle longer
membranes. Further there is also the possibilitys¢tabe them
longitudinally

There are two points at which scribing can be gitedy one before the
resist stripping and critical point drying (Step ) after the critical point
drying. There are advantages to doing both as ibesicbelow.

In the first case, the chips can be scribed paahé¢ critical point dry. This
step has an advantage in that the dust accumutiateag scribing will be
taken off during resist stripping, thus giving @atter surface. However the
disadvantage is that the cantilever, now suspendea@h edge can come into
direct contact with the sides of the drying chambewith other chips and
break.

In the second case, the scribing could be attengdted the critical point
dry. This has the advantage that there are lesscebhaof damage to the
cantilever during the critical point dry; howevéiere is a high possibility of
scribing dust attaching itself to the cantilever.e Vttempted scribing
cantilevers post-dry, since this process seemedti@ah considering the
cylindrical shape of the critical point dryer bo&hows an SEM micrograph of
a set of 6 cantilevers fabricated on a long mengrtdmee on each side of the
membrane, staggered to accommodate all six. Thuseps of using long

membranes and scribing them resulted in yieldseckos 40%. This is a



definite improvement over the previous process. él@r, a more elegant

solution to the scribing dilemma would be prefegabl

LPS SEI 30.0kv¥ X110 100um WD 8.6mm

Figure 2.11 SEM image of a set of six cantilevetwitated on a long (1.2mm) membrane

2.6.3 Scribe Etch

A scribe etch to ease scribing is a serious corside, but this process
comes attached with two specific limitations: tivstfis the process of using
KOH to etch down to membranes is anisotropic witlewalls sloped at an
angle of 54 While etching through thick substrates (typicalbstrate
thicknesses for 6” wafers is 610-7bfn), large consumption of wafer real
estate is a significant factor. Hence becauseisfaiigle of etch, the sidewalls
may not be close enough to the membrane to gebd gaough scribe. The
second issue is the alignment of the scribe madotacide exactly with the

edge of the membrane from which the cantilever belsuspended. While this



is not impossible, it is very difficult, since KOKtching depends on the
crystalline planes and small imperfections in thestal can easily result in an
error of alignment in the final scribe mark by avféens of microns. A
combination of these two factors does not makauiieeof KOH to have chips
with scribe marks a very viable one.

However, for scanning capacitive microscopy, asl vasl for optical
detection, it is desirable to have sloped sidewasilxe the capacitive sensing
wire as well as the optical fiber is brought dovwse to the cantilever. This is
especially a problem for the capacitive sensingesw) since straight
sidewalls result in increased stray capacitancewdy to reduce stray
capacitance is to lower the sbstrate thicknesss €an be done either by
polishing or by obtaining thinner wafers. Using ntier wafers and a
combination and front and back reactive ion etchpnagcesses, one can hope
to fabricate devices by incorporating scribe etches

Hence, to incorporate scribe marks, the use of deagtive ion etching
(DRIE) to etch through the substrate was decideshuphe fabrication of
such cantilevers was achieved through The MEMS Hadotechnology

Exchange and is described in 2.8.



2.7 Characterization of Cantilevers
The cantilevers fabricated using long membranes vebiaracterized at
room temperature using a capacitive probe at Thie State University The
work described in this section was not carriedsalely by the author; rather it
serves to identify the set-up in which the canglswvere characterized. The
set-up used was a vacuum bell jar and a microgspnator scheme as shown

in Figure 2.12.

Capacilive resonator
Power in— —-Dl_lto
Cantilever ﬂ H [”mw
\ ¥
Probe
micromagnet H,=H," giat

50 ohm Micro-stripline
transmission line resonator

Figure 2.12 Set-up for scanning capacitive micrpgcd he set-up shown also shows
sample positioning and the magnetic fields as in@nal MRFM experiment. For
characterization purposes, only sensing probe antilever without the sample and
magnetic fields was employed. The cantilever wasmated using a piezoelectric
resonator and the resulting resonance was sensed

1%)0/& &) 1% 23 " 0%4"&& 58& )6 47& & 48 7 *9%*&1™
7) & 438 %+"2 4. % & D) 2



For testing, a cantilever was mounted on a pieabwas excited with a
harmonic voltage of known amplitudé,sc and frequency. The resultant
cantilever motion modulates the mixer output; signal is detected with a
lock-in amplifier [21] using the excitation signas a reference. The
frequency response of the cantilever oscillationraged by sweeping the
excitation signal through the mechanical resonantethe cantilever.
Calibration of the cantilever response is basedhenknown displacement
amplitude of the cantileve.sat its resonant frequency, where

Ares = d33VoscQ

wheredss = 4.8A/V is the coefficient of the EBL#6 piezodigc material
[22] used to excite the motion arf@ is the measured cantilever quality
factor.

Using this approach, detection of the displacenzéntarious types of
MRFM cantilevers has been demonstrated at roomdeatyore. Fig. 3 shows
the frequency response of a triangular cantileVhrs cantilever was driven
with piezo excitation amplitude of 4.8 x 1@&. We find a readout sensitivity
of approximately 5.0 x I&m/ Hz; in this case the overall detector noise
level is dominated by displacement readout nois&hvicorresponds to a

force sensitivity of 80 aNHz [23].
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Figure 2.13 Capacitively detected response obadular cantilever. The signal was
acquired at T = 300 K in vacuum

2.8 Fabrication of Cantilevers Using DRIE

As described previously, use of deep reactive itmhmes (DRIE) with
vertical or near-vertical side-walls would greatlyse the scribing process and
increase Yyields significantly. To this end, a psscesing DRIE to fabricate
single crystal silicon cantilevers was developeasprocess is similar to the
process described in 2.6, except that a DRIE steporporated instead of the
KOH etch. Further, the DRIE step was performed has last step of the
process. Thus cantilevers were defined on the -Biolet of a SIMOX wafer
with oxide on both sides. The wafer was then pagrusing front-to-back
alignment and photo-lithography on the back-sid®RIE was performed to

stop on the buried oxide layer (BOX) of the SIMO)afer. The cantilevers



were now released in hydrofluoric acid (HF) follahey critical point drying.
This HF-dip step also removed the oxide on tojcHrdilevers.

This process was performed by MEMS-Exchange ugiagptocess steps
that were specified by me. The process resulteaigh yields, with almost
95% of the cantilevers being useable. In orderaeha variety of cantilever
designs for MRFM experiments, these cantileversewectangular with two

different widths and 4 different lengths.

Figure 2.14 Figure showing cantilevers fabricatsithgi DRIE. Four different lengths of
cantilevers were fabricated.



2.9 A New Dicing-Saw Method for Cantilever Scribing

In order to make cantilevers quickly and reliably an edge, another
method using a combination of a dicing saw cutnthside lithography and
scribing is developed. This method is describefblésys:
29.1 Step1l

In this step a scribe is made in the wafer usingestechnique such as
sawing using a dicing saw. This cut is made in suatay that it is easy to
scribe the wafer in future along this cut. Thisisens preferably made along
defined crystal planes in the wafer so that it wlopieferentially cleave. It
would be prudent to protect the front side of thefew using photoresist that
can later be removed. The wafer is cleaned thdigug solvents after the
scribe is made.
2.9.2 Step?2

The scribed wafer is then patterned using a lithpigic process (optical, e-
beam etc.). The pattern is defined using backdotfalignment such that the
cantilever features are defined with the base ef dantilever close to the
scribe mark. The cantilever features are then piede and etch to the
sacrificial layer is made. This etch could eithipsat the sacrificial layer or

go beyond it.



293 Step3

In this step the cantilever is released using ssacéficial etch. This step
would suspend the cantilever over the substratperStitical drying may be
necessary for very thin cantilevers to preventaa@ftension forces from
damaging the cantilevers.
294 Step4

This is the last step that suspends the cantilevem edge. In this step the
wafer is broken along the previously made scribekmahich would result in
accomplishing the scribe. This step could be dondiquid, (before the
supercritical dry in step 3, for instance) to pebtdelicate cantilevers from
flying particles (which is typical while breakingafers).

The process flow is shown in Figure 2.15. A pateag been filed for this

process [24].



Cut using'fhin dicing saw Pattern and Etch cantilever using
(~20-30 um) front-to-back alignment

v

Scribe

Etch oxide/ supercritical dry

Figure 2.15 Edge Suspenision of a cantilever ugidigging saw process

2.10 Limitations of Current Measurements Schemes

The fabrication of single crystal silicon cantileves extremely important
for studying the physics of magnetic resonance fandhe development of
MRFM. Current state-of-the-art position detectioechiniques for ultra-
sensitive applications utilize optical detectiolmesmes. The limitation of this
approach is that light induces excitations in semdicting samples, lowering
relaxation times by orders of magnitude. Furthex, cantilevers become
smaller, optical detection becomes greatly comfditaat low temperatures
owing to difficulty in alignment of the laser beam the cantilever. For high-

precision detection lasers must be operated at paher. However, this



would increase the cantilever temperature. Thia ggnificant problem for
very thin cantilevers, since thermal conductiorusss with decreasing cross-
sectional area. Thus there is a non-optimum trdidbetween sensitivity and
laser power, as the feature sizes of the cantdedecrease.

The alignment problem persists even for non-optilgection using the
technique as described in 2.7. This capacitivehest is a novel approach
toward a lightless detection procedure. Howevels iexpected that these
probes may not ultimately have sufficient positidetection sensitivity to
detect nuclear spins. Further, alignment of theramiave resonator (wire in
this experiment) is still required, which is veriffidult, and poses similar
problems as the optical scheme, as feature sizesageThus, an integrated
approach to position detection as compared to usingxternal position
detection probes must be developed. The developmaeaitsuch a technique
as well as its fabrication and measurement are thi®cus of the rest of this

dissertation.



