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ABSTRACT

This dissertation presents work on fabrication and room-temperature
characterization of mesoscopic Hall sensors from InAs/AISb quantum well
semiconductor heterostructures. It also demonstrates suitability of these devices
for detection of micro- and submicromet er-sized superparamagnetic beads that
can be used as biomolecular labels inthe newly proposed concept of magnetic
biomolecular sensing. Detailed analytical analysis of physical factors which
determine the magnetic field and the magnetic moment resolution of cross-
shaped Hall sensors is presented. The aalysis shows that materials with low
Hooge's 1/f noise parameter, low density of active charge traps, high carrier
mobility and, contrary to the common opin ion, high electron density provide the
best physical medium for fabricating ultra-sensitive miniaturized Hall sensors.
Systematic room-temperature Hall coeffici ent and electronic noise measurements
have been carried out on the sensors with the Hall cross widths of 1 Fn and 250
nm. In the low frequency range, from 20 Hz to 1.6 kHz, the sensors show
magnetic moment sensitivities on the order of 10¢ R/+Hz and
10° R /+/Hz respectively, where /, is the Bohr magneton. For 250 nm devices,
the moment sensitivity reaches the values in 10 R/+/Hz range above ~ 1 kHz.
By using phase-sensitive detection technique based on non-linear magnetization
response of superparamagnetic beads to eternal magnetic field, the presence of
a single bead, 1.2 Bn in diameter and suitable for biological applications, on the
micron-sized Hall cross has been detected with signal to noise ratio of ~ 33.3 dB.
Micro-Hall susceptibility measurements an d the subsequent data analysis have
shown that the bead consists of ersemble of non-interacting magnetic
nanoparticles with broad distribution of magnetic moments. The mean magnetic
moment and the mean diameter of nanoparticles in the bead were found to be ~
1.55 ul0* /4, and 8.3 nm respectively. Additionally, detection of 250 nm beads
has been achieved with signal to nase ratio of 2.3 dB per single bead.
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CHAPTER 1

INTRODUCTION

Integration of biology and solid-sta te physics at the micro- and nanoscale has
become, in recent years, one of themost exciting and fruitful areas of
multidisciplinary research and development in the natural sciences. The research
efforts are expected to bring a new dimension to fundamental studies of
biomolecular systems and their interactions as well as to lead to development of
novel devices for utilization in bioanaly sis and biomedical applications. A new
generation of biomolecular sensors stands as one of the most promising
realizations in this regard.

A common approach to detecting biological molecules is based on attaching
to them, highly specifically, physical or biochemical labels that can, upon their
binding, produce an observable quantitative signal'. The specificity is
traditionally achieved through a biomol ecular recognition mechanism, such as
for example antigen-antibody affinity or ligand-receptor binding, which can be
accomplished by label functionalization. De pending on the physical properties of
the label which may be a radioisotope, enzyme, fluorescent molecule, or charged
molecule, for example, different methods to sense the signals, based on optical,
electrochemical or mechanical means, have been either developed or are
currently actively pursued [1].

A more recent approach involves magnetic transduction mechanisms, in
which target biomolecules are labeled with magnetic micro- or nanoparticles.
Magnetic labels have several potential advantages over otler labels. First,
the magnetic properties are very stable over time and are generally not affected
by reagent chemistry or subject to photo bleaching. Second, the magnetic

1L abel-free biodetection methods are also under active development. The most promising are
based on sensing changes in electrical condutance of nanowire or nanobelt field-effect
transistors upon specific binding of target biomolecules onto their surfaces as well as sensing of
nanomechanical forces that bound biomolecules exert onto nanosized cantilevers. For a recent
review see [2] and references therein.



background in biological samples is minimal, since these are composed
predominantly of diamagnetic chemical elements. Third, the stray magnetic
fields from the labels as well as the extenally imposed field gradients that can be

used to generate forces on labels and remotely manipulate them are not screened
in an agueous biological environmentThese attractive properties have triggered

intensive research efforts beginning in the late nineties to develop the core
technologies for on-chip integration of micro- and nanoscale magnetics with

molecular biology with a final goal of re alizing highly sensitive, fast, reliable,

cost-effective, portable and easy-to-use biomolecular sensors, the so called
magnetic biochips

The research in this broad areahas developed along three general directions:
(@) synthesis and biomolecular functionalization of magnetic micro- and
nanoparticles with desired magnetic proper ties that can be attached to single
biomolecules and cells with a high degree of specificity; (b) development of high-
density on-chip electrostatic or magnetic field gradient architectures (electronic
or magnetic tweezers) capable of manipulating single magnetic micro- and
nanoparticles, attached to biomolecules, with nanoscale precision, along with
the micro- and nanofluidic circuits fo r controllable transfer of biomolecule-
particle suspensions to desired areas ona chip and (c) development of highly
sensitive biocompatible solid-state sensors for quantitative detection of magnetic
micro- and nanopatrticles, possibly with a single particle sensitivity.

The subject of this thesis isthe development of Hall sensors for room
temperature operation and demonstration of their feasibility in applications
involving detection of magnetic particles that can be used as biomolecular labels.
The thesis will show that Hall sensor devi ces can be fabricated from high density
and high mobility two-dimensional electr on gas (2DEG) in InAs/AISb quantum
well to have room-temperature magnetic moment resolution on the order of
1% 43, where /;is the Bohr magneton The thesis will also demonstrate that this
moment resolution is good enough to detect single magnetic biolabels down to
250 nm in size. Based on the results presented in this thesis, single particle
detection of even smaller magnetic particles, containing the total magnetic
moment of /(10°) /; is anticipated to be possible with submicrometer sensors
operating at higher frequencies.

The thesis is organized as follows.In the remainder of Chapter 1 we will give
a brief overview of the major results accomplished so far in the development of
solid-state sensors for magnetic bio-labd detection. These will include mainly
magnetoresistive sensors, but Hall sensos will also be discussed. Chapter 2 will
introduce the major physical aspects relevant for the room-temperature
operation mesoscopic Hall sensors and Chapter 3 will describe the major



’ ’ ’ ’ ’ target biomolecule

COOY (" prove

! ! ! ! ’ magnetic particle with biomolecular
coating specific to the target

solid state sensor

Figure 1.1 Schematic depiction of the principle of on-chip magnetic biosensing. The
target molecule is sandwiched between the complementary probe molecules on the
sensor surface and magnetic particle coatedwith another complementary molecule. The
sensor detects the stray magnetic field from the particle.

experimental techniques and procedures used in this work. The experimental
results and their analysis will be presented in Chapters 4 and 5 and conclusions
will be made in Chapter 6.

1.1 Magnetic biosensors based on magnetoresistance effects

The concept of on-chip magneticbiosensing was introduced in a pioneering
work of Baselt et al. [3]. The concept isschematically depicted on Figure 1.1. The
idea was to functionalize the surface of the sensor with molecules (called the
probes) that would bind specifically to the target molecules to be detected. In
addition, the labels would be magnetic particles functionalized with molecules
complementary to the target. In the presence of the target molecules magnetic
particles would settle on the sensor surface, since specific binding of their
biofunctional coating to the probe mole cules will be mediated by the target
molecules. The specificity of the coating will ensure that no magnetic particle will
be present on the sensor if the targetmolecules are absent from the sample. The
sensor therefore would detect the presence of the target molecules by detecting
the presence of the magnetic particles on its surface, which is achieved by
sensing the stray magnetic field signal from the particles. This general scheme
has been widely accepted and without changes continues to be pursued until
today.

The sensor chip used in this original work was named Bead Array Counter
(BARC). It was made in the form of an array of giant magnetoresistance (GMR)
strips (Figure 1.2) and its sensitivity wa s tested with commercial magnetic beads,
Dyanabeads M-280, 2.8 In in diameter. Such beads consist of large number of
maghemite ( Fe0s) nanoparticles dispersed in a polymer matrix (Figure 1.3).
They were chosen for their superparamagnetic behaviour as well as for their
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Figure 1.2 The first BARC chip proposed by Baselt et al. The image shows an array of
GMR strips with magnetic microbeads distri buted over the chip surface. Adapted from
Ref. [3].

relatively large magnetic moment that comes from the large volume.
Superparamagnetic means that the beads aquire non-zero magnetization only in
the presence of an external magnetic fietl, otherwise they are non-magnetic. This
way the mutual magnetic interactions be tween the beads that may lead to their
agglomeration and eventually prevent them from binding to the target molecules
are eliminated. The necessity for using superparamagnetic particles as magnetic
labels in on-chip magnetic biosensing is, for this reason, now generally accepted.

T LED

Figure 1.3 SEM images of a Dynabeads M-280 bead used in the original experiments of
Baselt et al. at two different magnifications. The nanoparticles in the bead are visualized
as bright points. From Ref. [4].



By using lock-in detection?, Baselt et al. were ableto detect the presence of a
single bead on one 5u20 An2 strip with a signal to noise ratio (S/N) ~ 6. The
detection experiments performed in the same configuration with GMR
strips having larger active areas have yielded S/N ~ 4 (5u80 Fn?) and S/N ~ 2 (10
ul60 Rn?) for the single beadt.

Although it was suggested in this article that BARC chips could be used to
perform DNA hybridization assays, it wa s not until three years later that the
results of such experiments were first reported by the group [5]. The BARC used
in the DNA hybridization assay contained 64 GMR sensor strips, 5 u80 Bnzin

s e O
=]
E =
3
;:%"15-
- o
o E
wip. =S = o
e 23 £
o 28 & @
E 1 @& Ta : Single
- o e sansor
= s :
LR A LT signals

Sensor Elaments

Figure 1.4 (a) Optical image of BARC sensor chip used in DNA hybridization assay by
Miller et al. [5]. (b) The signal output of the BARC sensor chip from DNA hybridization
assay. The data points show the signal from each individual sensor and the hatched
rectangles correspond to the total signal from the sensing zone. From Ref. [5].

2 The sensor was biased with a dc current and thebead was magnetized with an ac magnetic field
of 5 mT perpendicular to the sensor plane at a frequency of 200 Hz. The output voltage of the
sensor was measured at a second harmonic fequency with a time constant of the lock-in
amplifier 14 1s. The equivalent noise bandwidth (ENBW) was not reported.

3 The noise level of the longer strips was not measured but assumed to be the same as for the
smaller one. This assumption is, however, questionable. Due to the larger aspect ratio
(length/width) the resistance of th e longer strips should be 4 times greater. This should leal to 2
times greater thermal noise, as wdl as at least 4 times greater 1f noise which is probably non-
negligible at 200 Hz and reported bias currents of 12.5 mA and 25 mA respectively.



size, grouped in 8 sensing zones, each containing the eightensor array
(Figure 1.4a). In order to demonstrate tre selectivity of hybridization and

magnetoelectronic detection, pairs of eight-sensor arrays were functionalized
with four different single-stranded DNA probes (one of them serving as a

control). Biotinilated target DNA strand s, complementary to the control DNA

and only one of the remaining DNA prob es, were then introduced followed by
streptavidin coated M-280 beads. The chip response is slown in Fig. 1.4b. It was
highest for the control zones, almost zero for the zones functionalized with non-

complementary DNA probes, and a clear signal has been obtained from the
zones with complementary DNA probes.

This experiment unambiguously showed that the concept of solid-state
magnetic biosensing could provide selectivity in the detection response. It,
however, did not show any quantitative dependence of the measured sensor
response on concentration of the target DNA. The first step towards this goal,
i.e., the quantitative relation between the sensor’s output signal and the number
of magnetic beads in the sensing area, was demonstrated more recently by
several groups [6-8]. The dependence tend to be more linearthe higher the ratio
of the sensor size vs. the bead size. Té situation is much more challenging when
it comes to the quantitative dependence of the measured sensor response on
concentration of the target biomolecules. The only work that has addressed the
problem of quantitative biodetection experimentally has b een published by
Schotter et al. [8]. Their chips consiged of 206 spiral-shaped GMR lines, each
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Figure 1.5 (a) A magnetoresistive sensor array used in the experiments of Schotter et al.
(b) Sensitivity of the magnetic biosensor and that obtained in a comparable fluorescent
detection experiment. The magnetic biosensa sensitivity is defined as the maximum
output signal at a magnetizing field of 40 kA/m relative to the average signal of the non-
functionalized sensor element. From Ref. [8].



covering a circular area 70 Rn in diameter (Figure 1.5a). In their experiments,
the same volume of probe DNA with five different concentrations, ranging from
16 pg/ R to 10 ng/ R has been spotted on the sasor surface. After covalent
attachment and washing, the sensor was incubated with 10 ng/ R- of biotinilated
complementary DNA, after which 0.35 PRn-diameter streptavidin-coated
superparamagnetic beads were introduced and allowed to react with the target
DNA. The results are shown in Figure 1.5b along with those of the same assay
where fluorescent, instead of the magnetic labels, were used for comparison. It
can be seen that the output signal of a magnetic sensor increased only three
times, with a clear tendency for saturation, when the prob e DNA was increased
by almost three orders of magnitude. The results were also significantly different
from the corresponding fluorescent assay. As pointed out by Megens and Prins
[9], this was more an assay of the likdihood of the DNA attachment than of the
concentration in a test sample, since the concentration of probe DNA was varied,
not the concentration of target DNA in th e sample. It did, however, represent the
only attempt at establishing a quantitative magnetic bioassay reported up to
now.

The approach in experiments descrbed so far was to have sensors with large
sensing areas, capable of accommodatinglarge number of magnetic beads. The
goal was to obtain a statistically meaningful result by determining bead coverage
of the sensing area, not to count the beds individually. On the other hand
several groups have focused on small, micrometer-size sensors, and single-
particle detection. Such sensors could be applied in research for single molecule
detection and investigation of binding forc es or mechanical properties of single
molecules by pulling them with magnetic tweezers. In addition, the large arrays
of densely packed integrated microsensors with single particle resolution might
also lead to more accurate and reliable quantitative bioassays.

By now, several groups have demonstrated lock-in detection of single
micrometer-size magnetic bead by exploiting various magnetoresistive sensors.
Miller et al. have fabricated anisotropi ¢ magnetoresistance (AMR) sensor in the
form of a ring with outer and inner diameters of 5 H®n and 3.2 Bn
respectively[10]. By using lock-in detection at 200 Hz and applying a
magnetizing field of 3.5 mT (amplit ude value) to magnetize the 4.3-Fn-diameter
NiFe bead, they showed that S/N of nearly 100 can be obtained when the bead is
situated in the center of the ring and the distance 300 nm above it. Li et al. have
fabricated a spin-valve sensor with active area 3 u4.1 Bn? [11] and detected the
presence of single Dynabeads M-280 superparamagnetic bead in the lock-in
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Figure 1.6 (a) 16-nm FeOs nanoparticle monolayer on a 1 u0.3 Fn? spin valve sensor.
(b) Voltage signals for the spin valve sensor with (solid squares) and without (open

circles) FeO4 nanoparticle monolayer. The dashed line is calculation model prediction of

the signal. From Ref. [17].

measurement* with S/IN = 12. Detection of the same type of bead was also
demonstrated with an elliptically shaped 2 & Fn?MTJ sensor [12] by Shen et af,

but with a slightly higher SIN = 16. Finally, Graham et al. have detected a
Micromer-M 2- En-diameter bead with a spin valve sensor in a dc measurement

[13] with S/N ~ 10.

The micrometer-size beads deéected in these experiments are most
appropriate for labeling individual cells or protein macromolecules, since their
dimensions correspond to those of the beads. Although the labeling of individual
smaller biomolecules, which may be in the range of only tens of nanometers in
size, (single DNA strand or a protein, for example) with a micrometer-size bead
can be accomplished through some speci& biochemical procedures [14,15], the
significant size mismatch of the two entiti es introduces high level of complexity
in those procedures with low percentage of successful outcomes. It is therefore
important to develop sensors that are capable of sensing smaller particles, ideally
with dimensions that correspond to those of the biomolecules they will be
applied to.

4 The magnetizing field of 3.2 mT rms was varied at f = 40 Hz and the ENBW of the lock-in
amplifier was 'f =1 Hz.

5 The experiment was performed in an integrated microfluidic format that will be discussed in
more detail in section 1.3. As for the detection of the bead itself, the sensor was biased with an ac
current at f = 8 kHz and the beads were magnetized with 1.5 mT in-plane static field. The
measurement bandwidth was not reported.
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Figure 1.7 (a) The resistance differences before and after depositing 16-nm Fa
nanoparticles for three sensors containing different numbers of nanoparticles (filled
symbols) and two reference sensors without nanoparticles (open symbols) from the
experiments of Li et al.[18]. The inset shows the MR transfer curves measured before
(solid line) and after (dashed line) the nanoparticle deposition for the detection sensor 3,
containing ~ 630 nanoparticles. The three detection sensors have different numbers of
the FesO4 nanoparticles. SEM images of: (b) the detection sensor 1 with ~23 deposited
Fes04 nanoparticles that are also shown in the inset at a higher magnification and c) the
detection sensor 2 with ~108 nanopatrticles.

Despite theoretical calculations which predict that a single submicrometer
bead, down to even 100 nm-diameter, should be detectable with a GMR sensor
[16], no experiment has been reportedin the literature so far that demonstrates
the detection of any submicrometer single superparamagnetic bead. The most
extensive efforts in this direction have been made by the group of Wang et al.



[17-20]. They used very small magnetite (FeOa4) nanoparticles, 16 nm in diameter,
and submicrometer spin valve sensors with active area 1u0.3 Fn?. By using
lock-in detection with magnetizing ac fi eld of 10 mT rms at208 Hz and an ENBW
of 1 Hz [17], they were able to detect the presence of a monolagr of such
nanoparticles completely covering the sensor’s active area (Figure 1.6a). The best
signal obtained was, however, only 3 times higher than the ndse level
(Figure 1.6b), indicating that detection of low number of the nanoparticles,
let alone a single nanoparticle, would not be possible in this configuration.
Surprisingly, by performing the detect ion experiments in a much simpler dc
configuration and further reducing the sensor width to 0.2 Pn [18] they were
able to reach better S/N and demonstratethe detection of just 23 nanoparticles
(Figure 1.7). The inferred minimum detection limit from these experiments was
14 nanoparticles. In order to reach better sensitivity and eventually demonstrate
single nanoparticle detection the group recently moved towards fabricating
submicrometer MTJ sensors [19]. So farhowever, they have reported detection
of only a monolayer of 12 nm MnFe204 nanoparticles [20], although with
apparently better S/N ratio compared to the similar experiment performed with
the spin-valve sensors.

More recently Wood et al. have fabricated submicrometer GMR sensor strips
[21] and, by performing magnetoresistance and electrical noise measurements
combined with numerical calculations, tested their potential for magnetic
nanoparticle detection. They obtained magnetic field resolution of 12 pT/+/Hz for
2 u0.15 A2 GMR strip in a thermal noise range >50 Hz, and estimated a
magnetic moment resolution of 2.2 ul® @/\/E for a uniformly magnetized

sphere 100 nm in diameter located 100 nmabove the sensor surface. Nanobeads
of this size having comparable magnetic moments are commercially available.
Their detection, however, was not reported in this work.

1.2 Hall effect devices for magnetic biosensing

Performance of Hall effect sensors in the detection of superparamagnetic
microbeads has been examined by severhgroups as a potentially advantageous
alternative to magnetoresistive devices for magnetic biosensing applications.

First and, in our opinion, the only relevant work to date ¢ was reported by
Besse et al. [26], who used a cross-shapeslilicon Hall sensor fabricated in CMOS

6 Other references include a work by Landry et al. [22], and a series of publications from the
group of Sandhu et al [23-25]. These will, however, not be discussed here since, in our opinion,
they contain several significant weaknesses in experimental procedures, presented results and
analysis.
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Figure 1.8 The Hall sensor-detected change in the ac magnetic induction over the
sensors active region when a static magnetic field is applied” The change is detected
only when the bead is present on the sensot The ac Hall voltage in the experiment was
measured in lock-in configuration at frequency 520 Hz and ENBW 'f =0.12 Hz. The

excitation ac field was 0.9 kA/m rms and the bias dc field 13kA/m. From Ref. [26].

technology with active area 2.4 u2.4 Rn? for the detection of a single Dynabeads
M-280 bead. Due to the sensor design the beadad to be situated at a distance 5.4
Fn above the active region, which was significantly further than in the
previously described experiments with MR sensors (typically hundreds of
nanometers). This had a deteriorating effect on the magnetic signal from the
bead?, since the magnitude of the stray magnetic field in the sensor’s active
region was significantly reduced. Nevertheless, the obtained S/N was
comparable to those obtained with MR sensors (Figure 1.8) indicating that more
appropriately designed Hall sensor devi ces with comparable, or possibly even
better sensitivity, may be more suitable for single magnetic particle detection
than the described MR devices, possibly yielding even better signal to noise
ratios.

1.3 Magnetic biosensors inte grated with microfluidics

The detection experiments discussed so far were almost exclusively performed
in a dry state, i.e. the magnetic particles were positioned on the sensor either by

7 The detection method used in this experiment has also been applied in detection of immobilized
superparamagnetic beads that will be presented in this thesis. Detailed description of the
method will be given in Chapter 3 which is devoted to experimental procedures and
measurement techniques usedin this thesis work.

8 Dependence of the Hall voltage signal on the sensor-bead separation will be discussed in detalil
in the next chapter.
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Figure 1.9 Optical imagesof (a) a single 2x6 um MTJ sensor sealed inside &00 um wide

microfluidic channel, and (b) an identical sensor with two single M-280 beads in close
proximity. The orientation of the two external fields used in the experiment He and Hy is
also shown; (c) Real-time voltage data demonstrating single-bead detection. When a
single beadpasses by the sensor, a sharp signal drop is observe¢points A, C, D, H, and

I). When a bead becomes stuck on the sensor area for an extended lengttof time, a
plateau signal is obtained (points B and G). Two-step signals (points E and F) correspond
to a situation where two beads are attached to the junction at the same time. The
shadowed band indicates the typical signal range measured for a single bead. From Ref.
[12].

micromanipulator or some of the lithographic patterning methods after which
the detection experiments were performed. Even in the experiments where
biofunctional binding was involved, it wa s a separate step from sensing, which
was always performed afterwards. The binding of biomolecular entities,
however, takes place in liquid, and if one aims at fast, real-time sensing of the
binding events, magnetic sensors capable ofdetecting magnetic particles directly
from the liquid solution would be necessa ry. This requirement naturally brings
into play integration of magnetic sensors with microfluidics, the latter being
recently established as a means to conbllably handle, on-chip, liquid solutions
at the microscale. Several realizations of mcrofluidic circuits that involve flow of
magnetic microbeads have been recently reported [27-30] asa tool for
efficient cell separation and bead manipulation in an aqueous environment.
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The only experiments, however, that incorporate a magnetic sensor into a
microfluidic channel and demonstrate dete ction of a magnetic particles directly
from the solution, were recently reported by Pekas et al [31] and Shen et al [12].
The main results of the latter are shown on Figure 1.8. The beads were flowed
through a 600 Fn wide and 50 Hn deep microfluidic channel fabricated in PDMS
and sealed with the sensor chip from below (Figure 1.8a). Whenever a bead
would cross over an active region of an MTJ sensor (Figure 1.8b) dips in the
sensor output voltage response were observed (Figure 1.8c).

1.4 Summary

We have reviewed the concerted efforts of several research groups to develop
magnetic sensors and detection platforms based on magnetic labeling that can be
utilized in biomolecular sensing, single molecule detection or fundamental
biophysical studies on individual molecule s. Two different types of sensors have
been highlighted: the ones with large active areas (hundreds of Fn?) intended to
provide statistical counting of a large number of magnetic micro- or
nanoparticles and the others with micro- or submicrometer-sized active areas
that focus on single particle detection. Referring to large area detectors, progress
have been made in several aspects (seldwity in the sensor response, linear
dependence of the sensor signal with the particle coverage) A complete
bioassay, however, has not yet been demastrated, the main challenges being the
lack of reliable quantitative relation between the sensor signal and the
biomolecular target concentration and the demonstration of a real-time bioassay
in an integrated microfluidic format. Si ngle magnetic microbead detection has,
however, been demonstrated with several types of magnetoresistive (MR)
sensors, even in an integrated microfluidic format, but detection of the smaller
particles still presents a challenge. Hall sensor devices can provide suitable
alternatives to magnetoresistive ones and may lead to even higher signal to noise
ratios in experiments on single particle detection than reported for MR sensors.
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CHAPTER 2

FUNDAMENTALS OF THE MICRO-HALL SENSOR
OPERATION

Hall devices are magnetic field sensors whose operation is based on the
classical Hall effect. The effect was discovered by Edwin Hall in 1879 [32], and is
a manifestation of the Lorentz force acting on charge carriers in a sample
carrying an electric current when exposed to a perpendicular magnetic field.
Although the Hall effect has been know n for more than a century and Hall
sensors have been used for several decadein numerous industrial and scientific
applications, the revival of academic interest in these devices came with the
advancements in micro- and nanofabrication along with the progress made in
the growth of high-mobility two-dim ensional electron gas (2DEG)
semiconductor heterostructures. In this chapter we will introduce the basic
physical equations that govern operation of micro-Hall devices based on two-
dimensional electron systems (2DES) anddiscuss the major physical aspects that
determine their ultimate magnetic field and magnetic moment resolution. Along
with a description of known physical properties of InAs/AlISb quantum wells,
this will help us understand why these ma terials are chosen to fabricate micro-
Hall sensors for room-temperature detection of magnetic biomolecular labels.
Some of the equations that will be presented in this chapter will be also used
later in the analysis of experimental results

2.1 Hall-cross response to a non-uniform magnetic field

A Hall cross sensor is a four-terminal device in which the current | is run
through two terminals in a longitudinal x-direction (Figure 2.1) and the
voltage is measured accross the dter two positioned along the vy-direction,
i.e. perpendicular to the current flow. If there are no external magnetic fields,
the equipotential lines are ideally perpendicular to the current and parallel to
each other so that the measured voltage is zero. However, whe the device is
exposed to a perpendicular uniform magnetic field B = const.the Lorentz force

14
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Figure 2.1 Schematic depiction of the operational principle of a Hall cross sensor. The
current lines are denoted by red, equipotential lines at B = 0 by dash blue and the
equipotential lines at B z0 by green. The direction of the Hall field corresponds to
electrons being majority carriers and it would have been opposite for holes.

appears, “pressing” the charge towards the sides parallel to the current flow.
Accumulation of this charge generates an additional electric field in y-direction,
the Hall field E,,, so that the total electric field in the device E, which now is the
sum of the bias field E, and E,, , is actually tilted with respect to the direction of

the current flow. Thus we can say that the bending of equipotential lines takes
place and, as a result, a voltage appeas between the two voltage terminals. The
latter is called the Hall voltage, Vw, and its magnitude can be expressed as

V, R,IB (2.1)

where Ry is the Hall coefficient. For a Hall sensor made of 2DES R, 1/ne,

where n is the two-dimensional electron density and e is the electronic charge
(e # 16 ul0 *C).

Practical applications of micrometer-sized Hall sensors that involve detection
of the presence of magnetic biomolecular labels in the Hall cross area are based
on sensing stray magnetic fields from the labels. These fields are, in most cases,
rather non-uniform over the Hall cross area (Figure 2.2) and equation (2.1),
which strictly holds only for a uniform fi eld, cannot be used straightforwardly to
express the Hall voltage. The problem of how the 2DEG Hall cross device
responds to a non-uniform magnetic fiel d distribution was studied theoretically
by several groups [33-36]. It was approached by using different physical
formalisms for two limiting cases of the tr ansport regime in the device: diffusive
and ballistic. In the first case, the problem was treated purely classically, starting
from Newton’'s equation of motion for electrons in a crystal, while in the other,
Landauer-Buttiker formalism for ballistic transport in reduced dimensions was
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Figure 2.2 Distribution of the perpendicular comp onent of the stray magnetic field over
the 1An ulPRn Hall cross (right) generated by a magnetic particle uniformly magnetized
in the z-direction (left) and located at the cross center. The calculation corresponds tor =
125 nm,d =36 nmandm = 2.0 - 166 Amz2 (~ 2.2 - 10 A).

used. In the rest of this section we will describe the two approaches in greater
detail, putting the emphasis on physical in terpretation of the results rather than
on detailed description of the calculatio n techniques. At the end we will also
introduce a parameter that quantifies the departures from an ideally diffusive or

ideally ballistic regime.

2.1.1 Hall sensor in a diffusive regime

TheHall sensor is considered to be in a diffusive regime when the mean free
path of the electrons in the device is much shorter than the Hall cross width, i.e.,
le <<w. In this case, the drift of electronsin the presence of an electric field E and
a magnetic field B can be described by Newton’s equation of motion in the
effective mass approximation:

mv F m—Wv, (2.2)

where F, eE v uB is the Lorentz force, v - the electron velocity, m - the

electron effective mass and |- the electron relaxation time. In steady statev O,
and the constituent equation relating the current density J nev, electric and
magnetic field can be derived from (2.2) to be:
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J %E AW PBETB . (2.3)
1 M

Here 1, ne/ is the conductivity at zero magnetic field and P el is the

drift mobility of the electrons. Note that in the case of a degenerate 2DEG the
drift mobility  / is the same as the Hall mobility /.

In the two-dimensional case and B perpendicular to the 2DEG plane the third
component of the equation (2.3) vanishes € B 0, since E #B). On the other
hand, the continuity equation

0 (2.4)

in the steady state (W/ w 0) becomes’ J 0, and since we also have’ uE 0
we can introduce a scalar electric potential / definedas E -’ /. Combining the
last expression with Eq. (2.3) and’ J 0, and defining £ { /B we obtain

a? EE Lt 1 £ © fg ELé Lﬁ 1 £ ©

w/ v/ w€ wow > W W OW >
2 7 o« » « » 0. (2.5)

W Y W« 1 E » W o« 1 E »

< 2 2

Equation (2.5) can be solved numeically by using a finite difference method
for the given Hall cross geometry® and the given magnetic field distribution
B(x,y) in the 2DEG plane. The Hall voltage can be determined from the

resulting /(x,y)as the difference between the average potential of the two

voltage contacts.

Equation (2.5) and the numerical mahod for its solution outlined above were
further exploited by several groups [34-36] in trying to determine the so-called
Hall response functionk, (x,y), for Hall cross devices made of 2DES. The function

is defined through the formula

dxdyF, x,y B Xy
o dxa3dyF, X,y

(2.6)

9 For this geometry one has to impose the following boundary conditions: (1) tangential
component of the electric field is zero at conducting boundaries, i.e., w//w 0; (2) the normal

component of the current density is zero at the insulating boundaries, i.e., w/w Ew/w 0.
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where R, V,/I is the Hall resistance. It is a two-dimensional spatial

distribution function, which determines the strength with which different parts
of the Hall cross area respond to a given magnetic field intensity at their location.

To find F, (x,y) one would ideally use a delta-function magnetic field profile
B(x,y) B, (x Xx,)«y Y, and then map F,(x,y) by placing the profile at
every point of the cross and solving the equation (2.5). In practice, however, a
delta-function profile cannot be used, as the numerical solution of equation (2.5)
for such a case is not posdile. Cornelissens and Peeters [36] have approximated
the profile with a finite magnetic dot of radius ro: B(x,y) B,ilr rkr, and
were able to determine the Hall response function for several different Hall cross
geometries. Here we summarize their main results which are also shown on
Figure 2.3.

The Hall response function, F, (x,y). of the Hall sensor in a diffusive regime
in general is quite complicated and depends on the field strength, level of
magnetic field non-uniformity and shape of the Hall cross. For low field
strengths (UB << 1) , however, that correspondto experimental conditions one
might expect in detection of magnetic biomolecular labels, i.e. weak non-
uniformity and symmetrical Hall cross, F,(x,y) is a smooth function which is

constant only near the center of the Hall cross. It slowly decays towards the cross

(@) (b)

Figure 2.3 Hall response function along the center of the voltage leads normalized to the

geometric area of the Hall cross (i.eF, F,/w?): (a) for a symmetric Hall cross. Effect of
the rounded corners is also shown. Here the response function is normalized with the

area of the corresponding square cross. If the response function is scaled with an
effective area of the Hall cross with rounded corners F, for aW > 0 would be even
lower; (b) for an asymmetric Hall cross with narrow voltage leads. Here the W used in

normalization is We. If the response function is scaledwith an effective Hall cross area
WcWv < W2, EH would be even higher. From Ref. [36].
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edges but is still different from zero, although small and slightly asymmetric,

in the current and voltage leads. Near the center its value, normalized to the Hall

cross area, is approximately 0.5 (Fig. 2.3a)In addition, circular corners in the

Hall cross decrease the Hall response significantly. For example, for a/W 0.3
the response in the cross central regionis almost 25% lower than when the
corners are not rounded. Asymmetry in the Hall cross also affects the Hall

response considerably. Very sensitive reggions with the response exceeding 1
by more than 50% can be obtained near the cross edges by narrowmg the
voltage leads (Fig. 2.3b).

The starting point in understandin g these results is the fact that when the
mean free path of the electrons is muchshorter than the Hall cross width, they
experience many scattering events while traveling through the Hall cross region.
As a consequence the current density is patially deflected into the voltage leads
(Figure 2.4a) and effectively reduced within the Hall cross area by a factor of
two compared to its value in the current leads. When the Hall cross corners are
rounded the current distribution is even more broadened which reduces the
current density even further. The jump s in the Hall response function at the
edges of the asymmetric Hall cross comefrom the concentration of the current
density around these spots.

The I—fH #0.5 over the main portion of the geometrical area of a symmetric
Hall cross means in practice that in estimating the Hall voltage signal from the
non-uniform magnetic field whose intensit y is distributed mainly within the Hall
Cross area one can use, as a goo@pproximation, the definition relation (2.1)

Figure 2.4 (a) Currents lines at B = 0 in a symmetric Hall cross operating in a diffusive
regime. The current broadens into the voltage leads so that the current density in the
Hall cross is effectively reduced. (b) Equipotential lines corresponding to the Hall cross
shown in part (a) of the figure. From Ref. [37].
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with (B)/2 instead of B, where (B) % 3B(x,y)dxdy is the average magnetic

A
field flux over the geometrical area of the Hall cross A =w2 The factor /2 in

front of (B) should be further reduced accordingly if the rounding of the Hall

cross corners is significant. If, however, a hon-negligible magnetic field intensity
is distributed over the part of the volt age leads, its contribution to the Hall
voltage will effectively increase the factor 1/2 in front of (B).

2.1.2 Hall sensor in a ballistic regime

The Hall cross response in a ballistic regime, i.e. whenle >>w, was calculated
theoretically by Peeters and Li [38] using Landauer-Buttiker formalism. The main
result, which we state here without going in to the details of the analysis, is that
the Hall resistance is completely determined by the average field over the
geometrical area of the Hall cross and isindependent of the detailed distribution
of the field. This holds for symmetric as well as for asymmetric Hall crosses and
is not affected by the rounding of the corners up to relatively large corner radii
a/w 02. Otherwise, one can say that the Hall response function in a ballistic

regime is a step function, i.e.lEH = 1 anywhere within the Hall cross area, and IEH =
0 outside.

This result can be easily undersbod if we take into account that ballistic
electrons do not experience any scatterng events while traveling through the
Hall cross region. As a consequence the cuent density is not lower than in the
current leads, since it is rather well confined and uniform. This actually means
the constant 100% Hall response from eerywhere within the Hall cross and zero
outside of it.

2.1.3 Hall sensor in a regime between the ballistic and the diffusive

In practical applications of Hall sensors made from InAs/AISb quantum well
the Hall cross dimensions are often made close to the meanfree paths for the
electrons in the device. At room temperature the latter are typically between 0.3
Fn and 0.6 An and for the Hall sensors with w ~ 0.5 Hn for example, neither of
the quantitative conclusions reached for the two limiting cases are strictly
applicable.

Since the theoretical solution of the Hall response for this intermediate
regime, between ideally ballistic and ideally diffusive, does not exist in the
literature to date, in order to account for it quantitatively we have, in this thesis,
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introduced a correction factor /, relying on the fact that the strength of the Hall
response function is determined by the current density distribution within the
Hall cross area. / quantifies the level of the reduction of the current density
within the Hall cross depend ing on the ratio of the ballistic with respect to the
diffusive electrons in the device and is given as

K2 exps WV 2.7)
©le 1

e

where exp w/l, is the fraction of the electrons having mean-free path |, that

travel through the Hall cross of width w without scattering. The Hall voltage is
then V,, R,I(B)// and in the two limiting ca ses, ideally diffusive (I, <<w, /=
2) and ideally ballistic (|, >>w, /= 1) reduces to the familiar expressions derived

theoretically.