Chapter 3

DESIGN FOR ULTRASENSITIVE CAPACITIVE DETECTION

3.1 Introduction

As mentioned at the conclusion of the previous tdrapa position
detection scheme that incorporates an all electrdgiector would be ideal. In
addition to the obvious advantages of having agnd-play’ capability,
such a scheme would possibly be superior to egisgiasition detection
schemes for the simple reason that alignment ofaber on the beam is not
necessary. Further, high power lasers can significideat up the cantilever,
thus increasing thermal noise. Thus a sensitiveelatitronic read-out of
cantilevers for MRFM is necessary. The developneéstuich a scheme is the

focus of this chapter.

3.2 Literature Review

A literature review of existing schemes for elentc position detection
schemes for ultrasensitive applications reveals tise of piezoelectric
properties of materials. Among the most sensitivieemes that have been
demonstrated is the piezoelectric scheme using GAK3aAs cantilevers
coupled to high electron mobility transistors [29]hey have achieved a

displacement detection of 0.002Adz that corresponds to a force detection



noise of 1pN/Hz at a temperature of 4.2K. These cantilevers tise
piezoelectric effect intrinsic of these heterodwies and couple them to a
GaAs field effect transitor (FET). The strain iretbantilevers modulates the
gate voltage of the FET, which can then be read out

GaAs/ AlGaAs FETs are a good choice as on-chip ifiepl for two
reasons: -

1. They can be custom fabricated to meet a wide yaoétneeds,
while still maintaining higher switching speeds rfgmared to
MOSFETS in silicon-based materials).

2. They do not freeze out at ultra-low temperatut@ss imaking them
operable at low temperatures.

Given these inherent characteristics of HEMTs/ G&EJ's and existing
technologies to grow wafers with custom epi-lay#re,use of GaAs/ AlGaAs
heterostructures to make nanoelectromechanicaérags{NEMS) is highly
favorable.

Another very common method employed in force daimctin
microelectromechanical systems (MEMS) is capaciBeasing. Capacitive
sensing is among the most common sensing mechamsh&EMS. Quite
frequently, these sensing schemes use comb-driveinge mechanisms to
mitigate to an extent the high damping forces afegged film that can lower

the quality factor Q dramatically. (for example @netuator described in [26])



Some applications that do not require operationsmatierate to high
frequencies do use parallel plate capacitive sgrsthemes, though these are
rare. Among the factors that make capacitive sgnsthemes impractical for
sensitive sensing schemes is the signal divisiorpdnasitic capacitance of
connections and cables. The parasitic capacitancenany cases is the
determining factor that restricts the use of capacisensing schemes for
ultra-sensitive applications. For capacitive semsstchemes to be adopted
more widely in ultrasensitive applications, mitigatof effects due to parasitic
capacitance is necessary.

Current state of the art in position detectionudels the cantilevers used in
Rugar's experiment [16]. These cantilevers haveuraddmental resonance
frequency of 5.5 kHz and thermomechanical noisabmfut 0.5 aN. Optical
interferometry is used to detect position of thesmntilevers. Another
experiment that has gained widespread attentitireis.ahaye experiment [5].
In these experiments a doubly clamped beam (wgbnant frequency of 20
MHz) is coupled to the gate of a single electr@ngistor (SET). SETs are
nearly ideal amplifiers, limited only by the quamtdimit. Using such a set-up,
this experiment has a position detection sengitioitl aN and is a factor of
only 45 away from the quantum Ilimit (imposed bye thHeisenberg
Uncertainty Principle). A further improvement tostlexperiment is described

in [6], where Naik, Buu et. al. have shown 0.5 akté sensitivity and are a



factor of only 2 away from the uncertainty limithdse are the most sensitive

measurements of position detection thus far.

3.3 Proposed Force Sensor
As mentioned in the previous section, there is edrte develop a light-
free, ultra-sensitive sensing mechanism to senstlesger motion. MEMS-

based force sensors have often used many integgatsihg schemes such a

Cantilever

Reference
Electrode

Figure 3.1 Proposed Force Sensor. The bond padsitede to parasitic capacitance,
thus dividing away signal from the capacitive segscheme. Integration of FET
onto the same chip as the cantilever will redugagiic capacitance



piezo-electric, piezoresistive and capacitive detac While these schemes
have merits and demerits, almost all of them aesl der applications where
the required sensitivity is several orders of magta less than that required
for MRFM. The thermomechanical noise of a beamne of the limiting

factors in the design of ultra-sensitive force sesisThe other limiting factor
is the position detection sensitivity. The highssmsitivity achieved by non-

optical sensing schemes is by Beck et. al [25],re/figey demonstrate a force
sensitivity of 402 N/+/Hzat 4K using the piezoelectric effect. In this

section we present a capacitive sensing schemelecbup an on-chip
transistor that serves as an amplifier.

This scheme utilizes a GaAs/AlGaAseterostructure with integrated
mechanical and electronic layers. Heavily dopedsG@rm two plates of a
parallel plate capacitor coupled to an on-chipyvew gate capacitance, high
electron mobility transistor or HEMT as shownHigure 3.1and Figure 3.2.
The choice of using a GaAs/AlGaAs heterostructitgemade based on
established procedures for low gate-capacitance HEMNd the ease of
growth of custom epi-layers.

For the upper cantilever of GaAs, a 195 kHz resoniatr a 10mm long
and 30 nm thick cantilever with a spring constanl.@3mN/m is expected.

The gap between the two plates is8. The width of the cantilever is chosen

to be 3mm. The lower cantilever is thicker so that it wilave a higher



resonance frequency, acting as a reference ateimmant frequency of the
thinner cantilever. One plate of the capacitiveestd is grounded, while the
other serves as the gate for a GaAs Field Effeendistor (GaAs FET).
Integration of the FET to function as an ‘on-chghplifier would reduce
parasitic capacitance that would otherwise divideyathe signal from the

capacitive scheme.

o<.

Side View of Double Cantilever

Figure 3.2 Cross-sectional view of proposed capaaitetection scheme. The glued
magnet will be shaped using focused ion millinditégues

Mar et. al. [27] have achieved a bandwidth of 1 MMth an input gate
capacitance of 0.15pF — 0.3pF, for a GaAs FET stracat 1 nV.HZ2
Power dissipated in FET was 7 mW. In this dissiertait is anticipated that
such FETs can be emulated for integration into ¢hpacitive scheme
described above. The capacitance between the apddower triangle should

be ~32fF matching well to the input capacitancéhef FET (15fF) described



in [27]. The maximum DC voltage we can apply betw#e two cantilevers
for biasing should be about 10 V. This is caladaby simple snap-in

considerations (when cantilever moves by 1/3 ofyye).

3.4 Force Sensitivity Estimations

A set of calculations to arrive at the proposeddosensitivity of the
capacitive scheme is presented in this section ffEggiency of the cantilevers
for the above geometry is 195 kHz. The pull-in &gk for the capacitive
plates is calculated to be 10 V. This determineslithit of the bias voltage

that can be applied between the capacitive pl&iegn that many commercial
amplifiers have a voltage spectral density resmlutif\/g ~1nV/4/Hz, and

assuming a bias voltage lower than the pull-inaget the spectral density of

displacement can be calculated as

— CTotal'd
VS =S, (3.1)

Cant" ¥ Bias

Where Gota, Ccans d and \gjas are the total capacitance (including stray
capacitance that does not contribute to positicieatien), the capacitance
between the cantilevers, the distance between #nellg plates and the
applied bias voltage. Assuming large parasitic cigaces (of bond pads that

220 mm square and wire bond capacitances of 0.1p#)is calculated to be



~10** m/HZ? for our design. Using this value, one can cateulae expected

force sensitivity in terms of spectral density @lfofvs: -

NES =g.\/§ (3.2)

Since measurements are done in ultra-high vacuulomatemperature
(300mK), we expect the quality factor (Q) to belfahigh. Assuming the Q to
be 10,000 (Q of 200,000 have been achieved [, expected position

detection sensitivity is ~ 1§ N/HZ'?

— close to that necessary for single
electron spin detection. Lowering the parasitic ac#ance to 50 fF by
integrating the FET onto the same chip, one care@xthe sensitivity of
position detection to be ~I6 m/HZ'2 This would correspond to a force
sensitivity (of measurement scheme, excluding taémise) of 16° N/HZ"?
sufficient to detect single nuclear spins. Thesenasges illustrate the potential
of this relatively simple scheme for high-precisforce measurement.

Another important consideration is the thermomeda@moise of the
resonator. The spectral density of force at resomamlue to the

thermomechanical noise of the equilateral, triaaguaantilevers given by the

equipartition theorem can be as:

5= F= KT (3.3)
Qf.
)0 )*% &40 . 5% & T% & 47 @& 2
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For the scheme proposed the spectral density o€efoof the
thermomechanical noise is expected to be2NJ Hz at a temperature of
300mK. Thus, at this temperature the thermomechbnmise is expected to
limit sensitivity.

Detailed estimates of force sensitivity are madéenfollowing sections.
These estimates reveal the challenges associatibdtiva fabrication and
experimentation associated with ultra-high sensitiforce detection using all
electronic read-out. Further the discussion mayd shght on alternate

techniques that may be possible using capacitivplocw.