For example, for a Hall cross sensor made of InAs/AISb quantum well with n
=13ul0®*m2and P29 VS, I, h_eP %#0.54 Fn, where h = 6.626 u10%
JS is the Planck constant For a Hall cross with w = 1Rn we have / #1.84, which
does not differ much from the value for ideally diffusive regime. However, for a
submicrometer Hall sensor with w = 0.25 En, / #1.37 which stands somewhat
between the two limiting cases. Note that in the Hall devices made from doped
InAs quantum well, the room temperatur e mean free path can extend up to
almost 0.9 Rn (see Section 2.4) which, for the latter Hall cross size, would result
in / #1.2. In other words such a device would be almost ideally ballistic even at

room temperature.
2.2 Electronic noise in a Hall sensor

Electrical noise is a spontaneougandom fluctuation of the voltage or current
in an electronic device. It is commonly described in terms of its root-mean-square
(RMS) value. To define the RMS noise voltage we consider the output voltage of
a sensor, V(t), which, due to the noise, will fl uctuate in time. Hence, it can be
written as
V() Vs() Vi (), (2.8)

where Vg is a signal voltage that contains the information on the measured
qguantity and, in general, may depend on time, and V(t) is a noise voltage. In
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most cases, the noise voltage will have a Gaussian distribution and its time
average will be zero; but the time average of the noise power will not. This
power can be described quantitatively by the mean square noise voltage, defined
as

(V) tim TiTst (Pt @ 2.9)

from which RMS noise voltage is then

Ve (V). (2.10)

Noise voltage and its RMS value depend on the frequency range involved.
This dependence is usually expressed through anoise voltage power spectral density
(PSD) function S, (f), and is given in units of V#Hz. Giventhe S, (f), the RMS

noise voltage can be calculated as

V,, /fzs\,(f)df (2.11)

where f, and f, are the boundaries of the frequency range in which the noise

voltage is considered. In practical applications it is also useful to define the
quantity called noise voltage spectral densiti, (f), which can be expressed as

N, (f) /S,(f), and is given in units of V/vHz

The noise in a semiconductor Hall device is due to thermal noise, generation-
recombination (GR) noise, and 1f noise [39]. Therefore, the noise voltage PSD at
the output of a Hall device can be written as

S(f) S Sw(f) S.(f) (2.12)

where S,;, S(f) and S, (f)are the noise voltage PSD’s due to thermal, GR

and 1/f noise, respectively (Figure 2.5).

Thermal noise is a consequenceof random thermal fluctuations in charge
distribution within the device [40-41] and it is frequency and current
independent. At a given operating tempe rature its PSD is completely determined
by the device output resistance, R ,, (the resistance between the two voltage

contacts at zero bias current) and is given as
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Figure 2.5 A sketch of a typical noise voltage power spectrum at the output of
semiconductor Hall sensor. From Ref. [39].

S 4keTR,. (2.13)

where kg is the Boltzmann constant (k; = 1.38 u 10% J/K) and T is the

temperature. For example, for a micro-Hall sensor made of InAs/AISb quantum
well, if the Hall voltage contacts are placed close to the cross, R, at room

out

temperature can be as low as ~ 0.5 k, which gives minimum N, #3nV/+vHz.

GR noise is a result of the fluctuaton in number of charge carriers in a device
caused by generation-recombination processes between the conduction band and
the charge traps. In devices made from two-dimensional semiconductor
heterostructures the traps are typically d eep donors or DX centers located in the
barrier layer or at the interface between the conducting channel and the barrier.
The spectral density of the carrier number fluctuations that cause the GR noise is,
for one type of GR process, given by [42]

4]

Sy (f) ('N?)

f
where < "N 2> B, (f)df is the equilibrium number of fluctuating carriers and W
0

is the carrier lifetime for the GR process. For most of the semiconductors Wis
between 1 B and 10 ms.

Since the quantity that can be meaared is the noise voltage PSD, it is useful
to derive the formula for S,(f) starting from (2.14). It is straightforward to
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show, for a Hall bar shaped structure as one shown on Figure 2.7, thatS;(f) is
given as

%( 2y 2W (2.15)

f "
S (1) n?w* 1 2f8
where e is the two-dimensional resistivity and G, is the geometrical factor for

the noise voltage that depends on the device geometry, particularly on the shape
and the relative position of current an d voltage leads [43-45]. For example, if S g

is measured between the contacts spaced the distancel, apart on Figure 2.6,
G, I /w. For a symmetric Hall cross, however, and S,; measured at Hall
voltage contacts a distancel; apart (Figure 2.6), G, = 0.3248 [45]. This value may
be somewhat lower for the Hall cross with rounded corners. In this formula
< 'N2> is taken over the area =w?, i.e. the Hall cross area if the measurement is
performed at the Hall voltage contacts.

Generation of carriers is a thermally activated process which obeys Arrhenius
law. Therefore, its rate is given as

l ie Ba/keT (2.16)
w
where 1/ |, is the attempt rate and E, is the activation energy. Since /¢an be

deduced from the GR noise power spectra, both |,and E, for a given GR process

can be determined by measuring temperature dependence of the GR noise
power.

Figure 2.6 Sketch of Hall bar shaped structure. The direction of the current flow is
shown by red arrows. The width of the current conducting channel is w, distance
between the Hall voltage ( transversal) contacts - | and distance between longitudinally

spaced contacts -, .
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Figure 2.7(a) shows a typicalS,(f) spectrum that may be a part of the total

noise power at the Hall sensor output shown on figure 2.6. Notice that below the
center frequency f.; 1/2 SWthe spectrum is almost white, and above fg it is
proportional to 1/ f?.

1f noise is another type of noise that comes from conductivity fluctuations
[46, 47]. It is well established that a 1f noise PSD [Figure 2.7(b)] can be derived
from a superposition of a large number of purely Lorentzian processes [48] such
as, for example, the GR process given by equation (2.14), with a broad
distribution of the characteristic lifetimes KQuantitatively its noise voltage PSD
is best described by Hooge’s empirical formula [49]

%
S 2.17)

where [, is the dimensionless Hooge parameter,V is the voltage drop over the

sample along the direction of the current flow, and N is the total number of
charge carriers in the sample. The value of [, depends on temperature but also

on the crystal quality. In addition, it may be affected by device processing as
well. The exponent Jaccounts for the departures from the ideal 1/f slope, but is
typically close to 1. The dimensionless nature of the Hooge parameter, however,
strictly holds only for . 1.

The expression for 1f noise PSD in a Hall device in the zero magnetic field
limit was derived theoretically by Vandamme, Bokhoven and Kleinpenning [43,
50] using an adjoint network model. In our notation, it can be expressed as

( (b)

a)
| S,=const.

S, ~

(a]

or - Y

f f=12sw f

Figure 2.7 (a) Sketch of a Lorentzian-type noise voltage PSD for GR noise (log-log scale).
(b) Sketch of a 1f noise PSD.
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Sy. Gy (2.18)

with the same values for G, as in the case of GR noise.

When dealing with 1/f noise in a Hall device it is also useful to define the
corner frequency f. , the frequency above which the thermal noise becomes
higher than 1/f noise. By setting S,y S, and using (2.13) and (2.18) it is
straightforward to obtain

c. %I 2 (2.19)
&k TR, nW 1

Therefore, the corner frequency for 1f noise is determined by the device size
and physical parameters but also depends on the biasing conditions. For
micrometer-sized devices biased at the maximum safe current it can be very
high, on the order of tens of MHz.

From the equations (2.15) and (2.18)ve can see that formulae for both GR and
1/f noise voltage PSDs , which we will refer to as conductivity noise PSD S, ,, can

be written in the form

I 2

S S.- Gy, (2.20)

where S, is completely detemined by the device physical parameters and does

not depend neither on its geometry nor on the biasing conditions. For GR noise
we have, based on (2.15),

S. &<nnz>1 g';'/w, (2.21)

< 'n2> being the equilibrium density of the fluctuating carriers, while for the 1/ f

noise, Eq. (2.18) gives

S. ﬁil . (2.22)
n f

26



In the presence of an external mgnetic field, fluctuations in conductivity
increase in such a way that both 1f and GR noise powers increase. The & noise
power in the Hall voltage at constant perpendicular magnetic field was
theoretically studied by Vaes and Kleinpenning [51]. For A < 0.5 they derived
the relation

z((g)) 1/ B?, (2.23)

where / depends on whether the 1/f noise is caused by mobility fluctuations
(/ 1 8/3¢&) ordensity fluctuations ( / 2 ). Formula (2.23) is also applicable to

GR noise, but in that case only the fluduations in electronic density need to be
considered so that / is strictly 2.

2.3 Magnetic field and ma gnetic moment resolution
2.3.1 Magnetic field resolution

The magnetic field resolution of a Hall sensor is defined as a minimum
uniform magnetic field over the effective Hall cross area that can be detected by
the device. It is determined by the rms Hall voltage noise, V,, , at maximum bias

current, so it can be expressed as

, (2.24)

For a Hall sensor operating in the thermal noise regime which, for example,
can be the case of a 2DEG device with large Hall cross areaw = hundreds of
microns) or smaller Hall cross area but operating at very high frequencies on the
order of megahertz, | is usually limited by Joule heating in the device. In that

max

is given as (F

max pmax

case we havel . J..W, where const, P,

being the maximum amount of heat that can be released in the unit volume of
the device per unit time (specific heat power). On the other hand,
Viw +4k;TR,, 'f and by combining these into (2.18) we obtain

max

4k;R,, T 'f
By —— (2.25)
R,J _w

H ¥max

27



By substituting R,, I|/nemw, R, 1/ne and J., neP., into (2.25) we
obtain
1 [4kT'f I

B, -—— iy (2.26)
m pmax W

A Hall sensor operating in a thermal noise regime will, therefore, have the
best field resolution (lowest B, ) if it has a large Hall cross and is made from a
high-electron mobility material. The field resolution can be further improved by
reducing the distance between the Hall voltage contacts (the effect of lowering
R, by lowering |I;; see Fig. (2.6)).

In micrometer-sized Hall sensors, however, 1/ f noise is much stronger than
in larger devices [52]. Unlike the thermal noise, 1/f noise voltage grows linearly
with the bias current [see Eq. (2.18)], sothat once it becomes dominant the field
resolution of the device cannot be further improved by increasing current. This is
why in practice the bias current is often set to the value at which the 1/f noise
power becomes significantly (about an order of magnitude) larger than the
thermal noise. The magnitude of this current is typically well below the
| ..x IMpOsed by the Joule heating limit for a broad range of frequencies that may

go up to MHz. It is therefore correct to say that the B, of a micro-Hall sensor in

the largest portion of the measurable frequency range is limited by 1/f noise'°.
To obtain an expression for B, for a Hall sensor operating in a 1/f noise

regime we combine (2.18) and (2.24):

nw? f DG >

© f1 1 U a N @

B n f,/f, . (2.27)
R, R,w & n S /A

Since f, f, 'f,where 'f f, wecanwrite In f,/f In1 'f/f #'f/f,
and by substituting ( 1/nef and R, 1/ne, andtaking f, { f we obtain

S (2.28)

10 GR noise may be significant only in a limited frequency range.
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Therefore, as in the case of ahermal noise-dominated sensor, the higher the
mobility and the larger the Hall cross, the better the field resolution. But we also
see that materials with high n and low [, are beneficial for low B, of a Hall
sensor. In addition, the lowest B, can be reached at high frequencies and does
not depend on distance between the Hall voltage contacts.

2.3.2 Magnetic moment resolution .

We have seen that the B, of a Hall sensor, regardless of which type of noise
dominates, is lower the larger the Hall cross. Since the definition of B, assumes
it to be uniform over the effective Hall cross area, this does not mean that the
best way to detect a small particle with a low magnetic moment is to use a good
field resolution device with a large Hall cr oss area. This is simply because in that
case, the non-uniform magnetic field generated by the patrticle will be distributed
only in a very small region of the Hall cross so that the average magnetic field
flux over the cross, which determines the Hall voltage signal, will be minimized.
This is why, in practical applications involving detection of the non-uniform
stray magnetic fields from micro- or nano sized particles, a much better figure of
merit to address the sensor performance is through their magnetic moment
resolution. The latter can be defined conveniently by introducing the so called
coupling coefficientC,,, a parameter that quantifies the sensor’s capability of

converting magnetic dipolar moment of the particle into an imaginary uniform
stray field in the Hall cross area'! according to equation (2.1). This way we can
write

V, R,IC.m, (2.29)

where m is the magnetic moment of the particle. From this expression and (2.24)
it then follows that

m.. min (2.30)

To derive quantitative expression for C, of a Hall sensor for the case of a
spherically shaped magnetic particle, we first calculate the perpendicular stray

11 In some cases it is may be more convenient to express the coupling coefficient relative to
magnetization of the particle, C,,. The relation between the two is simply C,, C_V where V

is the particle volume.
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magnetic field distribution B(X,y) that a particle of magnetic moment m and
radius R located at a distance d above the Hall cross center would generate

within the Hall cross area in the 2DEG plané2z For the particle centered on
the cross, the distribution can be expressed as

Rm 27> x* y?
45 x2 yz 22 y2

B x,y (2.31)

where z = -R + d) is the normal distance from the center of the particle to the
2DEG. The average field over the geometrical Hall cross area is then given as

272 x2 yz
25/2dxdy

(2.32)

Since m_;, corresponds to B, (B), ./ following (2.32) we finally obtain

W2

4R 2

C
KSw* 6w?z? 8z*

m

(2.33)

By combining (2.28) and (2.33) into (2.30)we obtain an expression for magnetic
moment resolution of a Hall cross sensor operating in the 1/f noise regime:

P

n f @2 i

4 2,2 4 ' 2
KSw* 6w’z 82\/QGN_f§N_ (2.34)

mmin
AR P w

Eq. (2.34) can be used to estimate the optimal Hall cross sizev, for detection
of a magnetic sphere of a given size, as well as the best possiblen , for the
optimal size for the given experimental parameters such as £,,n, Pfand 'f. For
example, for a Hall device made of InAs/AISb quantum well if we take £, =

0.002,n=10m=2, P=2.2n¥V 'S, f=500Hz, and'f= 1Hz, if we want to find the

12 The derivation of the formula is given in Appendix A.
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Figure 2.8 Optimal Hall cross size and the magnetic moment resolution for ‘f = 1Hz for
several different particle diam eters. The values were calculated according to (2.34)
assuming a Hall sensor operating in a 1 noise regime.

optimal Hall cross size for a 250 nm-diameter sphere, from the condition
dm_ . /dw O we obtain w, = 158 nm. By putting w,back into (2.34) we get
m,,, = 1.8 ul® /s. For a 10 nm-diameter spherem,, = 5.6 ul® /s is predicted
by (2.34) for w, = 35 nm. Figure 2.8 showsw, and m,_,, calculated according to
Eq. (2.34) and the given physical parametes for several more particle diameters.
Note, however, that this plot does not take into account the effects that reducing
of the size of the device would have on the physical parameters which determine
m,, . Here we mean mainly the electron mobility, which can be drastically

reduced due to boundary scattering, but £, and n can be affected as well.

2.4 InAs/AISb quantum well semi conductor heterostructures

Bulk InAs is a IlI/V compound semiconductor with the second highest
intrinsic electron mobility at room temper ature. Only InSb has a higher mobility,
but it suffers from the absence of an approximately lattice-matched barrier
material that would permit the construc tion of quantum wells with low-defect
barrier interfaces, necessary for high mobility transport. InAs, however, is well
lattice-matched with both GaSb and AISb, all having a lattice constant a ~

6.1,& [53]. This fact, along with a prediction of an exceptionally large InAs/AlSb
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conduction band offset of about 1.35 eV, triggered extensive research efforts
beginning in the late eighties to fabricate high quality heterostructures from
these materials and to understand their physical properties. By now, physics
beyond much of their unique characteristics has been well understood and
research efforts towards realizing various novel device applications utilizing
these materials (high electron mobility tr ansistors [54], microelectromechanical
displacement sensors [55], mid-infrared quantum-cascade lasers [56], gate-
controlled spin field effect transistors [ 57]) have blossomed in the recent years.
Since the subject of this thesis is thedevelopment of mesoscopic Hall devices for
room-temperature operation utilizing InAs /AISb quantum wells, the focus of this
section will be primarily on room-temperature electronic transport properties of
these materials.

The electrons in an InAs quantum well with AISb barrier s may originate from
three different sources: conventional shallow donors in the barrier layer, surface
states in the cap layer and deep donorsfrom either the InAs/AISb interface or
AISb barrier that are close to the interface [53]. Electronic contribution from
shallow donors can be obtained by modulation doping, i.e. by inserting a thin
layer of doped InAs into the AISb barri er. Because the well is very deep, high
electron densities can be easily achievecven at relatively low doping levels. In
addition, spatial separation of the ioni zed impurities from the electrons reduces
impurity scattering leading to enhanced mobilities relative to bulk-doped wells.

In this way, room temperature mobilities equal to the high-purity bulk limit of
about 3.3 m?/Vs (~ 4 uthe mobility in modulation doped GaAs/AlGaAs) have
been readily achieved even at electron densities as high as 1.5-20m= (~ 5 uthe
density in modulation doped GaAs/AIG aAs)[53]. By further increasing the
doping levels, electron densities of up to 8.0 - 10° m? have been reported
although at the expense of somewhat lower mobility ( P= 1.9 n#/Vs) [58]. High
electron densities in the well can also beobtained even in non-modulation doped
structures if a GaSb layer is used as a barrier cap (Figure 2.9a). This is because
this layer exhibits a very high density of surface states (>1& m=2) at an energy
about 0.5 eV above the bottom of the InAs well. As a result, electrons from the
surface states drain into the well until th e electric field introduced in the barrier
by the charge transfer has pulled the surface states down to the same energy as
the Fermi level inside the well. In this case, the electron density can be controlled
by barrier thickness, and by doing so H. Kroemer and co-workers demonstrated
densities in the range from about 3 - 10° m2to more than 1.5 - 106 m-2 [59] and
mobilities ranging from 2.2 m?/Vs up to 2.8 m¥/Vs [60]. If an InAs cap is used
instead of GaSb the electron transfer issmaller and this is due to the lower
surface Fermi level for this material. Ho wever, even in hon-modulation doped
structures with thick barrier layers and InAs cap layer, densities of the order of 2-
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Figure 2.9 (a) The band diagram of InAs/AISb quantum well with a GaSb cap. The
electrons in the well come from GaSb surface statesNs and from the ionized donors in
the barrier layer Nes. Adapted from Ref. [59] (b) Band diagram of InAs quantum well
conduction band alignment with the metallic Fermi level. Due to InAs surface state
pinning the metallic Fermi level is in the InAs conduction band. Adapted from Ref. [61].