3.5 Circuit Model for Capacitive Detection

Noise estimates for detection of capacitively cedphanomechanical
resonators can be made once a model for detestibuilt. The circuit model
for capacitive detection of cantilevers can bethanl generic models that can
express mechanical elements as equivalent eldatoogponents in a circuit.
This greatly eases estimation of the parametedetgction, including noise
and parasitic capacitance effects. As noted orpteeious section, excessive
parasitic capacitance can severely limit sensjtioftthe measurement scheme.
Thus it is important to estimate its value in ad&an

A mechanical element with a sense electrode foaatpe detection can

be represented in a circuit as a variable capa€hoce biased with a large DC



source (large such that it is practically constastcompared to the time
constant of the resonator), this changing capatutactions as an AC source
in the circuit with a frequency corresponding tattlef mechanical motion.

This is the basis for capacitive detection in MEMices.

(o)
2

Mechanical Element

Amplifier -
Stray coupled capacitively to
(parasitic) an electrode
capacitance
1 _—
_

Figure 3.3 Representation of a mechanical elemmavifg) coupled to a sensing electrode
for capacitive sensing.

Reflectometry measurements are very common for ot sensing.
However, reflectometry methods typically requirerywewell matched
impedances. The formalism to express mechanicalomdbr capacitive

detection is well known [28] and is described inp&pdix A. It is shown that a



moving mechanical element that is capacitively ¢éedigs equivalent to a

RLC circuit, with the equivalent R, L and C compotsegiven by:

2
L= p
V5..C

Bias ™~ Cant

V2 C2
Cm - Bias ™~ Cant (34)
2d*m

d’m

T VChn Q

Thus the mechanical motion can be completely mddejean equivalent
RLC circuit with circuit values shown in Equationl3. At mechanical
resonance (analogous to the RLC circuit resonantte), inductive and
capacitive parts of the circuit are equal in magietand opposite in sign, thus
canceling each other. The impedance thus dropsatiicathly at resonance and

is equal to R. This result will be useful in future discussigrestaining to the

impedance of the circuit and impedance matchingnieces.
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Figure 3.4 The equivalent circuit of a voltage bih®anomechanical resonator and gate deviggis |
the current through gate capacitance, apgib the current through the resonant circuit.

3.6 Impedance Transformation using Tank Circuits

The section above is important in order to estintaee AC electrical
impedance of a cantilever that is being capacitivebupled to a sense
electrode. Clearly, the impedance drops dramafiedlimechanical resonance
of the cantilever. This is due to the inductive arapacitive parts of the
equivalent RLC configuration canceling each otfi¢ws, the impedance that
is seen by an amplifier is equal to the resistariceich an equivalent circuit.

This lends some insight into possible measuremenhniques for
capacitive detection. Since measurements are daote in a cryostat, long
cables are required to carry signals to and froenctimtilevers. Clearly, high
impedances cannot be measured outside the probetlylirbecause of the

substantially large cable capacitances, which avaivide the signal. Thus



impedance matching techniques are necessary ir twdgansform these
mechanical impedances.

Impedance matching can be carried out in many wagsthese can be
explored in many standard texts on the subjecingiance [28] and [30]. The
two techniques that | shall discuss in this disdiem are transformation using
a transistor inside the cryostat and a tank circuit

In order to understand the impedance matching tqebs, estimation of
the impedance of the cantilever at resonant fregjuén necessary. For the
geometry of the cantilever discussed in Sectionahd from equation 3.11 we

can estimate impedance of the mechanical elemergsa@ance to be give by

2
R,=—dM o (3.5)
VBiasCCant Q

Assuming Q = 15000, the impedance at resonancédevill.37 M .

To transform an impedance of 1.37 Mo close to 50 , which is a typical
value for standard coaxial cables and inputs oftraowlifiers, a tank circuit
can be used. However, the impedance (given by equatll) requires very
accurate determination of the frequency, whichdsiby is not known before
measurement. Thus, alternate means to find theidrexy of the cantilevers
prior to measurement is necessary. Essentiallyed@apce transformation is a
narrow-band detection technique. Given the higreetqnl Q of the resonators,
this is a severe disadvantage of this techniqueveder, this technique offers

one other very attractive benefit. In order to explthis, let us consider a



typical tank circuit used for impedance transfoioratshown in Figure 3.5.

The tank circuit essentially transforms an impedasndo a value close to that
of the input of the amplifier. The value of the kagsircuit impedance can be
estimated from which both thw and Gan necessary for impedance

transformation can be derived as follows, assuramglifier input is 50 .

ZTank = Y RmXSO

ZZ
— “TANK
LTank - (36)
C _ LTANK
Tank — 22
TANK
Tank circuit

\¢

Z to be
> transformed

ANV

Figure 3.5 Tank circuit for transformation of anpedance Z. Note the two components of
the tank circuit, the capacitance and the induaanc

For the geometry under consideration, the impedahtiee tank circuit is
1.65 k . Thus the value of the inductancgdk and the corresponding value of
the capacitanceGnk can be 0.05 H and 18 nF respectively. The de§réar

the tank circuit is given by



Q=—Rm (3.17)

LTank' 0

For this particular set of conditions, it can bewsh to be 23.

One of the interesting and beneficial aspects afgua tank circuit for
impedance transformation is that the parasitic dégrace of bond pads, wire
bonds etc. can be used as part of the tank ciffioits the Gk in Figure 3.5
can be the parasitic capacitance. Thus as lonfpeavalue of the parasitic
capacitance is reasonable, it is possible to caeiglewull the effect of the
parasites by making it a part of the tank circtihis can be very useful for
sensitive measurements especially for MRFM.

One of the concerns of using this technique is dngplifiers with suitable
input impedances but with low noise temperaturesvary difficult to obtain

and use easily. This topic will be covered in Seci.2.

3.7 Impedance Transformation Using FETS

The previous section dealt with the method of fiamnsing the impedance
to match that of the input of an amplifier someatise away, assuming that
the amplifier input impedance was lower than thét tiee capacitive
cantilevers. However, an alternative is to haveaamplifier close to the
cantilever system. Such an amplifier can have Vegy input impedance,
ideally an open input, but the output impedanagase to that of the lines (the

lines are 50 , typically). This technique has the advantage sivate parasitic



capacitance can be limited (owing to the proxiroityhe FET to the cantilever
system), one can effectively measure the cantewdth a larger bandwidth;
thus the exact frequency of the cantilevers carolained by the same
method. An ideal implementation would be to realbh the cantilever
system and the FETs on the same chip. This wowddtlgrreduce parasitic
capacitance, in addition to being conducive fonemment measurements.

The parasitic capacitance for this type of measargnm important. In the
first generation of devices, it is anticipated the two components, namely
the cantilever system and the FETs will be realiaedseparate chips. Thus
bond pads are required for the cantilever systdm.Bond pads increase area
of the total capacitance with respect to that ef ¢hpacitance that is varying
(in Equation 3.1). Clearly this would decrease thensitivity of the
measurement. Assuming square bond pads of side @2 for an initial
design, the parasitic capacitance is 1.76 pF. Hnasfiic capacitance is also
influenced by the wire bond itself (typically 0.)pBs well as the input
capacitance of the FET. Commercial FETs have inppedances of 1pF or
higher. It is possible to make FETs with low catmwie as mentioned in
Section 3.4. Considering an FET with an input capace of 32 fF, the value
of the total of parasitic capacitance is ~2 pF. sTfiom Equation 3.1, the

sensitivity of the position detection scheme canelsémated to be 75.3



aN/ Hz. Thus the parasitic capacitance in this casgslithe sensitivity of the
measurement scheme.

If the components are integrated together, assuthatghe lines from the
cantilever system to the FET on the chip is 20 long and 3 m wide, and
since there will be no bond wires, the sensitiwitgreases to ~ 1 aNAz.
Thus clearly this measurement scheme has the Ebtemt

1. Integrated detection when FETs are integrated dhesame chip
as the cantilever system

2. Broadband detection of the cantilevers, thus nquireng that Q
and frequency be known prior to detection

However, this scheme poses several challengesiding the fabrication
of FETSs for use at low temperatures, and integnasfcthe FETSs into the same
chip as the double cantilevers, especially sinee fébrication of ultrathin
cantilevers is in itself a challenge.

In the following chapters, the process developni@mtabrication of ultra-
thin cantilevers in a double cantilever configuratiis described. Design,
fabrication and characterization of GaAs FETs fee @&as low temperature
amplifiers is presented. A chapter on measurensshiniques used for initial
characterization of the cantilevers coupled toRE@&Ss is presented prior to the

conclusion.



Chapter 4

FABRICATION OF ULTRA-THIN ‘DOUBLE’ CANTILEVER

4.1 Introduction

In the previous chapter, a design for ultra seresiheasurement using an
integrated sense electrode in a double cantilemefiguration was presented.
The dimensions of the cantilever used as the résoma described in the
previous chapter. It is noted that the thicknesshef cantilever resonator is
only 30nm. At the time this dissertation was comoaehthere were no reports
of the realization of 30nm thin cantilevers. Thimpter describes the process
development for fabrication of ultra-thin cantilesen a double cantilever

configuration.

4.2 Fabrication Sequence

To fabricate the double cantilevers, an ideal secgi@vould be to obtain
wafers with the two structural layers (the 30 nsoretor layer and the thicker
sense or reference electrode layer). The two siaictayers must also be
conducting. Since the FETs for low temperature iagpbns are typically in
GaAs heterostructures, and ideally the structagers would be integrated
with the FETs on a single ship, it is much simpéehave the structural layers

in GaAs/ AlGaAs heterostructures, as described hap&er 3. Since wafers



with the desired thicknesses are not availableiligddey have to be custom-
grown.

Custom grown wafers are obtained with requiredrlagenpositions and
thicknesses. These wafers were grown at the Labgridr Physical Sciences
by Molecular Beam Epitaxy (MBE) [32]. For the dgsidescribed in the
previous chapter, this would require 2 conductmgets of GaAs separated by
a dielectric, sacrificial layer that is 3n thick. The dielectric that can be
conveniently grown with GaAs is AlGaAs. The amouwlit aluminum in
AlGaAs determines the selectivity of the sacrifigtch, typically hydrofluoric
acid (HF). HF typically etches AlGaAs when the aillouam content is 55% or
more. We chose AlGa 3As as the dielectric material based on experimental
observations of etching rates. The etching rat®¥ HF is estimated to be 10

m/minute.

The proposed fabrication sequence to make douhldeseers is as shown
in Figure 4.1. In the first step a mesa is definesing standard
photolithography and etched dwn to the referecélesar layer. This is done
in two parts. In the first part, a plasma etch gs¢L/BCl; at 5 mT pressure
and RF power of 70 mW is carried out to etch &% In order to remove
any trace of AlGaAs, the wafer is now dipped in 48%for 10 seconds. The
depth of etch is noted and the HF dip is performetl the etch depth does

not change. This is done to ensure that all theaAkSis etched and the lower



GaAs layer is exposed. This step provides accassulosequent bond-pad
definitions on both these layers, necessary to neketrical contact for
measurements.

The bond pads are then defined using standard lghogyaphy. Since the
bond pads are to be defined on highly doped lafyetgpe silicon dopants >
10"%cn), ohmic contacts are not necessary. Thus starifiafdi contacts
were evaporated for bond pads to make electricgbhcoto both the structural
GaAs layers. The resistance of such contacts walsiaed to be 3.5 k at
room temperature and 15 kat 4.2 K. This is an acceptable resistance, since

as shown in the previous chapter, the mechanis@tamce of the capacitive

cantilever appears to be > 1 M- thus an additional 15 kis not significant.
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Figure 4.1 Fabrication sequence for double cardiléayer. The topmost layer (30 nm thick
GaAs) is the resonator layer. The third layer (660GaAs) is the reference cantilever



In the second step, the cantilever is patternedngusstandard
photolithography. In this step both the bond padsadso protected from the
subsequent etch. The cantilever is defined at rldeoé a long arm. This is to
accommodate eventual use of this scheme on magreganance force
microscopes, which requires cantilevers close to ghmple. Thus a short
cantilever on the edge of a wide wafer would maieesicanning very tedious.
In this process, the cantilever is defined andietcis done all the way into
the lower AlGaAs layer.

In the third step, the wafer is inverted after poting the top of the wafer
with a polymer (such as a photoresist). The baeksfdhe wafer is aligned to
the front side using infra-red alignment and thekisale is to be patterned
using photolithography. While deep etches throulitoa substrates are very
well controlled and processes for such etches alelyvavailable, carrying
out such a process for GaAs is not trivial. Onetl®# major hurdles in
overcoming this step is to have a mask that cahstehd a long etch in an
inductively coupled plasma (ICP) reactive ion efeE) using C} and BC}.
Our approach was to reduce wafer thickness to &0 prior to etch.
Subsequently, etch was carried out by the MEMS Bladhotechnology
Exchange in Reston, VA (www.MEMS-Exchange.com). ©pg&cal image of

the wafer after etch is shown in Figure 4.2. Irs tbptical photograph, the



shade differences in the resist indicate them®%hickness of the resist. The

resist used was Futurrex NR5-8000, which is a megjetsist.

Figure 4.2 Deep etch through GaAs carried out ByMIEMS and Nanotechnology

Exchange.

For this dissertation, it is noted that the RIEpsi® not required for the
purposes of evaluating the capacitive detectiorerseh The process above
was developed in order to validate the feasibititythis scheme for use in
scanned probe techniques which require cantilemeran edge. Thus for the

rest of this dissertation, the third step is skigppe



In the fourth and final step, the cantilevers aleased in 49% HF. This
process is done delicately to protect the cantilevthe under-etch of the
AlGaAs is not a very controlled process, and etths can vary widely. Thus
constant monitoring of the etch is required. Cartaken never to remove the

chips from liquid during and after this process.

SEl 300kV X10000 1um WD242mm

Figure 4.3 Two SEM micrographs showing double ¢ewtrs before and after the selective
HF etch. The picture on the right after the HF etisbws how critical point drying is
necessary in order to prevent surface tension $droen causing damage

The chips are transferred in methanol to a crifht dryer in order to
prevent surface tension forces from damaging thwileaer. Supercritical
drying in CQ is carried out.

This process is very important since the cantilaftar the release is very
delicate and can be easily damaged. Surface tefmioes can cause the 30

nm thick cantilever to stick to the bottom cantdevThis is shown in Figure



4.3. Hence care is taken in performing this stégetitly. Critical point drying

is carried out in a Tousimis Samdri PVT-3B appaatu

‘ SEI 300kY X2200 10um WD 403mm

Figure 4.4 SEM micrographs of a cantilever chipe Téft one shows a chips complete with
bond pads and the cantilevers at the end of ar. "&ha right shows the double cantilever

In Figure 4.4, a cantilever chip with the doublatdaver is shown. The
double cantilever is suspended at the end of a domg(50 mm long and 20
mm wide). The cantilevers are clearly seen to spesuded. Further the bond
pads making electrical contact to the two cantilgvare also seen in the
micrograph.

However, it is noticed that the exact point of srmson of the cantilevers
is difficult to control. This is because of the sical etch under the
cantilevers is isotropic, thus the cantilever ispgnded not off a straight edge,

but off a curved edge. Given this, it is very diffit to predetermine



analytically the frequency of the cantilevers. tanelement analysis was
performed for typical geometries obtained by thehend the frequency was

shown to be 155-170 kHz.

4.3 Conclusion

A process to fabricate cantilevers in a doubleileastr configuration was
developed and ultra-thin cantilevers were fabritatdre 30nm thick resonator
is one of the two ultra-thin microfabricated castérs to date, and was the
first reported. Future work would focus on the read of these ultra-thin

cantilevers using a capacitive detection scheme.



Chapter 5

THE FIELD EFFECT TRANSISTOR

5.1 Introduction

The previous chapter described the process develupthat led to the
fabrication of ultra-thin cantilevers with an intaged sense layer fabricated
together as a double cantilever. This demonsttatdeasibility of fabricating
ultra-thin cantilevers required for MRFM. Anothetes towards achieving
very high sensitivity is to demonstrate the fedisybof fabricating field effect
transistors (FETSs) that can function as low-temjpeesamplifiers.

As described in Section 3.7, impedance transfoonatan be achieved by
the use of an FET close to the double cantileveerse. This is a very
desirable configuration since this scheme has thtengial for broadband
detection. Given that the frequency of the cangitevs not very well known
and can vary greatly depending on the etch parasatel the growth of the
double capacitive layers, it is desirable to haset®eme where the frequency
can be scanned easily. This is the reason that BEETparticularly attractive
for achieving impedance transformation.

This chapter describes the fabrication and chaiaaten of GaAs/

AlGaAs FETs that can eventually be integrated ithte same chip as the



cantilevers. This would achieve the purpose ofnigythe groundwork for

future fully integrated, simple-to-read cantilevess MRFM.

5.2 Commercial FET characterization

Since the first design was to find if the measum@nseheme using an FET
is feasible, the use of commercial FETs are vesjralele, since this does not
require extensive process development in orderalwidate custom-made
FETs. The ATF-35143 high electron mobility transigHEMT) from Agilent
Technologies [33] has been shown to have noise deahpes as low as
100mK at low temperatures of below 400mK [34]. Theadvantage is that
operating frequencies for such amplifiers are tfbychigh, in the 1 MHz to
several GHz regimes. The corner frequency of thadise for this transistor
is 300 kHz, which is above that of the cantileverthis dissertation.

However, it is noted that the very low voltage eads not required for the
sensitivity estimates in this scheme. In fact,ha estimates in Chapter 3 for
sensitivity, the assumed voltage noise resolutidn 56nV/ Hz yields
sensitivity of several orders of magnitude beloat tf the thermomechanical
noise. Thus the noise of the transistor below 389 ik also of interest.

In order to characterize the HEMT at low tempeeduthe HEMT was
mounted on a board attached to a probe as desanbAg@pendix B. The

probe was then cooled to 4.2K by dipping in liquitklium. The I-V



characteristics of the probe were extracted ansh@wn inFigure 5.1 The

characteristics clearly show the instability of sheHEMTSs, as can be
evidenced from the sudden jumps in the |-V charmstte Further, these
instabilities were not repeatable. Configuration tbése HEMTs as low
frequency amplifiers showed sudden jumps in ga@t tould potentially hurt

measurements.

Figure 5.1 Measurement showing instabilities inlthecurves for a ATF-35143 HEMT at
42K

Thus, the use of commercial FETs for initial ch&eazation was not

possible without extensive investment of time affidriein their optimization.



Further, since the eventual goal is integrationtt@d components, it was
decided to fabricate FETs for the purpose of futaeasurements. The rest of
the chapter described the fabrication and measumsnoé the characteristics

of the fabricated FETSs.

5.3 The Structure for Custom FET

As mentioned in Section 3.2, GaAs/AlGaAs FETs agoad choice for
this purpose, particularly because of their usgtdlt low temperatures. This is
critical for MRFM where experiments are typicallgnclucted at and much
below 4.2 K (liquid Helium). One of the goals ofstlthesis is to realize simple
FETs without extensive epitaxial growth, since tvauld ease integration of
components (the cantilevers and the FETS) in futdrnether goal is also to
fabricate FETs with input capacitance lower thanfB0since that would
minimize signal division due to input capacitanE&aT.