3 - 10°cm? have been measured. Where exactly these electrons come from is still
under dispute. Although researchers in general agree that they have to be
provided by deep donors from either the InAs/AISb interface or AISb barrier
close to the interface, the physical natureof these donors is still unresolved [53].

Another very important physical property of these structures is that the
InAs surface Fermi level is pinned approximately 130 meV above the minimum
of the conduction band [61]. This has two highly significant consequences on
fabrication of micro-Hall devices from these materials. First, metal-InAs contacts
do not form electron-blocking Schottky barriers and this enables fabrication of
non-alloyed ohmic contacts by simply depositing a metal directly on top of the
InAs well. Secondly and even of greater importance, the confining potential of
InAs electrons is abrupt and approximat ely square and the geometrical width of
the conducting channel is the same as tle breadth of the electron wave function
[62]. This gives one the possibility to fabricate functional Hall devices with
dimensions far into the submicron range.

2.5 Summary

In this chapter we have discussed major physical aspects that determine
performance of 2DES Hall devices. Particular emphasis was put on their
capability of sensing stray magnetic fields generating by micrometer and
nanometer-sized spheres, since those ca be used as magnetic labels in
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biomolecular sensing applications. We have shown that a set of physical and
geometrical parameters such as electron density, electron mobility, Hooge 1f
noise parameter, operational frequency, Hall cross size and shape, and the size of
the magnetic sphere determine the ultimate magnetic moment resolution of a
Hall sensor, and we have derived a quantitative relation (2.34) between them. It
follows from (2.34) that miniaturization of the Hall devices leads to improvement
in their magnetic moment resolution an d that the optimal Hall cross size for
typical magnetic biolabeling spheres is in the range from ~ 1 Fn to below 100
nm. It also follows that materials with high electron mobility and density and
low Hooge noise parameter provide the best physical medium for fabricating
such ultra-sensitive miniaturized Hall devices. We have also shown that
InAs/AISb quantum well semiconductor he terostructures provide the medium
with the highest currently obtainable electron mobilities for 2DES at room
temperature as well as high electron densities, and hence are suitable for
fabrication of sensitive Hall devices for room-temperature operation.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

The experimental techniques and methods used in this thesis work can be
divided, broadly, into two different grou ps. The first group consists of various
microfabrication procedures for processing low-dimensional semiconductor
heterostructures in general, but with several steps characteristic to InAs/AISb
guantum wells in particular. The second group has focused on establishing
room temperature Hall sensor measurements of small magnetic signals
generated by superparamagnetic particles. These will be described in detail in
this chapter.

3.1 Fabrication of Hall devices
3.1.1 InAs/AISb quantum well heterostructures

InAs/AISb quantum well semiconduc tor heterostructure wafers used in this
work were grown by molecular beam ep itaxy at Rockwell Scientific Inc. in
Thousand Oaks, California and Tohoku University in Sendai, Japan. Several
wafers with different heterostructure layers used in fabrication and
characterization of the Hall devices are shown in Fig. 3.1.

All heterostructures were grown on semi-insulating GaAs substrate on which
the buffer layers were first grown to accommodate for the 7% lattice mismatch
between GaAs and InAs. The buffer was followed by the AISb bottom barrier,
InAs quantum well and AISb top barrier. The capping layers on the AISb top
barrier were grown to prevent it from ox idation. Some of the structures were
nominally undoped, others had delta doped in sertion layers in the top barrier.

Micro-Hall devices fabricated from wafer VL566 were found to exhibit, at
room temperature, significant parallel conduction and were not used in room
temperature experiments. In addition, the 1 Rn thick bottom AISb barrier layer
in wafers VL927 and VL928 was found to strongly oxidize during wet etching.
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RW 248 VL 566 VL 927 VL 928
Ing Alg sAs (5 nm) GaSb (cap 5 nm) INAs (2.2 nm) InAs (3 nm)
GaSb (0.6 nm)
AISb (13 nm) AISb/GaShb (3 nm/3nm x 3) AISb (10 nm)
] AISb (1.2 nm
InAs QW (12.5 nm) St (@05
AlSb (8 nm) InAs (QW 20 nm) e AISb (12.5 nm)
Al Gg, ;Sb (1000 nm) AISb/GaSb (3 nm/3nm x 130) - InAs QW (15 nm)
- i ] INAs QW (15 nm)
AlSb (30 nm) AISb (latt. relaxation 50 njn AlISb buffer (1 Rm)
AlAs (30nm) AISb buffer (1 Rn)
GaAs buffer (100 nm) GaSb/AISb (3 nm/3nm x 15
GaAs buffer (100 nm) Gais substrat GaSb/AISb (3 nm/3nm x 15 Aeh W -
GaAs substrate S SuoSTee AlSb nucl. layer (75nm) T B ),
GaAs buffer (100 nm) GaAs buffer (100 nm)
SI-GaAs (100) substrate SI-GaAs (100) substrate

Figure 3.1 InAs/AISb heterostructures used for fabrication of Hall devices. Only the
heterostructure RW248 was used in room-temperature experiments.

The oxide would continue to grow in air extremely quickly after the samples
were taken out of the etching solution. Al ternatively, reactive ion etching of the
heterostructures was attempted. The samefast oxide growth after the samples
were taken out of the chamber vacuum was observed. however. In practice, less
than five seconds after the samples weretaken out and exposed to air, the color
of the etched region of the sample would turn dark brown-grey. Subsequent
AFM inspection showed that the height of the etched region was above the non-
etched, further confirming that the growth of the oxide was taking place. The
fast rate at which the oxide was growing prevented us from applying any
coating procedure that would result in e fficient passivation and protection of the
device.

Due to these reasons, all room temperature experiments were performed
with samples fabricated from the RW248 wafer. The relevant transport properties
of this wafer that has influence on the Hall sensor performance, such as electron
density and the mobility, were not in all aspects favorable compared to others.
The Hall devices made of this material did not, however, exhibit significant
parallel conduction at room temperature. In addition, a 1 Fn thick Al 0.7Gao.sSh
layer below the 8 nm thick AlSb bottom ba rrier turned out to be highly stable
during processing as well as when exposdl to air, and thus provided a necessary
mesa floor during etching.

3.1.2 Sample cutting and cleaning

The size of the samples, i.e. thédall sensor chips, used in all experiments was
chosen to be ~ 56 mm?2 The samples were cut from the wafer by first making a
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scratch along the crystalline direction of the wafer with a diamond scriber, then

flipping it over and pressing it by rolli ng a round wooden stick on the back side.
A high quality lens paper was used to cover the sample surface all during this
procedure in order to prevent damage resulting from possible contact with the

scribing debris.

The sample surface cleaning was pgormed in acetone by ultrasonic agitation
for 5 minutes followed by subsequent rins ing in methanol and isopropanol. At
the end the samples were blown dry with filtered ultra-high-purity nitrogen.
Each solvent was poured into its dedicated beaker in order to prevent cross-
contamination.

3.1.3 Photolithography

Hall cross patterns with minimum feature size down to 1 Hn, contact leads to
the crosses and contact pads were in all cases defined by photolithography.
Photolithography is a microfabrication pr ocessing tool in which an ultraviolet
(UV) light source is used to project the photons through a mask containing the
desired pattern onto the sample surface coated with photosensitive polymer
(photoresist). In this work the photol ithography was performed on a Karl Suss
MJIB3 mask aligner equipped with a 350 W mercury lamp with a maximum
emission at 345 nm. Prior to coating the photoresist the samples were pre-baked
at 150 °C in a conventional oven for 30 min to evaporate the solvents that
remained on the surface after cleaning. Thisstep was found to be crucial for good
adhesion of the photoresist to the heterostructure cap layer. Otherwise, some
parts of the photoresist pattern would peel off the surface during etching
resulting in pattern damage. The positi ve photoresist AZ5206E was spin coated
at 5500 rpm for 30s, giving a thickness of 0.5 £0.1 um. After spin coating, the
samples were baked at 96°C in a conventional oven for 30 min, and then the
exposure was performed. The exposure time was different, depending on the
feature size involved, ranging from 4.0s for the smallest size features (~ 1 um) up
to 6.0 s for the largest ones (~ 100 microns). The samples were developed in
AZ351 developer diluted in deionized water in a 1:5 ratio. The developing time
was different depending on the size of the pattern and was not fixed for a
particular case but rather determined by monitoring the sample during the
developing process.
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3.1.4 Electron beam lithography

Electron beam lithography (EBL) was used for fabrication of submicrometer
Hall cross sensors with Hall cross widths down to 250 nm. E-beam lithography
uses an electron beam to expose predefied areas of a thin polymer film (e-beam
resist) to change its chemical propertiesin such a way that it becomes soluble in
developing  solutions. E-beam resist used in this work was
polymethylmethacrylat (PMMA) with an  average molecular weight of 996 K
dissolved in chlorobenzene with a ratio of 4% by weight. After mixing, the
solution was stirred overnight to ensu re that the PMMA is fully dissolved.
PMMA solution was spin coated onto InAs/AlISb samples at a speed of 5000 rpm
for 40 s resulting in a 130+ 20 nm. The samples were sbsequently baked at T =
155°C on a hot plate for 25 minutes to evaporate the chlorobenzene. As in the
case of photoresist, pre-baking of the samples at 150C in a conventional oven
for 30 min was found to be crucial to obtain good adhesion of the e-beam resist to
the heterostructure cap layer. In addition, a small scratch was made on each
sample at one of the corners prior to PMMA coating in order to produce
observable features that would help the adjustment of focusing and astigmatism
after the sample was loaded into the EBL system.

The EBL system used in this wak was converted from a JEOL 840 scanning
electrone microscope (SEM). The beamposition control was provided by the
SEM scanning coils operating at exterral control mode with input from a
personal computer equipped with a fast 16-bit D/A converter. The exposure time
was controlled by a beam blanker that received on/off signals from a personal
computer. The patterning process was asssted by the ELPHY Quantum software
from Raith GMBH. A heated tungsten fila ment was used to generate the beam
current, with a beam energy of 35 kV.

Each pattern consisted of severalayers. The exposure of the finest features
was done with the smallest probe current (~ 10 pA) in less than one minute. For
the larger features the probe current was typically between 200-250 pA and the
exposure times were on the order of several minutes. The exposure dosage was
set to 285 FAs/cm? but the percentage of this value was different for different
layers. For layers defining smallest features we used 90% of this value and 110-
120% was used for the larger ones.

The developer was mixed from six different solvents: 1.19% methyl ethyl
ketone, 3.31% ethanol, 12.52% methyl isbutyl ketone, 13.62% 2-ethoxyethanol,
31.78% methanol, and 37.58% isopropanol (percentages correspond to volume
ratio). The developer was poured into a li dded stainless steel container immersed
in a water bath whose temperature was kept at 19°C. Developing time was 15 s,
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after which the sample was sprayed with fresh isopropanol and dried with N 2.
3.1.5 Oxygen plasma cleaning

After patterning of the samples by lithography and prior to etching, oxygen
plasma cleaning was performed in a readive ion etching system (RIE 2000, South
Bay Technology). This step was found to be crucial for eliminating either
photoresist or PMMA remnants on the samp le surface after developing, to obtain
uniform etching with smooth mesa surfaces, especially in the vicinity of the
smallest features. The same oxygen pressure, ~ 20 mTorr, and forward power, 20
W, were used (the rf capacitors were tuned to minimize the reflected power,
typically 1-3 W) regardless of whether the photoresist or PMMA was to be
cleaned. The cleaning time, however, was shorter for PMMA (~30 s) than for the
photoresist cleaning (~ 2min).

3.1.6 Etching

Wet chemical etching was used totransfer the photoresist or PMMA patterns
into the heterostructure chip. The etching solution was prepared by mixing 1
molar citric acid, 85% phosphoric acid and 30% hydrogen peroxide in a 97.173%
:1.060% :1.767% volume ratio. 1 molar citric acid was prepared by dissolving the
citric acid monohydrate into deionized water in ratio 53.5g : 250 mL. The etching
rate was ~35-45 nm/min, and did not significantly vary among the different
layers.

3.1.7 Ohmic contacts

To obtain good ohmic contacts tothe InAs quantum well, a unique physical
property of the InAs, to align the metallic Fermi level within its conduction band,
was exploited. For this, the photolithography was performed to open the
windows into photoresist for the contact pads, and then the exposed region was
etched down to the top of the InAs quantum well. After etching the samples
were loaded into thermal evaporator and thin Cr/Au film (7 nm/100nm) was
deposited at a base pressure of ~ 5x10Torr. To complete the process, lift off was
performed to dissolve the non-exposed photoresist and lift the gold above it off
the surface, ending up with non-alloyed Cr/Au contact pads sitting directly on
InAs quantum well.
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3.1.8 Silicon diox ide sputtering

The physical property of InAs to align the metallic Fermi level within its
conduction band, which was exploited for fabrication of non-alloyed ohmic
contacts, has however one important shortcoming. If the sensors were to be
coated with a thin gold layer( and this turned out to be necessary in order to
facilitate biomolecular functionalizatio n of the sensor’'s surface by dip pen
nanolithography) the sensor had to be eledrically insulated from the gold. This
is why in many cases insulating SiO:z layer was deposited on the sample surface.
To preserve the ability to make electrical contact, the contact pads were first
painted with a photoresist by hand using a wooden stick and left for a day in an
air atmosphere so that the photoresist hardens simply by drying rather than by
baking it in an oven. The latter was found to make lift-off difficult and was
therefore avoided. SiO: deposition was performed by RF magnetron sputtering
in an AJA International sputtering sy stem in three subsequent steps of 27
minutes separated by short 4 minutes pauses between steps (to prevent the
pinholes), which resulted in ~ 75 nm thick films. After the SiO 2 deposition was
completed the metallic contacts pads, coveed by photoresist, were opened by
lift-off for wire bonding.

3.1.9 Sample characterization

Sample characterization was perbrmed between subsequent microfabrication
steps as well as upon their completion by atomic force microscopy (AFM). This

(a) (b)
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Figure 3.2 AFM images of (a) single Hall cross device and (b) double Hall cross device
fabricated by e-beam lithography.
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was done particularly carefully for samples patterned by e-beam lithography
where AFM checks in most cases were done after PMMA developing, prior to
etching (i.e. after oxygen plasma cleaning), and finally after etching. The first two
AFM checks enabled us to look for possible defects in the patterns which would
produce failed devices. If a defect was observed, the PMMA was cleaned and the
chip was reused.

AFM analysis was performed with a Dimension ™ 3000 Scanning Probe
Microscope from Digital Instruments wh ich was always operated in a tapping
mode. Commercial Si AFM tips were used. Figure 3.3 shows an example of an
AFM analysis on a fabricated Hall cross device.

3.1.10 Micromanipulation

Positioning of micrometer sized magnetic beads on Hall crosses was achieved
with the aid of SM 3.25 micromanipulat or (Marzhauser Wetzlar, Germany) on
which a home made probe with a machined end to attach an AFM tip was
mounted. The micromanipulator was operat ed with an MCL electrical controller
which enabled step-like spatial resolution of 25 nm along x, y and z direction.

(b)

Figure 3.3 (a) Micromanipulation setup used for positioning of microbeads on Hall
crosses. The photo shows the SM 3.25 Microranipulator with a mounted probe (right),
MS2000 stage (lower center), Zoom 160 video microscope (center), DSP color camera
(upper center) and an LCD monitor (upper left). (b) Magnified view of a home-made
micromanipulator probe. A tapping mode AF M tip fixed at the very end of the probe
can be seen on the photo.
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Figure 3.4 (a) Optical microscope image of a Dynabeads M-280 superparamagnetic bead
(2.8 Bn in diameter) positioned on ~ 2.7 An Hall cross. SEM images of (b) 0.9 Pn-
diameter bead positioned on ~ 1 Bn Hall cross and (c) 200 nm-diameter nickel nanowire
positioned on ~ 1 An Hall cross.

During micromanipulation the Hall sensor chip was situated on an MS-2000
XYZ stage from Applied Scientific Inst ruments which was run by a motorized
controller with a spatial resolution of 100 nm. The manipulation process was
monitored by an OPTEM ZOOM 160 video microscope equipped with a CV-
S3200 color camera and LCD monitor. The zoom 160 microscope provided a
working distance of ~20 mm, necessary to approach the sensor surface with a
micromanipulator tip.

In order to position magnetic bead on a Hall cross we first prepared diluted
suspension of beads in deionized water and dropped a small quantity on the
surface of the sensor chip. The beads wald end up distributed over the whole
chip, but some of them would be situated close to the Hall cross region. Those
were identified by optical microscopy and then pushed by the micromanipulator
tip to the Hall cross center. Images of some of the beads positioned on the Hall
crosses, as well as one of a nickel nanowire, are shown on Figure 3.4.

3.2 Mesurement techniques
3.2.1 Room-temperature measurement setup

The room-temperature measurement setup used in detection measurements
as well as in the noise measurements casisted of a 2 mm thick aluminum box,
several home-made electromagnets and a set of permanent NdFeB magnets. A
14-pin sample socket was soldered to a printed circuit board and fixed on one
side of the box through a previously cut hole which provided the access for the
external wiring. In order to minimize in ductive pick-up, double-shielded twisted
pair wires were used to connect the circuit board with the BNC connectors. The

42



Figure 3.5 (a) Aluminum box for room-temperatu re detection and noise measurements.
7 BNC connectors on the front are connected tothe sample socket (another seven are on
the back) and two BNC connectors on the left are for sourcing the electromagnetic coil.

A small electromagnetic coil fixed above the sample is also visible on the figure. (b)

Small electromagnetic coil for generation of the ac excitation field. A Hall sensor is

visible on the photo as a grey chip right below the coil. (c) Large electromagnetic coil

used for generation of the ac excitation field.

latter were fixed on two out of four parallel sides of the box in such a way that
those leading to the two Hall voltage leads were placed closely next to each
other. The other two parallel sides were used to make BNC contacts for
electromagnetic coils. Another aluminum box, 2 mm thick, with one open side
was used as a cap during the measurementsto provide an electrostatic shield for
the sample and exposed wires .The electomagnetic coils were wound from .2546
mm-diameter (AWG 30) magnetic copper wire. The large electromagnet had a 3
cm long cylindrical bore with a 22.5 mm-diameter cylinder gap and consisted of
two separate coils, each containing 10 layers on top of each other. Only the inner
coil was used in most of the measurements and in that case the sensor chip was
situated right in the middle of the gap an d perpendicular to the direction of the
magnetic flux. The coil was calibrated and found to generate ~ 3.0 mT dc field
per 0.1 A of dc current through it. The small electromagnetic coil was wound
from the same wire on a 14 mm long and 2mm —diameter wooden stick and had
a total of 4 layers.

A permanent magnet used in most of the measurements was purchased from
Magnetic Component Engineering (MCE). It was a NdFeB cylinder, 1" in
diameter and 1" in length. Figure 3.7 shows the magnitude of magnetic field that
can be generated by the magnet for seveal different distances from it, taken
along its long axis?3.

13 The values are taken from the MCE wiads http://www.mceproducts.com/knowledge-
base/calc/flux/calculateBx.aspx
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Figure 3.6 DC bias field from a permanent magnet as a function of the distance from its
base along the long axis.

3.2.2 Electrical noise measurements

Electrical noise measurements were performed in a four-terminal dc setup
shown in Fig. 1. The Hall device was biased from a battery box mntaining a 6V
battery, two voltage dividers (10 k : each) and a potentiometer which all together
provided an adjustable and continuous voltage output from -3V to +3V. The
current magnitude was set by the resistor R: (typically 100 k: or 1 M: and
measured with a voltmeter connected over a resistor Rz (100 : ). The output was
fed differentially into an SR560 low noise preamplifier (Stanford Research
Systems) which was always operated in a battery powered mode during the
measurements. The amplifier's noise voltage spectrum is shown on Figure 3.7b.
It has a significant 1/f component and a flat 4nV//Hz thermal component below
and above ~ 100 Hz respectively. The outputof the amplifier was connected to an
HP35660A Dynamic Signal Analyzer and the data were collected by a PC directly
in the frequency domain.

Unlike the noise measurements described here that were employed to
characterize the device noise performance over a broad frequency range,
additional noise measurements were performed in the time domain to obtain the
RMS noise voltage for each given expennental conditions (frequency, bias
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Figure 3.7 (a) Schematic picture of experimental setup for room-temperature electrical
noise measurements. (b) Noise voltage spectral density of a SR560 low-noise
preamplifier used in the noise measurements.

current, ac excitation magnetic field and a lock-in measurement bandwidth) in
the magnetic bead detection experiments (to be described in the next section).
Here the Hall voltage signal was measured with a lock in and the data points
were collected over the time range of at least 10 minutes up to 1 hour. The RMS
noise voltage was then determined as the standard deviation of the Hall voltage
time distribution, according to its definition formula 2.2.

3.2.3 Superparamagnetic bead detection measurements
Experimental detection of superparamagnetic beads immobilized on the
surface of the Hall cross were based onthe non-linear dependence of the

magnetic susceptibility of superparamagnetic beads, i.e. its Langevin response,
as a function of externally applied magnetic field. The physical basis of the
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Figure 3.8 (a) A typical Langevin response of a superparamagnetic bead to an applied
magnetic field and a sketch of the physical principle underlying the detection method.
(b) Expected ac Hall voltage signal in the detection measurement when magnetic

particle is not present (black) and is pesent (red) on the Hall cross.ﬁO , MO, Ml and

'\7H represent rms values of the corresponding ac quantities.

detection method is described schematically on Figure 3.6. Magnetization of the
bead was first excited by an ac excitation magnetic field I§O to its initial

valueM, ~ £/ R B,, where /; is magnetic susceptibility of the bead in zero
static magnetic field and /4, = 4Sul07H/m is the permeability of free space. This
induced ac magnetization generates a strayac magnetic field distribution in the

Hall cross region which converts into an ac Hall voltage V,,, R,IC,M, that
varies at the same frequency as that of theexcitation field. In the latter expression
| is the dc bias current through the sensor and C,, is the coupling coefficient with

respect to bead’'s magnetization (see Appedix A). When an additional static

magnetic field B,is applied the magnetic state of the bead shifts towards lower
susceptibility and the induced ac magnetization of the bead, M, ~ £/ R B,
where /, is the magnetic susceptibility of the bead in static magnetic field B,,
drops. This drop leads to a decrease in the stray magnetic field distribution over
the Hall cross, which manifests itself as a drop in the measured ac Hall voltage.
The linearity of the Hall sensors ensures that B, does not induce any change in
the ac Hall signal on an empty Hall cross without a bead on top. This reduction
is, therefore, a definitive signal indicating the presence of a bead on the Hall
cross. The magnitude of the drop in the ac Hall voltage can be expressed as
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Figure 3.9 Schematic picture of experimental setup for phase sensitive room-
temperature detection measurements.

'V, RyIC,'M (3.1)

'M M, M, is the difference in the induced ac magnetizations of the bead
before and after B, has been applied respectively [see Fig. 3.6(a)]. Note that for a
particular sensing application the values of I§O and B, can be chosen to achieve

optimal signal to noise ratio (S/N) based on the magnetic properties of the bead
and the sensor’s sensitivity.

Figure 3.9 shows a schematic picture of an experimental setup used for the
phase sensitive detection measurements. Tle sensor was dc biased by a battery
set described in Section 3.3.2. The coil was ac driven from a function generator
and the resulting Hall voltage was measured with a lock-in amplifier (PAR 124A)
at the frequency fo of the excitation field. The static magnetic field was provided
by a permanent magnet which was manually placed at a particular distance
above the sample for a given measurement.

3.2.4 Measurements in a JANIS cryostat
All measurements in which sweeping of the magnetic field was involved

were performed in a JANIS cryostat, equipped with a superconducting magnet
and an OXFORD 120 power supply. The cryostat contained controllable heater
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elements and was able to provide stable measuring temperature anywhere
between 4.2 and 300 K. The power supply coull generate magnetic fields up to =
8T with sweep rates ranging from a minimum of 6 mT/min up to ~ 1 T/min.

For magnetic susceptibility measurements an additional home-made shallow
cylindrical electromagnetic coil was fixed at the cryogenic sample probe in such a
way that the sample mounting socket was sitting in the center of the coil. This
coil was used to generate small ac magnetic fields, on the order of several
hundreds of microtesla.
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CHAPTER 4

ROOM-TEMPERATURE CHARACTERIZATION OF
MESOSCOPIC HALL SENSORS FROM INAS/ALSB
QUANTUM WELLS

4.1 Introduction

During the last decade, the Hall devices made from GaAs/AlGaAs two-
dimensional electron systems, with active Hall cross areas down to 0.6 u0.6 Fn?
have been successfully applied to fundamental physical studies of magnetization
dynamics in individual magnetic an d superconducting structures of
submicrometer and even nanometer dimensions [63-67].

Figure 4.1a shows an example of sucta Hall cross, fabricated by Li et al. [64],
where two dots, A and B, are made visible by SEM observation. The dots are iron
nanopillars and were grown on the cross by an STM-assisted chemical vapor
deposition technique [68]. Their diameters are estimated to be 11 nm (A) and 10
nm (B) and the height 120 nm. Figure 4.1bshows the hysteresis loop obtained by
measuring the Hall voltage of the cross as a function of an external magnetic
field applied perpendicular to the Hall cross plane, i.e. along the long axis of the
nanopillars. The elimination of the large background signal coming from direct
measurement of the external field was, in this experiment, achieved by using an
ac Hall gradiometry techniqu e [69] . By growing a thin metallic film on top of
the Hall cross structure and applying a mo derate gate voltage that was found to
significantly lowers the device noise level, Li et al. [70] have managed to reach a
magnetic moment resolution of ~ 10 R/+Hz at frequency f = 1Hz, external

magnetic field B = 0.25 T and temperature T = 15 KThis moment resolution not
only approaches that of the best niobium dc micro-SQUID within an order of
magnitude [71] but also has the advantage that the device can be operated at
higher temperature and practically with no limitation either in magnitude or the
direction of the externally applied magnetic field.
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Figure 4.1. (&) The Hall cross sensor made of GaAs/AlGaAs 2DES with two iron
nanopillars within its active area. (b) Differe ntial Hall voltage signal as a function of
externally applied magnetic field from th e Hall cross shown in a). From Ref. [67].

Another example of a GaAs/AlGaAs Hall device, but operating in an in-plane
external magnetic field, comes from the work of Rahm et al. [72]. Here the device
is employed in studying magneti zation dynamics of an individual
submicrometer ferromagnetic disk, which is the subject that recently has brought
a lot of attention due to the creation of the so called vortex magnetic state Sref°
Figure 4.2a shows the Hall voltage output for the configuration (shown in the
inset), upon sweeping the magnetic field between r0.1 T at 4.2 K. The
characteristic magnetization processes in the disk, that include nucleation of the
vortex state, its propagation and annihilati on, were observed with good signal to
noise ratio. Even the more subtle features of magnetization dynamics, such as
formation of a buckling pattern precedin g the vortex nucleation have been
clearly detected in the Hall vo ltage signal (Figure 4.2b).

There are two major reasons, howeer, why these devices and the measuring
technigues that were so successfully applied in studying low-dimensional
ferromagnetic structures at cryogenic temperatures, are not useful for
applications in magnetic biomolecular la bel detection. The first one comes from
the fact that magnetic bioassays have to be performed at roomtemperature. This
implies that the Hall sensors must have good room-temperature magnetic
moment resolution which turns out not to be the case for GaAs/AlGaAs devices
whose performance is significantly deteriorated compared to that at low
temperatures ( below ~ 77K). This deteroration is due to significant presence
of DX centers in the AlGaAs barrier or GaAs/AlGaAs interface [73]. These deep
energy level ions act as thermally activated traps for the electrons in the 2DEG,
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Figure 4.2. (a) Hall voltage signal as a function of externally applied magnetic field from

the Hall cross sensor made of GaAs/AlGaAs 2DES with nanosized permaloy disk
patterned on top (Inset). (b) Kinks in the Hall voltage signal revealing a buckling
magnetization pattern before the vortex formation. From Ref.[72].

inducing significant conductanc e fluctuations and, hence, 1f noise at higher
temperatures, where their activity is not frozen. In addition, the low electron
density and the mobility of the material at room temperature enhance the impact
of such fluctuations on overall conductivi ty which also has a deteriorating effect
on the device noise level. We therefore turned to an alternative material,
InAs/AISb quantum well, to fabricate ul tra-sensitive micro- and submicrometer
Hall devices for room-temperature operation. Having high electron density and
the highest room-temperature mobility for 2DES currently obtainable, this
material seems to be able to provide low-noise Hall sensors suitable for magnetic
biosensing applications. The second reasn is related to the detection method
itself. It comes from the fact that magnetic particles suitable for biosensing
applications are superparamagnetic. Thus they do not exhibit hysteresis, which
prevents clear detection of their presence on the Hall cross in sweeping field
measurement, because the signal from the particle cannot be distinguished from
the always present background generated by a direct detection of the
magnetizing field. Therefore, a different measuring technique has to be used to
extract the magnetic field signal from the superparamagnetic particle. These two
problems were the main challenges of this thesis work.

In this chapter we will present th e first detailed results of room-temperature
Hall effect and electronic noise measurements in micrometer- and
submicrometer Hall sensors fabricated from InAs/AISb quantum well
semiconductor heterostructures. The results will enable us to determine magnetic
field resolution of the devices and to estimate their magnetic moment resolution
with respect to magnetic spheres of various sizes, ranging from 50 nm to 2.8 Rn
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in diameter. In particular, we will show that submicrometer Hall devices have
magnetic moment resolution comparable or better than the best mesoscopic
magnetic field sensors reported to date and that a single nanobead detection
limit for commercial superparamagnetic bead s 100 nm in diameter is achievable.
In addition, a detailed analysis of the noise in the devices, based on experimental
results, will be also presented, since it is the major factor limiting the device
performance. The experimental results on detection of some of commercially
available superparamagnetic particles suitable for biological applications will be
presented in Chapter 5.

4.2 Room-temperature characterization of InAs/AISb quantum well
micro-Hall sensors

4.2.1 Sample description

Figure 4.3 shows an SEM image of the central part of a micro-Hall device
used in the characterization measuremens. The whole device was fabricated
from an RW248 wafer by photolithogr aphy and wet chemical etching and
contained the total of six Hall crosses. The dc current was sentthrough contacts
1-5 and the Hall voltage and the Hall voltage noise were measured between 3
and 7. Additionally, the resistance and voltage noise were measured between 2
and 4. The relevant dimensions denoted on the picture were determined from
SEM analysis to beL = 8.0 Fn and w = 1.0 Fn.

4.2.2 Hall effect measurements

The Hall effect measurements were performed at room temperature in the
magnetic field range from -0.5 T to 0.5 T and for several different dc bias current
from 1 FA to 25 FA to determine the Hall coefficient of the sensor. Figure
4.4a.shows the dependence of the Hall voltage output of the device as a function
of perpendicular magnetic field. The dependence is linear, i.e. follows the
definition relation (2.1) as expected for a semiconductor. In addition, the Hall
resistance, R, V, /I, does not show any dependence on the bias current

(Figure 4.4b) in the whole range of applied current magnitudes and is thus well
below the values where significant Joule heating is generated.
The Hall coefficient was measured to be R,= 473 + 2 :/T giving

n 132r001 W0® m2 The Hall offset resistance, defined as the Hall
resistance atB =0, that comes from the geometrical misalignment of the Hall
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8 7 6
Figure 4.3. SEM image of the micro- Hall cross sensor used in characterization
measurements adapted to show he actual measurement configuration.

voltage leads that are not at the same potatial at zero field, was measured
to be R;’;f: 3.5 £ 0.3:. The constant Hall coefficient and the Hall offset

resistance in the whole range of the apgied bias currents also shows that good
ohmic contacts were established betweenthe metallic contact pads and the 2DEG
in the InAs quantum well.
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Figure 4.4. (a) Hall voltage output of the sensor as a function of externally applied
perpendicular magnetic field for several dc bias currents. (b) The Hall resistance as a
function of the magnetic field for different dc bias currents.
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4.2.3 Noise measurements atthe Hall voltage output: B=0andB~0.1T

Figure 4.5a shows noise voltage spectral density measured at the Hall voltage
contacts 3-7 atB = 0 in the frequency range from 20 Hz to 1.6 kHz. The noise at
zero bias current (the noise floor) consists of the frequency independent thermal
noise and the amplifier noise (also shown on the graph). The thermal noise
voltage N,;=,4k;TR,, ~ 12.3 nVA/Hz corresponds to the device output
resistance R ,, = 9.3 k:. The small 1f component in the noise floor actually
comes from the amplifier noise.

As the bias current is increased,an additional, frequency dependent noise, is
generated. It becomes significantly higher than the noise floor already for | = 5RA
and continues to increase all the way up to the maximum applied current | =
25FA.

The same noise voltage measrements are performed in a constant
perpendicular magnetic field B ~ 0.1 T to check for the influence of the
moderately high magnetic field on the sensor noise level. This is important
because in the actual detection measuremen such fields are used to induce the
change in the dc magnetic state of thesuperparamagnetic particles. Compared to
B = 0 a slight increase of the noise vtiage has been observed (Figure 4.5b).
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Figure 4.5. (a) The noise voltage spectral density measured between Hall voltage
contacts atB = 0. (b) Comparison of the noise voltage between Hall voltage contacts at B
=0andB~0.1T.
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4.2.4 Magnetic field and ma gnetic moment resolution

In order to determine magnetic field resolution of the Hall sensor at a given
bias current we divide each of the noise voltage spectral density curves by the
current and the measured Hall coefficient. This way we obtain the noise-
equivalent magnetic field spectral density (NEMF) of the device,
Ng(I,f) N,(I,f)/R,l, which is frequency and current dependent. Magnetic

field resolution of the device at a given, not too broad 'f, is then proportional

to Ng ,ie. B, ~Ng/'f. Figure 4.6 shows N(I, f) obtained from the noise
voltage spectral density measured at B = 0. We can see thatN; is first
significantly suppressed by increasing current but eventually saturates (i.e. does
not drop any further) at higher current magnitudes. The saturation is frequency

dependent and first happens at lower frequencies: below ~ 30 Hz it saturates
already for | = 5FA, from 30 Hz to 500 Hz it is saturated for | = 10FA and above |
= 20FA no suppression of N, is observed in the whole frequency range of the
measurement. This suggests that the additional noise in the device, that becomes
evident upon current biasing, is 1/f and possibly GR noise since both yield the

frequency dependent noise voltage spectral densities which increase linearly
with the current.

Figure 4.6b showsB,;, as a function of frequency obtained for bias current of
25 FA and 'f=0.125 Hz. The latter corresponds to a time constant l# 1s of the
low-pass filter of a PAR 124 A lock-in amplifier set at a 12 dB roll-off ( 'f 1/81).

(@) 60 : : (b) 10
B=0
Ql—|
N —
I o
am IR '_,';
— 10t —1 {1 E
@ 5 \\;\ oM

Z —10 RS N

—_—15

—20 'f=0.125 Hz

3 25 1 1 1 1 1
10 100 1000 10 100 1000

f [Hz] f[Hz]

Figure 4.6. (a) The noise-equivalent magneticfield spectral density of the micro-
Hall sensor in an external field of B = 0. (b) Magnetic field resolution of the sensor
as a function of frequency obtained at| =25 FA and 'f=0.125 Hz.
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We can see that, in a phase sensitive masurement, the field resolution in the
low frequency range of our measurement is between ~ 1 to ~ 8F.