In order to realize such FETS, the structure ofwhéer chosen was similar
to Beck et.al. This structure suspends a two-dimaatelectron gas (2DEG)
1500 A below the surface. The benefit of using thigucture was the
simplicity of the growth. This structure has a ketaitaxial growth of 0.95m,
thus potentially easing integration onto the med@rayers of the double
cantilevers. At the same time the 2DEG is suffitiebeneath the surface to
minimize input gate capacitance as compared ta [A7@ structure is shown

in Figure 5.2.



A&$
i $ . A8 $ dl%, *4 _
-— |
A&S$ 3<A

Figure 5.2 Cross sectional view of the field effeahsistor (FET) to show the structure of
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Figure 5.3 Schematic showing the FET structureusioly the drain, source and gate

The FETSs are fabricated on such a structure. [EoFHETs described in this
thesis, the structures were grown by molecular bejitaxy by a commercial

epitaxial vendor [IQE, Inc., Bethlehem, PA]. Thebswate was undoped



GaAs. The doping density (2DEG) as measured byndreufacturer was 3.55
x10"/cr?. The mobility of the 2DEG as obtained from hallaserements by
the manufacturer is 7.46 x*b@?/V s. a schematic of the FETs on the wafer is

shown in Figure 5.3.

5.4 The FET Measurement Concept

The three-fold goal of having a simple GaAs/AlGd#feerostructure for
the FET, low input capacitance to the FET as welb@adband response are
difficult to meet. Consider the first two goals ¢ébiger: A simple FET structure
would mean that the 2DEG is not far below the swrfésince growth is
minimized to maintain simplicity and to keep costswn). However, this
would mean that capacitance would increase, sirate gapacitance is a
function of the proximity of the gate electroddlte 2DEG.

Similarly the second and the third goals are atsatradictory. To keep
capacitance low, both the gate dimensions as walhannel dimensions must
be minimized. However, minimizing the channel widtlould mean higher
channel impedance. This would restrict the bandwigitless mobility can be
increased greatly. Thus it is clear that the thgeals are in general very
difficult to meet and a compromise must be engeger

Given the structure described in the previous gectn alternative is to

use one FET with low input capacitance, but higttennel resistance, and



couple the output of this FET amplifier to anoth#&ET with higher gate
capacitance. The second FET is relatively closhedfirst one, such that the
channel resistance of the first does not resthet bandwidth sufficiently
before being coupled to the second.

This concept can be viewed on the circuit modeishm Figure 5.4 and

is meant to give an overall picture of the impedainansformation network.
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Figure 5.4 Circuit model showing impedance tranfation using 2 FETs, once with lower
gate capacitance and other with higher gate capastbut greater bandwidth

Thus, this would require fabrication and testindvad types of amplifiers.
In the following section, | describe the fabricatiand 1V characterization of

the FETs with lower channel resistance and a dapae of 1.75 pF.



5.5 Process Development for FET Fabrication

The fabrication of FETs using the structure growrdascribed in section
5.2 is carried out using a three mask process.eTaer several issues to be
tackled in the successful fabrication of HEMTs. Amgahe most pertinent
issues is the fabrication of ohmic contacts, wisdhe first mask layer.

To make the contacts, the following layers werepevated using a
standard electron beam sputtering system: 10 nfB0Nnm Ge, 30nm Au, 80
nm Ni and 300 nm Au. These are standard ohmic cbiagers for GaAs.
Annealing of ohmic contacts is necessary in ordetHe dopant Ge to make a
contact to the 2-DEG. The ohmic contacts are Xa&Gquare.

An indication of sufficient annealing is visual anighly subjective. While
exact mechanism of the annealing process is unkriB&jy it is generally
accepted that Ge acts as a dopant and at elewatgsbratures diffuses into
GaAs to make contacts. This diffusion process cauke surface of the
contacts to have ‘wart-like’ texture. This was aleed post-annealing in our
samples and is shown in Figure 5.5 .

The optimization of annealing times was performethgi a probe station
and multimeter. The resultant graph is shown inufgg5.6. The contact
resistances were measured using 2- and 4-wire mepasaots and were 170 -

200 atroom temperature and 110-14@t 4.2 K.



Figure 5.5 Optical Microscope images of a bond padand post annealing. The picture on
the right shows an annealed contact, and surfaghress is seen

Figure 5.6 Optimization of annealing times. Resistadrops as contact is made to the
2DEG

It is seen in Figure 5.6 that the resistance degpthe annealing time at

450° C is increased. Beyond a certain time, thoughréisistance does not



change appreciably, indicating that contact hasadly been made. The
annealing time used for the FETs described indisisertation is 120 s.

Once the ohmic contacts to the 2DEG are madenekestep is to define
the channel. The channel is defined using stanpghadolithography and is
etched using a inductively coupled plasma readtinestching tool (ICP-RIE).
The gases used for the etch is a combination of/ Bl The depth of etch is
such that the 2DEG has been constrained to thenehaimensions. Thus
etching is carried out into the lower undoped 80@dAs layer. This defines
the FET channel.

The final step is the evaporation of a Schottkyegahis is a standard Au
gate evaporated using e-beam evaporators. Thendsskof the gold layer is
such that it is greater than the depth of the chlagich (< 2000A) in order to
provide continuity. In this dissertation, the gases 3500 A thick. A thin Ti
layer is evaporated prior to Au to provide supeaidinesion.

The next section explores the results of the fabioo and characterization
of the FETs with higher gate capacitance (2pF)laner channel resistance,

what | term to be the wide-channel FET.

5.6 Wide Channel FET
As mentioned earlier in this chapter, the FETs wiéinger input

capacitance are fabricated in order to use thelovatemperature amplifiers.



Since the initial design comprises of cantilevestegn with large bond pads
(and the associated large stray capacitance), tHe$e will probably serve

quite well for initial characterization of the sgst of cantilever coupled to
FETSs. The initial coupling can be done using winadis close to the cantilever
chip.

The FETs have ohmic contacts that are 150< 150 m and a channel
with a width of 150m and length (between bond pads) of 180The gate is
15 m wide. The ohmic contacts, channel and the gatefaoricated as

described in Section 5.5. One such FET is showiguare 5.7.

Figure 5.7 An optical microscope image of a widesaiel GaAs FET

The input capacitance to the FET can be easilyireddaknowing the

width of the gate and channel (which gives the afdhe gate) and the depth



of the 2DEG (1500 A for the structure used in tissertation). For the wide
channel FETSs this is calculated to be 1.75pF.

The |-V curves for the fabricated FETs were obtdilhy mounting the
FETs on a board similar to the one described inesdpx B. The I-V curves
are extracted by sweeping the voltage and measthegurrent through the
channel at various gate-source voltages. Charaatiem was carried out at
both room temperature and at 4.2 K. The temperatoud be verified by a
thermometer attached to the circuit board. Sineectilannel can be depleted
by applying negative voltages the current throupe thannel can be
modulated by the gate potential. Figure 5.8 showeries of current-voltage
(I-V) curves at different gate-source voltagegd\Vat room temperature (295
K). As expected the saturation current in the ckadecreases for decreasing
Ves

This confirms that the wide FETs are functional d@hd gate potential
effectively modulates the channel current. Thispprty of FETs is used for
amplification widely [30]. Observation of the I-Mucres of the FET yields
information as to the operating point of the FET édfective amplification.

For this FET the saturation region g§ Is an obvious operating point.



Figure 5.8 Measured I-V Characteristic for the WHETs at 295 K

To characterize the amplification of the FET, tfansharacteristics are
obtained. The transfer characteristic at 293 KMgg = 12 V is plotted in
Figure 5.9. It is seen that the channel currentlmarpinched-off’ at -5.8 V.
The slope of the transfer characteristic is thasttanductance,g For this
transfer characteristichg= 0.0012 S. The transconductance is useful to find

the amplifying characteristics of an FET as willdeen later.



Figure 5.9 Measured Transfer Characteristic of i@ at 293 K

The next goal in to characterize the FET at lowperatures. For the
purposes of this dissertation this is 4.2 K, whechquid Helium temperature.
The probe (described in Appendix B) is dipped imgaid helium dewar, and
the temperature of the board is monitored. Typycall puff of helium is
introduced into the probe which rapidly cools thectonics inside. The He is
then pumped out using a turbo mechanical pump.l-Meurves for the FET
are extracted. A set of curves for the FET is showFigure 5.10. Once again,
the channel current is modulated by a gate potemtnal can eventually be

pinched off.



Figure 5.10 Measured |-V Characteristic of WideTRE 4.2 K

The FET current at saturation is lower as expeciede fewer carriers are
available for conduction at 4.2 K. The transferrakteristic at 4.2 K is shown
in Figure 5.11. For this transfer characteristiccg).001 S.

Another aspect of FETs that could be a potentiablem is gate leakage.
Gate leakage appears as a resistance to groumel gdite, and this could act as
a voltage divider (see Figure 5.4). Typically gatgkage can be minimized or
even eliminated by choosing values qfs\and bs such that the amplification

is minimal. This is the most practical method, sigate leakages and optimal



operating point vary considerably for the FETs dbsd in this thesis. This
method is very simple to implement and hence thefemed method for

biasing the FET at its optimal operational point.

Figure 5.11 Measured Transfer Characteristic oEvARET at 4.2 K

This section demonstrated the fabrication and cieniaation of FETs at
low temperatures. It can be verified from the I-Mhes at 4.2 K that the
resistance of these FETs are ~1 — 2f&r typical regions of operation as an
amplifier (saturation or near saturation), depegdomn the gate potential.
Given cable capacitances of 500 pF (conservatitmma®), the bandwidth can

be estimated to be around 1 MHz. Thus these wid@&sFg&atisfy the



requirement of a low temperature amplifier withfeignt bandwidth in order
to do measurements upto 1 MHz.