Based on these results we can nw estimate magnetic moment resolution of
the Hall sensor. Since m,, B,,/C, and B, ~Ng/'f, it is useful to

define the noise-equivalent magnetic moment (NEMM) spectral density of
the sensor, N, (f), as N (f) N;(l,,f)/C,, where Ng(l,,f) is Ng(f)

obtained at the optimal bias current, and C, is the coupling coefficient defined

m!?

by (2.29). m,,, is then simply given as m,;,, ~N_,./'f . The electron mobility A
that enters expression for C,_ through the correction factor K[see Eq. (2.33)],
was found by measuring resistance between contacts 2 and 4 R,,= 1.31 k: ) and

determining the resistivity (£ 164: to be 2= 2.9m?/Vs.
Plots of N,(f) as a function of frequency for magnetic spheres of several

different diameters, which are assumed to be centered on the cross and sitting
directly on the sensor surface, are shownon Figure 4.7 as solid lines. Diameters
of the spheres are chosen to correspondto some of the commercially available
magnetic biolabels whose magnetic properties are known from the literature.

Magnetic moments that these commercial superparamagnetic particles acquire in
5 mT magnetizing field are plotted as dashed lines on the same graph for

1000? ----------------"Dynabeads M-280
S 1005‘ i Dynabeads MyOne
N [ T Nanomag D-250

E 10¢ { particle diameter
ale ] 50 nm
© I 100 nm
8 1 ] j =250 nm
— i ] ==—1.05 mn
c [ ]
0.1 4 —2.8
Z E ~—3Nanomag D-100
——————————— ~—1 Nanomag D-50
0.08 b g
10 100 1000

Figure 4.7. The noise-equivalent magnetic moment spectral density of the micro-Hall

sensor for magnetic particles of different di ameters (solid lines). The magnetic moments
of some commercially available magnetic biolabels with corresponding diameters are
shown as dashed lines.
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comparison.

We can see from the graph that the magnetic moments of the micrometer-
sized particles, as well as that of the 250 nm one, lie above the corresponding
N, (f) curves in the whole frequency range. This means that the magnetic

moment resolution of the Hall sensors with the Hall cross width of 1 Fn
fabricated from InAs/AISb quantum well is good enough to yield single particle
detection at room temperature for commercially available particles of this size.
The magnetic moments of 50 nm and 100 nm-diameter particles, however, are
below the moment resolution of the sensor, and the single particle detection
would not be possible. For the best moment resolution obtained at 1.6 kHz, the
estimated detection limit of the sensor for 'f =1 Hz is ~ 32 50-nm particles and ~
10 100-nm ones. Note also that there is a significant scaling departure in the
magnetic moment of the Nanomag D-250 particle relative to that of the other
ones. This is because the magnetizationreported for these particles is much
higher than those of the other ones, due to their much higher magnetic content
(75-80%). The magnetic properties ofthe particles whose estimated magnetic
moments are plotted on the graph are listed in Table 4.1.

4.2.5 Noise at Hall voltage contacts at B = 0: data analysis

Saturation of N4 (I, f) upon increasing bias current observed in the micro-
Hall device suggests that the dominant ty pes of generated noise voltage increase

Table 4.1 Magnetic properties of several types of commercially available
superparamagnetic particles suitable for biomolecular labeling. Magnetic moment per
particle is given for B=5 mT magnetizing field. Based on Ref[4] and [74].

Particle type Diameter  Magnetic .content »(B = 0) Magnetic moment
[nm] (by weight) [R]
Dynabeads M-280 2800 12 % 0.13 6.4UC°
Dynabeads MyOne 1050 25 % 0.29 7.6U0
Nanomag D-250 250 75-80 % 212 2.9u0
Nanomag D-100 100 35% 0.29 6.7 U0
Nanomag D-50 50 35% 0.71 2.0u0

aThis value drops to ~ 4.5 above 1 mT [76]
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linearly with the bias current. In order to analyze this noise further we start by
plotting it in terms of its PSD, since the latter is the most convenient for
quantitative analysis. Since the total noise PSD consists of the noise floor PSC5,
plus the additional noise PSD S,_, and S, N/ we haveS,, N/ NZ,, where
N,,is the noise voltage floor (red line in Figure 4.5a). The data are plotted on
Figure 4.8.

It is clear just from the visual inspection that S, _does not follow the 1/f slope
perfectly, although it is obvious that th e latter dominates the spectrum. In order
to make sure that S, _ does not include noise sources other than those coming
from the fluctuations of the device conductivity itself, we plot S, _vs. I? for
several different frequencies within the frequency range of the measurement. A
clear linear dependence has been observed (Figure 4.9a) at each frequency ruling
out the possibility of electromagnetic pick-up contributing to S, _. We conclude,
therefore, that the observed departures from the ideal 1/f slope are caused by
generation-recombination processes in the Hall cross region, since the latter have
been known as the fluctuation sources that often produce an observable,
Lorentzian-type noise spectrum on top of a pure 1/f background. We therefore
continue our analysis by plotting the product S, _vs. frequency. For a pure 1f
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Figure 4.8. Conductivity noise voltage PSD for several different bias currents measured
at Hall voltage contacts in zero magnetic field.
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noise, fS,_ should be frequency independent so that an additional noise is

expected to be clearly seen as a nonmonotonic contribution e the constant 1
background [75]. This is exactly what we have observed. Figure 4.9b shows
f'S,_ normalized to the corresponding 12, as a function of frequency. Only the
data for | = 10 FA were shown for clarity, but for other bias currents the data

show the same behavior and the plots fall on top of each other. The best fit to the
data, which includes a Lorentzian GR noise power S, plus 1/f noise power
S, ,is also shown on the graph as a red line. The fitting was performed by using

the formula

f af
Iélv 1 bf? ¢ (4.1)

where, according to (2.15) and (2.18),a 4 O W/ N?)G, /n*w*, b 2SWand
c D @GN/nwz. Although this formula assumes only one generation-

recombination process contributing to th e noise voltage power, agreement with
the experimental data was surprisingly good. The extracted values, obtained by
averaging over all bias currents, were a= (4.5 £ 0.3)u10°® :2s,b = (1.04 £ 0.02)u
10% s and c = (2.52 = 0.06)u10?® : 2. Figure 4.10 showsS, _decomposed into 1/f
and GR noise, along with the fitting curves defined in (4.1).

We can now extract some of the main parameters that are involved in 1f and
GR noise in our device. First, from the measured resistivity ( R, w/L=
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Figure 4.9. (a) Conductivity noise voltage PSD measured at Hall voltage contacts as a
function of bias current squared for several different frequencies. (b) Product of

frequency times conductivity noise voltage PSD normalized to the bias current squared
as a function of frequency for bias current of 10 FA.
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Figure 4.10. The conductivity noise voltage PSD decomposed into 1/f and GR noise
contribution. The fitting curves based on Eq. (4.1) are also shown.

(164 + 10) and nw?= 13200, and taking G, = 0.3248 for the Hall cross, we
calculate the Hooge parameter L) cnwz/ UG, = (3.8 + 0.2)u0% We also have
NE b2 S= (1.66 £ 0.04)uL0* s which gives the center frequency for GR noise
feo /2 SVE (9.6 £ 0.3)ULC Hz. Finally we find ('N?) an‘w*/4 WG|, (135 +
20).

4.2.6 Noise at Hall voltage contacts at B ~ 0.1 T: data analysis

Figure 4.11 showsS, _ obtained from the noise measurement performed in a
constant perpendicular magnetic field B ~ 0.1T for bias current | = 25 FA. For
comparison S, _ at B=0 is also plotted. It can be ®en from the graph that the net
effect of the magnetic field is to increase the 1f and GR noise voltage power at
the Hall voltage output of the device. This increase was found to be independent

of current, and by averaging over all bi as currents used in the measurement we
obtainedS, (B)/S, ,(0) 118 r 002.
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Figure 4.11. The conductivity noise voltage PSD at Hall voltage contacts for the bias
current of 25 FA obtained in the static magnetic fields B=0andB~ 0.1 T.

4.2.7 Longitudinal noise at B = 0: data analysis

In addition to the noise measurements perfomed at the Hall voltage contacts,
i.e. along the direction transversl to the current, the same measurements were
also performed in the longitudinal direction. For this, the bias current was run
through 1-5 and the noise spectrum was measured at 2-4. The noise PSD curves,
upon subtracting the contribution from th e noise floor, are shown in Figure 4.12.
The observed noise power was consigently higher than the one measured at
the Hall voltage contacts under the same bias conditions. However, the same
characteristic features observed in the transvers noise power spectra were also
present here. Therefore, we fitted the data according to the formula (4.1). The
parameters obtained from fitting were a= (1.9 £ 0.2)u1l0* :%s,b = (1.31 + 0.03)u
10° s andc = (5.8 + 0.4)ul0? : 2. By using Gy =L/w = 8 we calculate £, = (3.6 =
0.4) W03, in excellent agreement with the value obtained from transversal noise
measurements. From the Lorentzian part of the fit we extract W (2.08 + 0.05)u
10*s, feo= (7.6 + 0.2)U® Hz, and ('N?)= (190+ 30).
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Figure 4.12. The conductivity noise voltage PSD for several different bias currents
obtained from the measurements along the longitudinal direction of the Hall bar
structure (between 2 and 4 on Fig. 4.3).The data are for zero magnetic field.

4.2.8 Noise data discussion

The electronic noise measurementsand data analysis show that the total noise
that develops over the Hall voltage contacts of a micrometer-sized Hall sensor
made of INAs/AISb quantum well in zero external magnetic field and at room
temperature consists of the thermal noise, 1f noise and GR noise. 1f noise
dominates the spectrum at frequencies below ~ 300 Hz, but the contribution from
the GR noise is significant, particularly around its center frequency of ~ 1 kHz.
Since above the center frequency GR noise decreasew]/f 2 if there are no

additional trapping centers that are active at higher frequencies, 1/f noise should
be dominating all the way up to its corner frequency, i.e. until its power becomes
lower than the thermal noise power. Although this expectation cannot be directly
confirmed from our measurements due to their limited frequency range, the
experimental evidence in its favor exists from the work of Kruppa et al. [76], who
recently reported the observation of a GR peak near 2 kHz in noise
measurements performed up to 30 — 50 kHz on InAs/AISb high electron mobility
transistors . By studying the peak movement with changing temperature they



were able to extract an activation energy for the GR process of ~ 0.38 eV.
Although the physical nature of this pr ocess is not fully understood, the group
has proposed electron trapping-detrapping caused by a deep level at the
INAS/AISh interface as a possible explaration. Further temperature dependent
noise measurements would be necessary to cleck if such a trapping center is also
the cause of the observed GR noise in our micro-Hall device.

The average vale of the Hooge parameter [, = (3.7 = 0.3)ul0®obtained from

our measurements is lower than [, = 9 ul0® reported by Kruppa et al. [76].
Note, however, that [, parameters down to 1 ul0® have also been reported by

the same group [77] and were attributed to reduced stresses in the InAs quantum
well due to lower density of threading dislocations that are always present
because of a lattice mismatch.

The observation of the higher noise power measured at the Hall voltage
contacts in a constant perpendicular magnetic field is in excellent quantitative
agreement with the Vaes and Kleinpenning formula (2.23). Since we have P= 2.9
m2V'$§ and B ~ 0.1T, the condition B < 0.5 is satisfied and the formula is
applicable to our case. It yields S,,(B)/S,;(0) 1155and S,,(B)/S,,(0) 1.168

for the electron mobility and the electron density fluctuations respectively. Note,

however, that the theoretical value which assumes that the 1/ noise is due to the
fluctuations in the electron density is somewhat closer to the experimentally
obtained one.

4.2.9 Thermal noise limited magnetic field resolution

Now that we have found the values of all quantities which determine the
total noise in an InAs/AlSb micro-Hall se nsor, we can extrapolate its NEMF to
frequencies above the corner frequency, i.e. in the thermal noise limited
operational regime. We do this here since the values of NEMF often cited in the
literature actually correspond to these ultimate values. If we take the maximum
bias current of 40 FA (which we know, from the experiments, can be safely
passed through the sensor) and assumeR_,~ 1 k:, a value that can be easily
reached by fabricating the Hall voltage contacts close to the Hall cross (see Figure
3.2), we obtain, in zero magnetic field, N, ~ 4.0 nV/+/Hz . Hence the ultimate
NEMF of the micro-Hall sensor will be N, N, /R, |~ 200 nT/+/Hz . This
figure is however of little practical import ance since, based on Eq. (2.19) for the
1/f noise corner frequency, it can be reached only at frequencies above ~ 250 kHz.
Note, however, that this thermal noise lim ited value of NEMF is about two times
better than the best value recently reported for a micro-Hall sensor made of &
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doped AlGaAs/InGaAs/GaAs quantum well structures having 4 times larger
Hall cross area [78].

4.3 Room-temperature characterization of InAs/AlSb quantum
well submicrometer Hall sensors

4.3.1 Motivation

We have seen that the magnetionoment resolution of the micrometer-sized
Hall sensors is above the magnetic moment values that, for reasonable
magnitudes of the externally applied magnetizing fields, can be induced in
commercially available nanometer-sized (D ¢ 100 nm) superparamagnetic beads
suitable for bioapplications. This implies that only relatively large numbers of
such nanobeads can be detected withthese devices and therefore make them
unsuitable for applications that would involve single molecule detection with
such beads. Based on theoretical conslerations presented in Section 2.4,
miniaturization of the Hall sensors down to the dimensions comparable to that of
the nanobeads would lead to better magnetic moment resolution, and possibly
yield single nanobead sensitivity. This motivated us to fabricate and characterize
submicrometer Hall sensors made from In As/AlSb quantum well structures with
w ~ 200 — 300 nm. We have to mention atthis point that neither was there
experimental evidence, based on our extensve review of the available literature,
that such devices would be functional, nor that they would yield moment
resolutions better than their larger counte rparts. There are no reports of any Hall
sensor fabricated from a semiconductor material with Hall cross width < 500 nm
that is operational at room temperature. The issues involving edge depletion in
semiconducting materials as well as diverging 1/f noise with decreasing sensor
size, have made several groups turn to using metals for deep-submicrometer
Hall sensor fabrication. Examples include w = 120 nm device fabricated from
bismuth [79], w < 500 nm from gold [80] and most recently, w = 500 nm sensor
from Co-C deposit [81].

In this section we present the first semiconductor-based Hall sensor with
dimensions < 500 nm that is operational at room temperature and we determine
its magnetic field and magnetic moment resolution. We find that the magnetic
moment resolution of the sensor is superior to the micrometer sized one and, in a
phase sensitive measurement at relatively low frequencies, would yield detection
of single commercially available 50 nm and 100 nm-diameter superparamagnetic
beads.

64



4.3.2 Sample description and Hall effect measurements

Submicrometer Hall devices were fabricated from the RW248 wafer by e-
beam lithography and wet chemical etching as described in section 3.1. Figure
4.13 shows the result of AFM analysis of a fabricated submicrometer Hall cross
where the Hall cross width was measured to be ~ 250 nm.

The functionality of the device at room temperature was first tested by
performing Hall effect measurements. Figure 4.14a shows the Hall voltage
output of the sensor as a function of perpendicular magnetic field that was
measured for several different dc bias currents from 1 FA to 5 FA in magnetic
fields from -0.5 T to 0.5 T. The device output follows a linear dependence with
magnetic field and the Hall co efficient remains constant in the whole range of the
applied currents (Figure 4.14b). The Hall coefficient was determined to be R, =
487 = 4 : /T, in agreement with the values obtained in measurements on larger
devices. The Hall offset resistance Wast)‘;f =18.7 + 0.5: and did not depend on

Figure 4.13. The AFM analysis on a submicrometer Hall cross showing the Hall cross
width of ~ 250 nm. The etching depth was ~ 45 nm.
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Figure 4.14. (a) Hall voltage output of the submic rometer Hall sensor as a function of
externally applied perpendicular magnetic fi eld for several dc bias currents. (b) The Hall
resistance as a function of the magnetic field for different dc bias currents.

bias current. From R,, we calculated the electron density of (1.28 £ 0.02)u10 m-
2, The measured resistivity, however, was about two times higher than in
micrometer-sized device ( U= 325 :) due to a significant drop in the mobility.
Reduction of the electron mobility in submicrometer channels made in InAs/AlSb
heterostructures has been reported previously and was attributed to increased
boundary scattering at the exposed edgesof the channel. Theelectron mobility in
the device was determined to be A= 1.5 n#/Vs.

4.3.3 Magnetic field and ma gnetic moment resolution

In order to determine the magnetic field and estimate magnetic moment
resolutions of the device we performed the same set of noise measurements at
Hall voltage contacts as in the case of a micrometer-sized Hall cross. Figure 4.15a
shows the noise voltage spectral density measured in zero magnetic field for
several different bias currents. The noisefloor, which above ~ 200 Hz levels off at
N, ~ 22 nV/4JHz, is due to the device thermal noise coming from the output

resistance R, ~20k : and the amplifier noise. Upon current biasing the noise

voltage strongly increases and, compared to the micrometer-sized Hall cross, a
much higher noise voltage level was obseved (see 4.5a for comparison). This
higher noise results in worse NEMF, which saturates already at a bias current ofl
=4 FA for the whole frequency range from 20 Hz to 1.6 kHz (Figure 4.15b). The
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Figure 4.15. (a) The noise voltage spectral density for several different bias currents
measured at Hall voltage contacts of the submicrometer Hall sensor. (b) NEMF spectral
density of the submicrometer Hall sensor for several different bias currents.

obtained N at optimal bias current was ~ 220 pT/\/Hz at 20 Hz, dropped down
to < 100uT /+/Hz above ~ 130 Hz, and fell < 4QuT /+/Hz above 1 kHz.
Figure 4.16 shows NEMM spectral density, N, (f) Ng(l,.., f)/C,, for C,

calculated according to (2.33), assuming 50 nm and 100 nm diameter magnetic
spheres located in the Hall cross center. For comparision, N,,(f) obtained for

the same sphere sizes and location buton the micrometer-sized Hall cross are

also shown as dashed lines. The graph clearly shows that about an order of
magnitude lower N, (f) was obtained for a submicrometer Hall cross and 50 nm

spheres, and the difference is just slightly smaller for 100 nm spheres.
Unfortunately, N (f), which is on the order of 105 p,/+Hz for the whole

frequency span of the measurement, still lies above the magnetic moment of the
single nanobead for both bead sizes, meaning that the single nanobead detection
limit cannot be reached in a 'f = 1 Hz measurement within this frequency range.