The following section describes the fabrication awhracterization of
FETs with lower capacitance, but low bandwidth e be used as the first-

stage amplifiers.

5.7 FETs with 21fF Input Capacitance

In this section the fabrication of FETs with lowput capacitance is
described. In order to keep input capacitance b8, the area of the gate
and the channel have to be adjusted given thaREHeG for this particular
structure is located 1500 A beneath the surfaceafathannel width of 2ém
and a gate width of 18n, the capacitance is 21fF. Also, this geometryesak
it practical, since feature sizes are easy to zealising unsophisticated
photolithography. Hence this geometry is chosere [Emgth of the channel
was kept at 10@m as in the wide FETSs to enable one to use the fiestistep
mask as before. The FETs are fabricated usingame sechnique described
for the wide FETs. A fabricated FET is shown inufg 5.12. Figure 5.12
shows a magnified SEM micrograph of the gate regitiis demonstrates that
the gate is continuous over the channel, as isresfor proper operation of

the FET.



Figure 5.12 SEM Micrograph of a FET with lower ceipance

Upon fabrication the FETs were characterized aad-w curve at 4.2 K is
shown in Figure 5.14. The I-V characteristics of #ET confirm that they
work at 4.2 K with gate potential modulating therent in the channel. The
current through the channel is effectively pinclodfifor Vgs<-4.5V. The
transfer characteristic of this FET at 4.2 K iswhan Figure 5.15. From the
transfer characteristics, it can be inferred thatttansconductance, @f this

FET is ~1mS.



Figure 5.13 Close-up of the gate region of the oban

Figure 5.14 Measured I-V characteristic for the mapacitance FET at 4.2K



Figure 5.15 Measured transfer characteristic ferldhiv capacitance FET at 4.2 K

In order to operate the FET as an amplifier, atesis coupled to the FET
as shown in Figure 5.16. The voltage gain of anlidismpconfigured such is
given as follows:

Gain=g,," R, (5.1)

Since g, is given by the slope of the transfer curve, thie @f an FET can
be determined by the value of the bias resistor\WRe chose a value of 200

k for this FET in order to get voltage gain of 10-50
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Figure 5.16 A simplified circuit demonstrating thee of FETs as amplifiers

Another important parameter of the narrow FET$éspgower dissipation.
Since these FET are designed for use directly encémtilever chips, large
power dissipation can heat the cantilever chipgicg} cryostats can tolerate
power dissipation in the region of a few milliwatishe power dissipation of
the transistor is simply the product of the curramd the voltage through the
channel, if gate leakage effects are ignored. Siheegain depends on the
operational characteristics of the FET, it is mstional to find the how the

power dissipation varies with the gain of the afigoli



Such a plot for the FET amplifier at 4K is showrioke The power
dissipation even at relatively high gain (>20)asd than 10W, which is very

suitable for low-temperature applications.

Figure 5.17 Measured relationship between gainpaweer dissipation

Thus, the FETs with low capacitance (21fF) are atterized at low
temperatures. The power dissipation through thesFETBcceptable for He-3

cryostats that are used for MRFM experiments.



5.8 Conclusion

In this chapter, the successful fabrication and suesment of the
characteristics of two FETs was described One efRETs, with the 21 fF
input capacitance can eventually be integrated dm¢osame chip as the
mechanical layers, thus enabling an integrated-oeadf mechanical motion.

The second FET can serve as an amplifier closdobyinstance on the
same circuit board, and can serve to further taanmsfmpedance and increase
the bandwidth of measurement. Since the structupetb FETSs is identical, it
is entirely possible to fabricate both FETs, ongame chip as the mechanical
components too. Thus the fabrication and succeskhiracterization of these
FETs makes possible a variety of different confdjons for testing. For the

purposes of initial measurements, the wide FET ballsed.



Chapter 6

MEASUREMENTS AND CHALLENGES

6.1 Issues of Measurement of the Cantilever Motion

In any type of ultrasensitive measurement technijgassue of parasitic
capacitance, from bond pads, wire bonds, leadstl@dables is always a
concern. While impedance transformation is the nsostmon and practical
technique used in all ultrasensitive measuremexnitsh techniques become
more difficult as cantilever masses become smaller.

Another issue is the relatively unknown frequensynell as the Q of the
cantilevers. In order to find the resonance fregyenbroadband technique is
required, which was among the reasons for an FES€ebdetection. However,
since the parasitic capacitance for the set-upritbest in this dissertation
(where integration of FETs on the mechanical layas not been carried out)
is prohibitive, it would be very useful to know thesonance frequency prior

to an electronic read-out.

6.2 Experimental Set-Up to Read-Out Cantilevers
As described in Section 3.7, the FET detection authintegration of the
FETs on the same chip as the cantilevers will retsénsitive enough for

direct read-out of the thermomechanical noise. Thibecause of the large



parasitic capacitance due to the bond pads andgitedonds. Further the FET
with 2pF input capacitance was used, thus additigegtparasitic capacitance.

In order to keep the noise of the electronics lamg to increase the Q of
the resonator, all measurements were performedcaiwvn at 4.2 K. This was
done in the probe described in Appendix B. The etqueposition detection
sensitivity of the system can be obtained from sheeadsheet described in
Appendix C and is estimated to be 4.3 x*N) Hz. This is significantly
lower than the thermomechanical noise figure o&lR/5Hz, hence it would
not be possible to directly measure the thermommechlanoise peak at the
resonant frequency of the cantilever. Hence, tmileser needs to be driven
in order to obtain a signal above the noise flddhe detector.

In order to drive the cantilevers, the cantileveipcis mounted on a
piezoelectric stack [37]. This must be done engutimt care is taken to
minimize cross-talk of the drive with the cantileveignals. In order to
electrically isolate the cantilever system from piezoelectric stack, the top of
the stack (on which the chip was mounted usingsipaste) was grounded.
The bottom of the stack was attached with condgdiiiver paste to a gold-
plated cover slip. The cover slip was then attadbetthe grounding plane of
the circuit board. This arrangement is done sottiepiezoelectric stack is not
driven on the side the cantilever is mounted, tnirgmizing cross-talk. This

is shown schematically in Figure 6.1.
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Figure 6.1 Figure showing the mounting of cantiteme piezoelectric stack to minimize
cross-talk

The circuit used to couple the cantilevers to théewFET described in
Section 5.6 is shown in Figure 6.2. Theiyis the voltage bias for the
cantilevers, and must not exceed the pull-in veltddne \4¢c is a DC potential
applied to bias the FET operating point such that EET has minimum
leakage current. Thep¥ is as before the drain-source voltage, and isiegpl
such that the FET is biased at the desired opgrgtoint. In addition, to
monitor the gain constantly, a lock-in was usedhwaismall AC applied at the

gate. The gain was monitored at lower frequencigso@lly 10 kHz).
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Figure 6.2 Circuit for measurement of cantileveyspled to the wide FET

The temperature was monitored using a carbon dlessnometer as
described in Appendix B. The cantilever chips wexttached to the
piezoelectric disc which was connected to the tpp beparate wire. This set-

up is shown in Figure 6.3.
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Figure 6.3 Photograph showing the circuit boardldse measurements

Each individual circuit component was tested fairtlusability at 4.2 K
prior to mounting on the circuit board. The camiles thus mounted on the
probe were hermetically sealed using indium seadscaoled down to 4.2K in
liquid helium. The value of the cross-talk when @ ¥oltage is applied to the
piezoelectric stack can be monitored at the outpthie FET without having a
DC bias on the cantilever. The cross talk was apprately 10V per volt

supplied to the stack. For motion of a nanometelowat temperatures, the



amount of voltage to be applied would be betweera2® 50 V. Thus the
amount of voltage due to cross talk can be as hAgib0V. This would
severely restrict the experiment's capability. Thtles approach was
abandoned, since the cross-talk corrupted the mezasats. It is noted that
extreme care was taken to minimize the effectsro$sztalk, and this value
could not be reduced further easily.

Another approach is to directly read-out the canéit thermal noise using
the FET without additional excitation of the caegrs. This method though at
a first glance appears to be less favorable thamguesxcitation, it can be
shown is better than using excitation with crodis-t&ince the expected
thermomechanical noise is much lower (8af# corresponding to about
0.23A/ Hz) than the expected sensitivity of position detec(3.7A/ Hz), it
is not possible to read-out the cantilevers withseyteral averages. However,
with 1000 averages of the signal, it is possiblentvease the signal-to-noise
ratio to approximately 10. Thus, this method wasduso perform
measurements of the cantilevers. Also since thecatgd Q of the cantilevers
is fairly high, the averages were carried out dvequency ranges of 1kHz,
and the frequency was swept from 60kHz to 250kHaweéler, this method
did not yield the resonant frequency and the (hefdantilever.

Thus it is seen that direct measurement of theileaaet motion at

resonance is not trivial without having prior knedgle of the resonant



frequency. In order to find the resonance frequam® alternate methods
were attempted. The goal is to use these methodindothe resonant

frequency and then read the cantilevers electritypica

6.3 SEM-based detection

As mentioned in the previous section, the frequexidie cantilevers is to
be determined by alterntive techniques. One ofgbges in trying to read-out
objects that are very small like these cantileveralignment. The SEM has
been used successfully to measure mechanical resmaa described in [39].
This technique is useful because imaging of thdilesar is done prior to
alignment, thus enabling us to position the cargiien the path of an electron
beam.

In this technique the mechanical resonator is plawan SEM and imaged
at high magnification (typically 50,000 or abovelhus imaging of the beam
is done in the SEM. Then, the resonator is plaagth ghat there is a
component of motion perpendicular to the electreanb. The resonator can be
excited by mounting it on a piezoelectric stacke Tectron beam is then
focused on a specific point on the edge of thenaso and the SEM is
switched to point mode. Thus now, as the resormatiwres in and out of the
line of the electron beam, the detector of the SEA4 an output at the
frequency of the resonantor. The output of the aleteis analyzed using a

spectrum analyzer or a network analyzer.



For the purposes of this dissertation, this teamigyas used to find the
resonant frequency of the cantilever. We lookethatthermal noise peak at
room temperature at high vacuum in a field emissseanning electron
microscope, where the sample was tilted from threztwotal. This was done to
ensure that there is a component of mechanicalomgerpendicular to the
electron beam. The beam was focused on an edde afantilever and the
output of the secondary detector of the SEM wasitoi@d with a spectrum
analyzer via a voltage amplifier. Two SEMs weredis a LEO 1550 VP and
a JEOL JSM-6500F. For the LEO 1550 VP, two hernfeed-throughs to the
chamber were made to enable the excitation ofzpplectric stack.

The cantilever chip was mounted on the piezoetestack and placed in
the SEM. The feed through were connected to th@ubudf a network
analyzer. However, drifting of the beam at high miications caused the
beam edge to move away from the center of the lhaimg measurement.
This could be because of the relaxation of the rmaical screws of the SEM
used. In order for such a technique to be sucdesiséudrift of the image must
be addressed.

It was initially thought that the drift was occungi because of the
cantilever getting charged (since the beam istsdl&tom ground). In order to
address this, the beam pads were wire bonded tooand) plane. The

piezoelectric stack was excited using a networkkyaeaand the output of the



secondary detector of the SEM was monitored byattayzer. However, this
did not minimize the image drifting [37].

Thus at this time we are unable to make measuremesing this
technique, Problems with both image drift as wk# transparency of the
cantilever could be an issue. Since this techniqueostly empirical with
almost no quantitative estimates on sensitivitis difficult to determine with
precision the exact reason for not being able nd the frequency of the

cantilevers.

6.4 Optical Detection of Cantilevers

Another approach is to use optical interferomefilyis technique needs
advanced interferometry techniques, since typigdical fibers are 9um is
diameter and given the transparency of the caetilélie reflected signal
would not be sufficient to find the resonance fiagey. Also of issue is the
alignment of the laser on the cantilever, whichunezs microscopes with
CCD. Such a set-up has been designed and usedemsitige position
detection in [40].

This set-up at Boston University was employed nal fihe frequency and
Q of the cantilevers. The set-up included a vacuwlamber in which the
cantilevers were mounted on a piezoelectric stdtke chamber was then
pumped down to 10mT. The cantilever was then imagaty a lens. The lens

served a dual purpose — magnification of the cardils such that it can be



seen easily on the monitor screen, as well as ifogus the laser such that the
laser spot is smaller than or comparable to théhaodl the cantilever. This is
in contrast to the MRFM measurements that are aati®ut lenses, where
the spot size is comparable to the core diametirediber (~9 m).

Both Michelson interferometry as well as Fabry-Pelerferometry
techniques were used [41]. Neither technique yetlthe frequency of the

cantilever.

6.5 Discussion

It is clear that the resonant frequency of theiteauar is to be known in
advance in order to make further measurements tisengapacitive detection
scheme. The finesse of measurements using eitleerSEM or optical
measurements can be improved. Future work will entrate on the use of
one of these detection schemes at room tempetataseertain the frequency
and the Q of the cantilever beams. Once the Q laadréquency are known
the exact mechanical impedance of the beam giveladoation (3.5) can be
known. Further it would also make the FET-baseédin easier, given that
current sensitivity of the scheme is estimatedeo~b0'’N/ Hz, lower than
the thermomechanical noise. There is also the Ipbgsithat at lower
temperatures, the Q of the resonator may be signifiy higher (>1%) which

could substantially improve the sensitivity of tantilevers.



Chapter 7

CONCLUSION AND CONTRIBUTIONS

7.1 Introduction

The previous chapters in this dissertation illusttaa lightless technique to
capactively read-out the position of a ultra-sévsitantilever. In Chapter 2, a
successful fabrication technique with high yieldfmaking thin cantilevers for
MRFM purposes was described. Chapter 3 explaineddsign of a proposed
lightless detection technique using capacitive cete. In Chapters 4 and 5
the successful fabrication of a cantilever doulet was described as well as
the fabrication and characterization of FETs foeragion at low temperatures
was discussed. The resonator structure fabricatgalsi 30 nm thick and is
first [31] of only two known ultra-thin cantilevefd4]. In Chapter 6, the non-
triviality of the problem of experimentally findinthe resonance frequency
was examined and some attempted techniques wexessesd. In this chapter,
| shall conclude this dissertation with a sectionttee use of direct impedance
transformation method (without FETS) to read-ow¢ ttantilevers and the

contributions of this dissertation.



7.2 Proposed Direct Impedance Transformation

In this section | would like to present a potenimapedance transformation
scheme for ultra-sensitive measurement using tieerdudouble capacitive
system without the need for integration. The reafwnthis is that if the
frequency and Q of the cantilevers can be detednim@ng the methods
described in 6.1 above, then it is possible tothieenethod described in 3.6 in
combination with other impedance transformatiorhmégues to read out the
position. This particular proposal has one disfibett significant advantage.
The parasitic capacitance of the previous schemédeaesonated away using
a system of tank circuits. Thus the parasitic ciéace can be a part of the
capacitor in a resonant tank circuit.

However, this would require an amplifier with impede that is lower,
such that the mechanical impedance can be transtbto the input of the
amplifier. This technique is common, since many l#res have an input
impedance of 50. However, any amplifier that is used must hawiaent
noise that is not too high such that the currensenarives the cantilever
system. This is a requirement in many ultra-semsitheasurements, and a
very elegant description of this is available 8][4

The current noise of an amplifier can be convetjeakpressed as a
temperature equivalent of the cantilever systemicafly manufacturers of

very low noise amplifiers specify the noise tempeeof the amplifier. Some



of the best amplifiers with ultra-low noise temparas are available for high
frequencies [32]. However, for the frequenciesnériest in this dissertation
(20-300 kHz), the lowest current noise commercialtgilable amplifiers with

50 input have a noise temperature of around 40 Kiffstance the AM1431
amplifier , manufactured by Miteq Incorporated, udpauge, New York].

This means that the best sensitivity that can WH@eaed is that of the
thermomechanical noise of the cantilever at 40K.

It is interesting to use this figure to find thensiivity of this detection
method. Given the dimensions of the cantileveresziibed in Chapter 3, the
mechanical impedance of the cantilever system stnance is given by
Equation 3.14 and is estimated to be 3.51 {dssuming Q = 15,000). Given
that the input to the amplifier is 50 the high mechanical impedance is
required to be transformed to 50This can be easily achieved by means of a
tank circuit. This is represented in Figure 7.1,evehthe cantilever at
resonance is shown aspyRthe mechanical resistance. The impedance
transformation is to be achieved by a tank ciredth inductor Lyang and a
capacitor to ground fank .-

From the figure, it is clear that therguk to ground can be the stray
capacitance. So long as the value gf\k required is less than or equal to the
stray capacitance of the double cantilever systhis,particular impedance

transformation scheme can be extremely powerfatesit can resonate the



stray capacitance as part of a tank circuit. Thagivision of the signal by the
stray capacitance is minimized.
For the geometry described in this section, theemtapce of the tank

circuit required to transform 3.51 Mto 50 is given by

Z,.=4R, 50 (7.1)

Z ¢ is calculated to be 13.25k The corresponding values fofadwk and
Crank at the resonant frequency of the cantilever (195)lcan be calculated
to be 11.3 mH and 64 pF respectively. Clearly #guired Gank IS greater
than the parasitic capacitance (about 2 pF). Theined Q for the tank circuit

is simplyR./ .Ltank, and is shown to be a reasonable 265.

Lrank

<11y

R., —1— Crank

5. Cantilever at
Resonance

B 1 "%

Figure 7.1 Transformation of Mechanical Impedamcthe lower input impedance of
amplifier by a tank circuit



For a room temperature, commercially available #mplwith a noise
temperature of 40K, the calculated position dedectiensitivity for Q=15000
is 2 x10°* N/ Hz. Thus it is clear that the impedance transftiona
technique is quite powerful in eliminating signavision due to parasitic
capacitance. The thermomechanical noise for trosngery at 40 K (the noise
temperature of the amplifier) is 8aMiz.

The above formalism describes the extreme sengithat can be obtained
by a simple capacitive detection scheme using gedance transformation.
The sensitivity of this scheme can be greatly impdowith the availability of
amplifiers with low input impedance and low noigenperatures. One such
amplifier is a superconducting quantum interferedegice or the SQUID.
SQUIDs are renowned for their very low current aofs1pA/ Hz) and are
used extensively in low noise applications suctad® astronomy.

Impedance matching by itself is not a simple precgs/en that the tank
circuit requires very high value inductors as aboM®wever, this is a
technical issue that can be resolved through tbeipus use of a series of
impedance transforming elements such as transferrand tank circuits
designed such the stray capacitance is elimingtesh the bond-pads can
easily be reduced in area (since the current pad22® m on a side, and wire

bonding can be done to pads as small as3G0 m).



It is also noted that SQUIDs typically have verywlmput impedances.
SQUID inputs are complex, but the inductive partté input can be
resonated away using a capacitor. For the SQUIxridbesl in [43], the
resistive part of the input impedance for the fesgties of the cantilevers in
this dissertation is calculated to be as low as®~10Direct impedance
transformation would require very high inductanedues with high Q, thus
requiring bulky superconducting inductors. Hencecheme gradually step

down the impedance to the value of the SQUID ima&ds to be developed.