Narrowing 'f to 0.125 Hz would yield single nanobead resolution for 100 nm

bead above ~ 600 Hz, but no such resolutioncan yet be achieved for 50 nm beads.
The analysis shows that, under these condtions, the latter can be achieved only
above ~ 3 kHz.
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Figure 4.16. (a) The noise-equivalent magnetic moment spectral density of the
submicrometer Hall sensor for magnetic particles of 50 nm and 100 nm diameters (solid
lines) compared to the one obtained for the micro-Hall sensor and the same particle
size (dotted lines). The magnetic moments of commercially available magnetic beads
with corresponding diameters are shown as dashed lines.(b) Magnetic moment
resolution of the submicrometer Hall sensor, as a function of frequency, with respect to
50 nm and 100 nm diameter particles for 'f = 0.125. Dashed lines show the magnetic

moments of commercially available magnetic beads with corresponding diameters.

4.3.4 Noise at Hall voltage contacts at B = 0: data analysis and discussion

The observed noise power spectra arisng in the submicrometer Hall sensor
from conductivity fluctuations have the same characteristic features as in the
micrometer-sized device. A non-pure 1/f nature of the spectra (Figure 4.17a) was
clearly revealed by plotting fSvycurves, one of which, normalized to 12, is shown
on Figure 4.17b. Simple comparison of these data with those obtained from a
micrometer-sized sensor (Figure 4.9b) shows about two orders of magnitude
higher conductivity noise power and lo wer center frequency of the GR noise
term. Fitting of the data to formula (4.1) yields a= (4.6 + 0.3)ul10* :%s,b= (2.1 £
0.2) ul0®s andc = (0.26 = 0.02). 2 from which we find /[,= (6.1 + 1.4)u10?,

| (0331004 ul0®s, fos (480r50)Hz and ('N?)=(6.5+ 2.0).
We can now see clearly where tke higher noise in our submicrometer Hall
device comes from. In addition to higher resistivity caused by a decrease in

electron mobility we have a higher Hoog e parameter, lower number of electrons
in the Hall cross area and higher relatve fluctuations in the number of
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Figure 4.17. (a) Conductivity noise voltage PSD measured at Hall voltage contacts of a
submicrometer Hall sensor for several different bias currents. (b) Product of frequency
times conductivity noise voltage PSD normalized to the bias current squared as a
function of frequency for bias current of 5 FA.

electrons< 'N2>/N . We have already attributed the decrease in the mobility to

increased boundary scattering. This, however, is probably not the cause for the
increase in [, since it was shown previously, in thin bismuth films, that
boundary scattering does not contribute to 1/f noise [82]. It, however, seems
plausible that the slightly higher £, is caused by the higher relative fluctuations
in either the electron density or the mobility caused by electrons populating the
surface states at the edges of the InAschannel. Those surface states have been
known to form an electronic accumulation layer at the mesa edges of the InAs
based devices [83].

On the other hand, the center frequency for the GR noise term that is lower
than the one obtained in measurements on micrometer-sized device can be
attributed to higher activation energy for the GR processes. Tk latter is probably
influenced by the partially one-dimensiona | nature of the electronic confinement
in the device.

4.3.5 Thermal noise limited magne tic field and moment resolutions
As in the case of a micro-Hall sensor we can now, based o the results

presented here, find the ultimate, thermal noise limited, NEMF and NEMM for a
a submicrometer InAs/AISb quantum well Ha |l sensor. Taking an experimentally
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known maximum safe bias current of 6 FA and assuming R, ,~ 2 k: we have
N,~ 6 nV/\/Hz which gives Ny N /Ryl .~ 2 pT/\/Hz. The ultimate
NEMM values are 5.5 ul® R/+Hz and 7.0 ul® R/JHz for 50 nm and 100

nm-diameter spheres respectively. It has to be emphasized, however, that these
values cannot be reached until frequendes of above ~ 300 kHz. Nevertheless,
they are about three times better than the best thermal noise limited magnetic

moment resolutions recently reported for submicrometer GMR sensors [21].

4.4 Summary

We have presented detailed room-temperature experimental characterization
of two mesoscopic Hall sensors with different Hall cross widths: a micrometer
sized one W = 1 Hn) and a submicrometer one (w = 0.25 Bn). Due to the lower
conductivity noise power the micro-Ha |l sensor shows better magnetic field
resolution than the submicrometer one. The low frequency magnetic moment
resolution of the micro-Hall sensor is below the magnetic moments of
commercially available superparamagnetic spheres having diameters above ~
250 nm meaning that such beads can be deteted by the device with single bead
sensitivity. Submicrometer Hall sensors, due to their smaller active area have
about an order of magnitude better magnetic moment resolution with respect to
nanometer sized (< 100 nm) magnetic sphees. In a phase sensitive measurement
a moment resolution below 10° /; was obtained above ~ 250 Hz and is capable of
yielding single nanobead sensitivity for 100 nm and 50 nm superparamagnetic
spheres above ~ 600 Hz and ~3 kHz, rgpectively. The thermal noise limited
NEMF of the micro-Hall sensor as well as NEMM of the submicrometer one are
superior compared to the corresponding values of all mesoscopic room
temperature magnetic field sensors available in the literature to date.
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CHAPTER 5

DETECTION OF SUPERPARAMAGNETIC
BIOMOLECULAR LABELS BY INAS/ALSB QUANTUM
WELL MICRO-HALL SENSORS

5.1 Introduction

Detailed room-temperature characterization of micro- and submicrometer
Hall sensors fabricated from InAs/AlISb quantum well heterostructure, which we
presented in Chapter 4, predicted that these sensors could be successfully used
for detection of superparamagnetic beads suitable for biomolecular applications,
and in some instances yield even single bead sensitivity. In this chapter we will
present experimental results on room-temperature detection of 1.2 BEn and 250
nm-diameter superparamagnetic beads by micrometer sized Hall sensors. Single
bead sensitivities were demonstrated in both cases. The signal to noise ratio
obtained in detection of a 1.2 Bn bead is the largest sofar reported in the
literature. Single 250 nm bead sensitivity was experimentally demonstrated for
the first time. We will also present the results of magnetic micro-Hall
susceptibility measurement on a single superparamagnetic microbead which
enabled us, for the first time, to obtain detailed insight into the magnetic
properties of the bead.

5.2 Detection of a single 1.2 um superparamagnetic bead

5.2.1 Sample description

The micro-Hall sensor used for detection of a single superparamagnetic
microbead was fabricated by photolitho graphy and wet chemical etching from
RW248 wafer. The central region of the sensr was made in the form of an array
of six Hall crosses (Fig. 5.1), and the beadSigma Chemical Co) was placed on a
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Figure 5.1. An SEM image of the central region of an InAs quantum well micro-Hall
sensor with six Hall crosses and a superparamagnetic bead (marked by arrow)
positioned on one of them.

Hall cross using a micromanipulator. The bead consisted of FesO4 nanopatrticles
embedded in a spherical latex matrix with magnetic content comprising 24% of
the solid mass, as specified by manufactrer. The bead diameter was determined
from scanning electron microscope (SEM) analysis to be 1.2Rn. The Hall cross
size, as measured by SEM, was 1u0.9 Bn2. The Hall coefficient of the sensor was
determined from sweeping field measurements in a JANIS cryostat at room
temperature to be R,= 616 :/T. The corresponding density and mobility of the

two-dimensional electron gas in the InAs quantum well were n = 1.0Ul0* m-2
and A~= 2.2 nt /Vs respectively.

5.2.2 Room-temperature detection of a 1.2 um bead

In the first detection experiment the dc bias current was supplied from a
Keithley 2400 sourcemeter and the frequencyof the excitation ac field was set at
f,= 622 Hz. The dc bias field was obtainedfrom a series of small cylindrical

NdFeB magnets (5 — 10 mm in diameter) which, when placed at the distance of
about 2.5 cm from the sensor, generated a static bias fieldB;= 6.1 + 0.4 mT
perpendicular to the sensor plane.

Figure 5.2a shows an enlarged SHE image of the two Hall crosses used in the
detection experiment. A constant bias current | = 40 pA was passed through the
sensor in the longitudinal directio n and the Hall voltage was measured
perpendicular to the current flow for both crosses. The ac excitation field was
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Figure 5.2. (a) An SEM image of two adjacent Hall crosses adapted to show the actual
detection measurement configuration. (b) ac Hall voltage as a function of time for the
two crosses shown in part (a) of the figure. The drop in the signal from one cross upon
applying the bias field B, is due to the presence of the bead. The direct response of the
Hall cross to the ac excitation field was eliminated with a zero-offset on the lock-in
amplifier. (b) The noise voltage fluctuations measured at the Hall voltage output over
one hour for the same set of physical parameters used in the detection experiment.

|§O: 2.13 mT rms and the bias field B, was applied and then removed at

approximately 30 and 60 seconds respectivdy after the measurement had started.

The time constant of the lock-in amplifier was set to |1=1s at 12 dB roll-off giving

a 'f=0.125 Hz. The measured signals are shown in Figure 5.2b. A clear drop in
the Hall voltage was observed for the cross with the bead and was completely

absent for the empty cross. The magntude of the voltage decrease was '\7H =2.0
MV, which corresponds to a change in the sensed stray field of 'I§S: 80 F.

Under these conditions the RMS noise vdtage, calculated from the standard

deviation of the noise voltage V| (t)that was measured over 1 hour at the sensor
output [Fig. 5.2(c)], was V = 105 nV. This corresponded to a minimum

detectable change in the stray field "B, ~ 4.3 uT and S/N ~ 19 (25.6 dB).

This first detection experiment was performed before the detailed
characterization measurements on the micro-Hall device, described in Chapter 4,
had been completed and full knowledge of frequency and bias current
dependence of the noise-equivalent magnetic field of the sensor have been

Smin
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Figure 5.3. An ac Hall voltage detection signal for configuration shown in Figure 5.2(a)
under the improved biasing and optimized noise-level conditions.

obtained. This is why the bias current here was set close to its maximum safe
value. In addition, the experimental set-up used in this first experiment was not
yet fully optimized for the lowest noise- level measurements and was also limited
by the low maximum bias magnetic field that could be applied. These two
limitations were overcome by introduc ing a battery, instead of a Keithley
sourcemeter, for the sensor current biasng and a larger 1" diameter-1” length
NdFeB magnet capable of producing much higher bias fields. The detailed
description of this low-noise set-up and the magnet characteristics was presented
in Section 3.4.

Figure 5.3 shows the results from the second detection experiment performed
on the same sample and configuration shown in Figure 5.2(a) but for improved
biasing and optimized noise level conditions . Here, the sensor was biased by a
current | = 10 pA and the bias magnetic field was B, = (47.0 + 0.5) mT. The ac

excitation field §0 =2.63 mT rms was varied at f,= 83.7 Hz and the time constant
of the lock-in amplifier was setto I=1s at 12 dB roll-off giving 'f =0.125 Hz, as in
the first detection experiment. The magnitude of the voltage decrease was '\7H =
1.35 uV, which corresponds to a change in the sensed stray field of '§S: 220 A.

For these experimental conditions the RMS noise voltage, determined as the
standard deviation of the noise voltage V,(t) at the sensor output during the
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measurement, was V=29 nV. This corresponds to a minimum detectable change
~ 4.7 uT and S/N ~ 46.5 (33.3 dB). This value of S/N is

greater than any other obtained in detection of single microbeads less than ~ 3
Fn in diameter so far.

in the stray field 'B

Smin

5.2.3 Detection in the Hall gradiometer configuration

A potential weakness of the above detection method is the large offset created
by the direct sensor Hall response to the ac excitation field which is typically
orders of magnitude larger than the small signal from the magnetic bead.
Although in some case this background can be efficiently eliminated simply by
using the “zero-offset” option of the lock-i n amplifier (as we had done in both of
the previously described experiments), this may not be achievable if one were to
bias the sensor with larger currents and use higher excitation fields. Here we
show that such a background can be eliminated using a Hall gradiometry
method. The essence of this technique isin utilizing another empty Hall cross
adjacent to the one with the particle that can be biased with a reference current in
opposite direction to the bias current [Fig. 5.4(a)], and to adjust the reference
current to zero the ac Hall voltage reading before applying the dc field. Figure
5.4(b) shows the results measured in the Hall gradiometry setup at |,= 30 pA

from the same sample of the single Hal cross detection described above. We
applied the same B,and a slightly higher excitation field I§O: 2.35 mT.

B, on B, off
@) (b) T
0.0t
- _ 05}
&
S0}
K\;\ 1.5}
- 0 20 40 60 80
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Figure 5.4. (a) An SEM image of two adjacent Hall crosses adapted to show the detection
circuit in the Hall gradiometry configuration. (b) Hall voltage signal as a function of
time from the Hall gradiometer shown in part (a). The reference current applied to
balance the gradiometer was |, = 31.45 pA.
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Compared to the single Hall cross detection, the differential signal from the
gradiometer was slightly lower (1.43 pV compared to 1.57 pV at 1,= 30 pA and
I§O = 2.13 mT ), most likely due to the different biasing conditions leading to a
slight difference in the coupling coeffici ents. We also observed a higher noise
level in the gradiometry setup since both Hall crosses contribute to the total noise
level. The real advantage of this method, however, lies in the opportunity to use
higher bias currents and higher excitation fields to increase the induced
magnetization of the particle and this can be particularly useful in applications
where Hall crosses with larger active areas need to be used.

5.2.4 Micro-Hall susceptibility me asurement on a single 1.2 um bead

The presence of the bead on theHall cross was additionally confirmed from
a room-temperature micro-Hall susceptibility measurement. The latter was
performed for the cross with the bead as well as for the empty cross. For this, a
small ac excitation field §O~ 0.56 mT rms was applied perpendicular to the
sensor plane. The field was varied at f,= 83.7 Hz and the Hall voltage was
measured at the frequency of the excitation field with a lock-in amplifier whose
time constant was set at 3s in a 12 dB roll-off (' f ~ 0.042 Hz). The dc magnetic
field B, was swept from -0.1 T to 0.1 T with the sweeping rate of 0.1 mT/s. Since
the measured ac Hall voltage can be expressed as

~ dm ~
VH(Bl) R,ICy — B0 (5.1)
dB|g g,
dMm ~ o : :
where — B,/ R, V,(B,) is directly proportional to the magnetic

B Bp
susceptibility of the bead, with R,,IC,, B,/ Rbeing the proportionality constant.
Figure 5.5 shows plots of the masured ac Hall voltage as a function of B, . For

an empty cross, the Hall voltage does not change with sweeping dc magnetic
field, as expected for a sensor with a linear output. The cross with the bead,
however, shows a change in the Hall voltage which, on the first inspection,
strongly resembles a signal that one would expect to be proportionalto AB of a
superparamagnetic bead.

In order to analyze the measured Hall voltage signal we start by recalling that
that magnetization of the superparam agnetic bead can be expressed as

M Mg L(mB/K,T) (5.2)
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Figure 5.5. The Hall voltage from susceptibility measurements on empty Hall cross
(black) and cross with the superparamagnetic bead (red). The dashed blue line is the
best fit according to Equation (5.6).

where Mg is the saturation magnetization of the bead and m is the magnetic
moment of each individual nanoparticle inside the bead. L(mB/k,T)stands for
Langevin function of the argu ment and can be expressed as

L 3mB . coth 3mB KT : (5.3)
el 2 d@sT + mB
Now the magnetic susceptibility of the bead can be derived as
dm m 2g,T 1 °
gy RIM gy M el » (5.4)
dB kKeT @nB t sinh® mBk;T 1,
and the data can be fit according to
~ a [o)
V. (B,) abg— 1 c, (5.5)

{bB))> sinh? bB, 1,
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where a R,IC,,M.B,, b m/k,T and c is the constant offset that accounts for

the arbitrarily set zero Hall voltage in ou r measurement. The best fit according to
Eq. (5.6) is shown on Figure 5.5 as dash blue. We obtaira= (9.7 £ 0.3)u10* VT
and b= (131 2) T*. From here we find C,,M = (1.4 0.1) ul0°T and m = (5.76+
0.04) ull* 4;.

It is obvious just from visual inspection of Figure 5.5 that the magnetic
susceptibility of the bead shows signific ant departures from a pure Langevin
function-derived behavior [Eq. (5.45)]. This observation is further supported
guantitatively by the fitting results. Namely, only the value obtained for a
magnetic moment of individual nanopartic les in the bead seems to be reasonable
(corresponding to ~13 nm-diameter magnetite nanoparticle). The extracted
saturation magnetization value is in a complete disagreement with the results of
the detection experiments. For example, a detected change inthe uniform stray
magnetic field over the Hall cross of 220 uT exceeds the saturation magnetization
value obtained from fitting by more than an order of magnitude.

Departures in the magnetic response of the superparamagnetic beads from
ideal Langevin behavior can be caused either by non-uniform distribution of
magnetic moments of the nanoparticles within the bead (due to their non-
uniform size distribution) or due to dipo lar interaction between the patrticles. In
the first case the magnetization can be described by a weighted sum of Langevin
functions [84]:

f
M Mg L mB/k,T f(m)dm (5.6)

0

where f(m)dm is the fraction of nanoparticles in the bead having magnetic
moments between m and m +dm. The distribution function f(m) is a log-normal
distribution given as

f(m) exp. In®> m/m, /2 @ (5.7)

1
A2 9nh
where m,is the median of the distribution and | is the distribution width. The
distribution function satisfie s the normalization condition

f3f(m)dm 1. (5.8)

0
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Figure 5.6. The Hall voltage obtained from susceptibility measurements on the cross
with superparamagnetic bead (red). Dashed blue line is the beast fit according to
Equation (5.10) plus the constant offset that accounts for arbitrarily set zero Hall voltage
in our measurement. Inset: A closer look at the measured Hall voltage and the fitting
curve in the range from -20 mT to 20 mT.