7.3 Contributions
The contributions of this dissertation are as faio

1. The fabrication of ultra-thin single crystal silicocantilevers
required for initial experiments in Magnetic Resore Force
Microscopy. This entailed the development of a métto easily
and reliably suspend cantilevers on an edge. ThendpiSaw
Method described in Section 2.9 is a new methoeldeed in this
dissertation that can considerably lower manufatjurosts [24].

2. The design of an integrated, light-free positioledon scheme
based on capacitive detection with potential fgtaeewton force
sensitivity. This is the first scheme for integahtdight-free

detection of cantilevers for MRFM.



3. Fabrication of double capacitive cantilevers instailine Gallium
Arsenide. The resonating cantilever to be used NRFM
measurements was only 30nm thick, and was the rigqgbrt of
such a thin cantilever [31].

4. The design and fabrication of FETs in Gallium Aiden
heterostructures and their characterization akK4.2

5. Laid the groundwork for future research towardsglginspin
sensitivity using capacitive detection schemes, estdblished a

plan to accomplish this goal.

7.4 Towards Single Spin Sensitivity — Future Work

In this dissertation, | have described my effodwdrds realization of a
capacitive position detection scheme. In Secti@) [7describe the use of an
impedance matching technique that has potentialuftya-sensitive force
detection using capacitive detection. As evidenice€hapter 6, it is very
useful and perhaps necessary to know the frequehdite cantilevers in
advance of an all-electrical read-out.

Thus, locating the frequency of the cantileversigisin alternate method
prior to all-electronic detection is probably theosh straightforward and
practical approach towards single spin sensitivipropose the following plan

towards attaining the goal of a light-free techeidor single spin sensitivity: -



1. Find the most user-friendly technique to locateftaguency of the
cantilevers at room temperature. This can mostylikee done
using SEM-based detection, or by optical detectBnth methods
have required sensitivity as described elsewheug,tlie SEM
method is more widely available, and can be usepastsof the
imaging process.

2. Once the frequency of the cantilever is located, ig1Q at room
temperature is known, this would give an idea ® nhost ideal
technique for detection. Note that high Qs wouldlgery well to
impedance matching techniques, since then, the ciadce
required for the tank circuit would be more praatic

3. If the impedance matching technique is unsuitahkn integration
of the FET with the mechanical elements can beethout. Since
both parts have been realized separately in tlssedation, this
should be an attainable goal.

4. Once this techniqgue has been demonstrated, a Isugabmetry
with low thermomechanical noise can be designedgushe
spreadsheet in Appendix C. Smaller beams would gingbbe
better suited to direct impedance matching teclasquThe
amplifier to be used must have very low currentsaeoat the

cantilever frequency - this can possibly be a SQUID



Appendix A

EXPRESSING MECHANICAL MOTION IN ELECTRICAL TERMS

A mechanical element in motion and with a sensetrelée for capacitive
detection is represented in a circuit as a variepecitor. Once biased with a
large DC source (large such that it is practicatipstant as compared to the
time constant of the resonator), this changing aégafunctions as an AC
source in the circuit with a frequency correspogdia that of mechanical

motion. This is the basis of capacitive detectoMEMS devices.

(o)
2

Amplifier Mechanical  Element
Stray coupled capacitively to
(parasitic) an electrode
capacitance
_

Figure A.1 Representation of a mechanical elemmaov{ng) coupled to a sensing electrode
for capacitive sensing.



Reflectometry measurements are very common for ogapa sensing.
However, reflectometry methods typically requirerwewell matched
impedances. The following formalism follows Keitkl8vab and colleagues’
technique to model nanomechanical in terms of irapeds. When the
resonator is displaced, the electrical capacitheteeen the resonator and the
gate, Gany IS modified. For small relative displacements), the capacitance

is given by

X
CCant

() =S v gy x1- 2 =
3420 d
d
where d is the resonator-gate separation, axebd. A potential
difference, \4ias, between the resonator and the gate is establishedtition
to an oscillating potential g(/t)zvse“"". These voltages will create forces which
cause the resonator to move. The motion will bergby Newton’s Laws:
mx + gk +kx =F(t), (A-2)
where m is the mass,g is the linear dissipation constark, is the
mechanical spring constant, and the dots reféraditst and second derivative

with respect to time. The force between the gatethe resonator is given by:

U T 1 e \2
F (t) =- =-— _Céam(x(t)) ><VBias +Vselm)
Ix x 2 (A-3)

» %%4v2 +2/ V eth +V52e2iwt)2

Bias Bias "' s



where we have assumed that the displacements aie sft) <<d . The

first term is constant, causing a static deflecgtangd is not important for this
discussion. The third term oscillates at twicedpplied frequency and also is
not important here. The second term will producdriging force at the
applied frequency and is inserted into Equation 3.2

V.. _
X+—X+ 2x= CeanVoas Ve (A-4)
m dm

where w;, = \/% Assuming a harmonic solution o) = x (w)e™ , we

find:
X( ): CCz;;thias Vs (A-5)
m (2) _ 24 0
_mw, : B :
whereQ = . Using Q = CV, and Equation 3.2, the charge en th

gate is given by:

Q = Céant(x(t))(VBias + VseiWt ) = CCant x1- X(% (V + Vseim)

Bias
CeanX( )e™
d
CCantVBiasX( )eth

d

= CCant(Vg + VseiWt )_ (VBias + Vseiwt ) (A-6)

» CCant(V + Vseim )_

Bias

where we have dropped the piece oscillatingnathich is small.

The time derivative to Equation 3.6 will give thament:



| WC Y ias X(W)E™

I :Q :iV’/CCam\/Seim _ Bias
d
(A-7)
. . CluVa
- IWCCant_ i - anzt Bias 1 " Vselwt
MW -w?- i 720

Comparing the equations in Equation 3.7, it isrctbat motion produces

electrical currentlg

IRLC - _ Cam Bias X( )ewt (A-8)

This will be a useful expression for understandimgposition sensitivity.

%Vse“’“ , one can see that
wi

T

Defining the total impedanc&;(n), as| =

the current is given by two parallel contributiotigiough the capacitancg,
and through a parallel RLC circuit shown in Fig8ré. The impedance of the

parallel combination o€y and the RLC circuit is given by:

ZT (M/)l = I M'(:Cant + ZRLC(M/)_l

N 1 (A-9)
ZRLC(W)_”/'/Lm +”/|/(: +Rm

m

giving currents through the RLC circuit:

int int
Ve —iw Vs® (A-10)

ZRLC(W) L Wg_WZ_l_iWWO
Q

lric (W) =

m



where n¢ = , andQ :ng—l‘m. Comparing Eq. 10 and Eq. 7, it is
apparent that:
_d’m
K VBziasCéant
V2. C2
C - Bias ~’Cant A'll
m M/gdzm ( )
d’m w
Ri=2 cr o
VBziasCCZ‘,ant Q

Thus the mechanical motion can be completely mddejean equivalent
RLC circuit with circuit values shown in EquatioriB. This formality will be
useful in future discussions pertaining to the idgee of the circuit and
impedance matching techniques. This formality i$ movel, but has been
employed in MEMS filters for several years [28]. wver, the use of this
electrical analogue for impedance matching in ortberdo ultrasensitive
detection in nanomechanical resonators was recdethonstrated by Schwab

et.al. (Unpublished paper).



Appendix B

THE EXPERIMENTAL SET -UP

The printed circuit board was a five layer boardthvgoft gold plating to
allow for gold-wire bonding. There is a central gnd plane that is connected
to a grounded area on wither side of the boardsé&lggounded areas are used
for mounting the chips and for attaching groundigper wires to allow for
proper thermalization. The board was attached ¢oetid of a stainless steel
probe made for the purpose of experimentation at temperatures (up to
4.2K). The attachment was a 10-wire PCB edge cdaonethe PCB was
custom made to fit into the edge connector. Thanad for ease of mounting
the chips on the board and then inserting the boaodthe edge connector.

Pictures of the board are shown in Figure B.1.

%,

A% 1* &
1) &, &)
% 1. G& %
)& *)% 1
& &) &

\%.
/

5% %

Figure B.1 Both sides of the circuit board are sthow



The edge connector was firmly attached to the botmd of the probe.
Ten stainless steel coaxial cables with TefloningatLakeshore Coax Cable
CC-SS-500) were attached to the edge connectoseTbeaxial lines were
then soldered on to hermetic BNC connectors attdbeof the probe. The
shields of the coaxial cables were grounded atojpeThe bottom of the probe

and the circuit board is shown in Figure B.2.

"75 1*
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Figure B.2 The bottom of the probe showing the emtions and the board attachment

In addition to the coaxial cables, six twisted pawere also connected to a
SAMTEC connector at the bottom of the probe. Thésted pairs were
connected to a Fisher (Fischer 105, 24 pin) coonettthe top. Four of the
leads are used for connecting a Lakeshore CGR-Q-@I) carbon-glass

thermometer that was capable of accurate temperataasurement up to 1K.



The thermometer was calibrated at the factory. driobe is shown in Figure

B.3.

Figure B.3 Clockwise from left: The probe; closeaffhe top of the probe showing the
BNC connectors, pressure gauge and the evacuatlee; v he bottom can and that can be
screwed on hermetically with an indium seal.



Appendix C (Electronic file)

SPREADSHEET TO ESTIMATE CAPACITIVE DETECTION PARAMETERS

Figure C.1 Snap-shot showing the spreadsheetdladtsiched as an electronic file to this
dissertation
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