Based on (5.6) we can express the magnetic susceptibility of the bead as

f
AB) AM, S;—BL mB/k,T f(m)dm (5.9)

0

which, using (5.4) and (5.7) can be written more explicitly as

fa 2 o
1 AMs 5 &l - 1 £xp  In? m/m, /2 VAIm (5.10)

B
AB) J2 &/ kT , @Bt sinh? mB/ksT 1,

The mean magnetic moment of the nanopaticles in the bead, being given as
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(m) myexp V#/2 (5.11)

can be finally found by fitting the experimental curves to (5.10) with Mg, m, and

| as fitting parameters.
Figure 5.6 shows the measured adall voltage in red and fitting curve that
corresponds to Eq. (5.1) where AB) /,dM/dB is expressed as (5.10). As one can

see, the agreement is excellent in tle whole magnetic field range of the
measurement, especially in the low field range, [B,| 20mT (inset of Figure 5.6),

where the departures from the ideal Langevin behavior were the most
pronounced (Figure 5.5). The extractedvalues of the fitting parameters were m,=

3058 /;, C,,M =11.6 mT and 1=1.8. From here, we use Eq. (5.11) to find the
mean magnetic moment of nanoparticles in the bead,(m) 15450 /. Then the
mean nanoparticle diameter can be obtained as(d) 6(m)/ $1, *°, where Mg,=
480 kA/m is the saturation magnetization of bulk magnetite. The calculated value
is (d) 83 nm.

The accuracy in determining saturation magnetization of the bead Mg is,

unfortunately, limited by the accurac y with which we can determine the
coupling coefficient C,,. Since there exists a non-negligible stray field

distribution in one of the voltage leads, C,, cannot be known with a high

accuracy from purely analytical analysis presented in Section 2.3. We know,
however, that the possible values of C,, are between 0.0856 and 0.166

respectively. This gives 69.9 <M < 135 mT. Similarly we can determine /(0) to
be in the range 0.81 < /(0 ¥ 1.58.

We can now estimate the range of values for the total number of the
nanoparticles in the bead with the mean magnetic moment (m). It can be

expressed asN  mg/(m), where mg MV is the total saturation moment of the
bead. By using the range of M obtained from fitting and the bead volume
V D®96=9.05u10m3 we calculate 5.43ulC® /, <mg< 1.05ul0° /; which

gives 3.51 ul®<N < 6.78ul(.

Finally we can calculate the total volume fraction of the magnetic content of
the bead, v N d/D °. We obtain 0.116 <v< 0.224. Note that this value is below
24%, which is the mass magnetite content specified by manufacturer. This seems
to be reasonable, if one takes into accouhthat the mass density of a latex matrix
is most probably lower than that of the magnetite.

Figure 5.7 shows the distribution function f(m)for magnetic nanoparticles in

the bead that was extracted from fitting. On e can see that the distribution is very
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Figure 5.7. Log-normal distribution of magnetic moments of individual nanoparticles
inside the bead. The values of myand Wised to plot the distribution are those obtained

from fitting according to Eqg. (5.10).

broad, and non-negligible even for magnetic moments above 10* /;. The
calculated fraction of nanoparticles with magnetic moment high er than this value
is actually 2.6 %. The peak of thedistribution is, however, at about 125 /; which
corresponds to nanoparticles of only 1.7 nm in diameter.

Parameters extracted from fitting can be used to determine the magnetization
curve of the single bead as a function of externally applied magnetic field.
Figure 5.8a shows the plot obtained according to Eq. 5.6, multiplied byC,,,

where the values ofC,,M¢, m, and | obtained from fitting are used. Although

the curve seems to be an ideally Langevin one, the effect of magnetic moment
distribution becomes apparent upon closer inspection in the low field range.
Figure 5.8b shows the calculated magnetzation in the magnetic field range from
-10 mT to 10 mT assuming that the beadhas ideal Langevin response (green) and
the response according to Eq. (5.6) which takes into account the non-uniform
magnetic moment distribution of nanoparticles in the bead. For the ideal
Langevin response we used the same staration magnetization and the magnetic
moment equal to the mean magnetic moment extracted from fitting. We can see
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that the main effect of the broad moment distribution is a pronounced deviation
from linearity in the magnetization response at low magnetic fields.
Figure 5.8c shows the susceptibility of the bead multiplied byC,,, as a

function of magnetic field, plotted according to Eq. (5.10).

Pronounced deviation of the magnetization of superparamagnetic beads from
Langevin response in low external magnetic fields has been previously observed
in magnetization measurements of Fonnum et al. on Dynabeads M-280 [4] as
well as Ferreira et al. [85] on Nanomag D-250 (Figure 5.9) beads. In these
measurements, large numbers of beads wereprepared in the form of powder and
measured by one of the standard magnretic characterization tools such VSM or
SQUID. The observed deviation was particularly pronounced for Nanomag D-
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Figure 5.8. (a) Magnetization of the bead as a function of externally applied magnetic
field which takes into account non-unifor m distribution of magnetic moments for

nanopatrticles in the bead. The plot is generaed according to Eqg. 5.6 and the values of
CuMg, myand Wised are obtained from fitting according to Eq. (5.10). (b) Comparison

of the magnetization curves for ideal Langevin response (green) and weighted Langevin
sum response (red) in the low magnetic field range. The pronounced nonlinearity in the
response of the latter is due to non-uniform distribution of magnetic moments for

nanoparticles in the bead. (c) Susceptibility of the bead as a function of magnetic field.
The plot is generated according to Eq. 5.10 .
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250 (Figure 5.9b) where the zero field susceptibility #/~ 21 drops down to
/ 5just above 1 mT.

Both groups have proposed the influence of inter-particle interactions and
clustering of nanoparticles in the bead as a possible explanation for the low field
magnetization anomaly. We showed, however, that this behavior can be
explained by considering system of non-interacting superparamagnetic
nanoparticles with a finite, although broa d, distribution of magnetic moments.

5.2.5 Low temperature measurements

The presence of the bead on th Hall cross was additionally confirmed by
Hall effect measurements in perpendicular sweeping magnetic fields at T = 5.2 K.
In this experiment the sensor was dc biased with | = 20 FA and the dc magnetic
field was swept from -0.1 T to 0.1 T and back at a rate of 0.04 T/min. The Hall

@)

(b)

Figure 5.9. (a) Magnetization of an ensemble of Dynabeds M-280 superparamagnetic
beads as a function of an external magnetic field measured by Fonnum et al. [4]. The
inset shows the field region from -10 mT to +10 mT where non-linearity in the
magnetization response was observed. (b) Magnetization of an ensemble of Nanomag D-
250 superparamagnetic beads as a function of an external magnetic field measured by
Ferreira et al. [85] in the field region from -5 mT to +5 mT where a strong deviation from
purely Langevin response was observed.
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voltage was measured for both Hall crosses, the empty one and one with the
bead. The results are shown on Figure 5.9, where the region betweent 60 mT is
shown and the empty Hall cross voltage is shifted upward for clarity. We
observed a hysteresis loop from the cross with the bead, and no difference
between sweep up and sweep down Hall voltage was observed for the empty
Cross.

The hysteresis in the magnetic response of systems of superparamagnetic
nanoparticles is typically observed below the so called blocking temperature. The
latter is defined as the temperature below which the thermally activated
fluctuations in magnetic moment direction of the nanoparticle, that are causing
superparamagnetism, are frozen and the particle recovers its bulk magnetic state.
Since we are not in a position to directly distinguish between the Hall voltage
caused by a stray magnetic field from the bead and the background Hall voltage
generated by direct measurement of the external magnetizing field we cannot get
a more detailed insight into magnetizatio n processes within the bead. Some of
the parameters that can be extracted, suchas small coercivity of ~ 2.5 mT and the
low remanent magnetization C,,M, < 35 mT, are in good agreement with the

results of magnetization properties of ensembles of non-interacting magnetite
nanoparticles available in literature [86].

2 T T T T T T

sweep up
sweep down

empty cross

| \ |

S

cross with the bead

60 30 0 30 60

Figure 5.10. The Hall voltage output measured for empty cross and cross with the bead
in a perpendicular magnetic field that was swept up and down from — 0.1 Tand 0.1 T at
5.2 K. Only the region between +60 mT is shown for clarity. The hysteresis was observed
only for the cross with the bead.

84



5.3 Detection of 250 nm beads

5.3.1 Sample description

A micro-Hall sensor used for detection of 250 nm-diameter
superparamagnetic beads was fabricatedby photolithography and wet chemical
etching from RW248 wafer in the same form of a six Hall cross array as described
in the previous section. The Hall cross width was determined from SEM analysis
to be w =1.25 Bn. In order to facilitate functionalization of the Hall cross surface
with biotinilated DNA molecules, which requ ired deposition of a thin gold film
on the sensor surface, an ~ 75 nm thick Si@layer was deposited by magnetron
sputtering. This layer provides electrical insulation for the gold film from the
underlying InAs quantum well heterost ructure, which would otherwise be
electrically shorted through the edges of the Hall bar. By using photolithography
and lift off, the gold film, ~ 25 nm thick, was patterned as a 2 Hn wide square on
top of one of the Hall crosses.

The biochemical procedures, requiredto functionalize the surface of the gold
film to achieve specific assembly of the streptavidin coated superparamagnetic
beads in the Hall cross region were performed in the group of Prof. Geoff
Strouse. The beads used were Nanomg D-250 with a nominal diameter of 250
nm and mass content of 75% of magnetite, as specified by the manufacturer. An
SEM image shown on figure 5.12a shows thatabout six of these beads have truly
landed within the Hall cross area, although, due to the relatively large non-
specific binding, it was not conclusive that this occurred through biotin-
streptavidin linkage. Neveretheless, the presence of the beads on the Hall cross

(a) (b)
streptavidin  —p _
<«— Magnetic
e 9 e agnetic
é é § tagged
8 2 with DNA

VAR

Figure 5.11.(a) An SEM image of the central region of the Hall sensor chip showing part
of the six Hall cross array and gold square deposited on one of the crosses. The beads on
the cross are visible as bright spots on the gdd. (b) Schematic depiction of the biological
binding process involved in superparamagnetic bead assembly on the Hall cross.
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has enabled us to perform detection experiments.
5.3.2 Detection measurements

Detection measurements have been peformed at room temperature and the
parameters used were the same ones as described in Section 5.2.2 on a single

bead detection experiment: | =10 A, B,=2.63 mT rms at f,= 83.7 Hz B, = (47.0
+ 0.5) mT and 'f=0.125 Hz. The dip in the Hall voltage signal upon applying
B, which is characteristic of the presence of the beads on the Hall cross was
clearly observed (Figure 5.12b). The measured magnitude was '\7H = 180 nV,
which corresponded to a change in the detected magnetic field of only 30 PI. The
RMS noise voltage, determined as the sandard deviation of the noise voltage
V, (t) that was measured over 10 minutes at the sensor output, wasV, = 23 nV.
Therefore the minimum detectable change in the stray magnetic field field was
'Bsn ~ 3-8 UT and S/N ~ 7.8 (17.9 dB). Beaae only six nanobeads have been

observed from SEM analysis, the S/N per single nanobead is greater than 1,

(a) (b)
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Vo 1 \/ /
(C) 03 . . E -0.1F 4
ool f=837H ] —_ v N
=0.125 T
3 oaf > . \\) N _
::’z o1l ] -02¢F first run \/ E
second run
o2 VN: 23 nV‘ 1 1 1 1
% 2 3 5 7 8 10 0 20 40 60 80
Ti i .
ime [min] Tlme [S]

Figure 5.12. (a) Zoomed-in SEM image of the Hall cross with Nanomag D-250
superparamagnetic beads. Approximately 6 beads are located in the Hall cross area
(marked with yellow lines for clarity). (b) Hall voltage signal as a function of time from
the Hall cross shown in part (a) of the Figure. The drop in the signal upon applying the
static field B,is due to the presence of the beads. (c) The noise voltage fluctuations
measured at the Hall voltage output over 10 minutes for the same set of physical
parameters used in the detection experiment.
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which demonstrates the sensor detection limit of single 250 nm bead.
5.3.3 Quantitative analysis of the measured signal

In order to estimate the detected charge of the induced magnetic moment per
bead and partially compare it with the results obtained from characterization of
the beads in SQUID measurements wecalculate the coupling coefficient C_ per

single bead according to (Eq. 2.33). Sine the stray magnetic fields from the beads
are well localized within the Hall cross area, C,, is approximately the same for

each bead and can be determinedwith a good accuracy. We find C_, = 0.22ul0
1T/ }, per a bead, and since we have, per a bead,'B; 5 H, the induced change
in the magnetic moment per single bead is 'm 23 ul0® /,.

5.4 Summary

In this chapter we presented experimental results on detection of
commercially available superparamagnetic beads, 1.2 Bn and 250 nm in
diameter, suitable for biomole cular labeling. A single 1.2 Bn bead was detected
by a micro-Hall sensor with the highest signal to noise ratio, S/IN = 33.3 dB,
reported so far. From the micro-Hall susceptibility measurements detailed
insight into the magnetic properties of the bead has been obtained. We found
that the magnetic response of the bed corresponds to an ensemble of
superparamagnetic nanoparticles with broad distribution of magnetic moments.
By fitting the experimental data we were able to determine, for the first time, the
distribution function and the mean magnet ic moment of the nanoparticles in the
bead. This enabled us to generate the bead’s magnetization and susceptibility
curves as a function of magnetic field, with values determined up to the accuracy
of the coupling coefficient. In addition, we presented detection of ~ 6 250 nm
beads with a micro-Hall sensor, and have, for the first time, experimentally
demonstrated single bead sensitivity for the beads of this size.
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CHAPTER 6

CONCLUSIONS

The purpose of this thesis work was to develop the Hall magnetic field
sensors for room temperature operation and to demonstrate their applicability in
the recently proposed concept of magnetic biomolecular sensing. Since the
concept is based on sensing the straymagnetic fields of superparamagnetic
beads with micrometer and nanometer-sized dimensions the main goal of the
work was to demonstrate effective detection of the presence of such beads on the
Hall sensor. In particular we focused on the single bead detection since this
promises application of the devices not only in single molecule detection but,
maybe even more interestingly, in fund amental biophysical studies on single
biomolecules.

Several key questions had to beaddressed towards the realization of this
goal. The first one of them is related to the requirement that sensors had to
operate at room temperature. Theoretical analysis of the main physical factors
which determine the Hall sensor performa nce has led to the conclusion that
devices need to be made from high carrier density, and more importantly, high
carrier mobility materials with low density of charge traps. The latter are
responsible for low-frequency noise, the main limiting factor that degrades the
sensor's magnetic field and magnetic moment resolution. The second
requirement was related to the size of the magnetic beads that can be used in
bioapplications, which is limited to micr ometers at most. Such tiny magnetic
particle generate stray magnetic fields that are not only low in magnitude but
also localized within very small spatial regi ons, on the order of micron or less. To
detect these fields the active area, i.ethe Hall cross of the Hall sensor, whose
response is proportional to the average flux over that area, had to be scaled
down to micron or even submicrometer dimensions.

The first problem was approached by using InAs/AlSb quantum well
semiconductor heterostructures as a mateial for device fabrication. Once the
knowledge of the microprocessing of the material has been gained sensors with
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the Hall cross width of a micrometer have been fabricated and characterized at
room temperature. From the Hall effect and the low-frequency electrical noise
measurements the devices were found to have noise-equivalent magnetic fields
(NEMF) from ~ 20 A /JHz to better than 4 A //Hz in the frequency range

from 20 Hz to 1.6 kHz respectively. Detailed analysis of the results obtained from
the noise measurements has shown thatthe main limiting factor for the low-
frequency magnetic field resolution of the devices are conductivity fluctuations
that lead to pronounced 1/f and generation-recombination noise. The noise
analysis, based on the formulae derived from the Kleinpenning-Bokhoven-
Vandamme adjoint network model, have enabled us to determine the Hooge’s 1/f
noise parameter and to identify the center frequency, the lifetime and the
number of fluctuating electrons responsi ble for generation-recombination part of
the noise spectra. The values obtained fom the noise voltage PSD measurements
at Hall voltage contacts were £, (3.8 £ 0.2)ul03 f, (9.6 £ 0.3)Ul® Hz, ¥

(1.66 = 0.04)uL0* and < "N 2> (135 £ 20). These values were found to be in good

agreement with those obtained from independent noise voltage PSD
measurements between two longitudinal cont acts of the same Hall bar structure.

The knowledge of NEMF spectral density of the device has enabled us to
determine its noise-equivalent magnetic moment spectral densities by calculating
the coupling coefficients for magnetic spheres of various sizes placed in the Hall
cross center. By comparing the obtainedresults with magnetic moments of the
commercially available superparamagnetic spheres of the same size, available
from literature, that are magnetized in external magnetic field of 5 mT, we found
that single superparamagnetic labels with diameters above 250 nm should be
detectable with our micro-Hall devices.

In order to increase the magnetc moment resolution and reach the single
bead sensitivity for even smaller partic les we have fabricated and characterized
submicrometer Hall sensors from the same material down to the Hall cross
width of ~ 250 nm. The devices were found to have about an order of magnitude
better moment resolution than microm eter-sized ones, on the order of 10
/g/ﬁin the majority of the considered fr equency range. The single detection

limit was predicted to be reached above ~ 600 Hz for 100 nm-diameter beads and
above ~ 3 kHz for 50 nm ones.

Establishing the detection method for superparamagnetic bead that can be
used in biomolecular sensing applications has been another key issue of this
thesis work. Since the particles do na exhibit hysteresis, conventional Hall
magnetometry approaches, relying on the latter, were not applic able in this case.
We demonstrated that an efficient method, based on non-linear magnetization
response of superparamagnetic particles in combination with the linear output of
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the Hall sensors can be used to detecthe presence of the bead immobilized on
the Hall cross in a single measurement. The method was applied to detect single
1.2 RBn diameter superparamagnetic bead and resulted in a signal to noise ratio
of 33.3 dB, the highest so far reported inliterature for the beads of similar size.
Additionally, detection of ~ 6 beads, 250 nm in diameter, has been demonstrated
with signal to noise ratio of ~ 2.3 dB per single nanobead.

InAs/AISb micro Hall sensor was also applied in susceptibility measurements
on a single superparamagnetic microbead. The experimental results have shown
that magnetization of the bead significantly deviates from purely Langevin
behaviour which strictly holds for non- interacting magnetic moments of equal
magnitude. The detailed analysis of the results has further shown this behaviour
to be due to broad distribution of the magnetic moments of nanoparticles in the
bead. By fitting the experimentally obta ined curve to a log-normal distribution-
weighted sum of Langevin functions we found the mean diameter of the
magnetite nanoparticles in the bead, (d)= 8.3 nm. The bead’s magnetization and

magnetic susceptibility as a function of the externally applied magnetic field
have been determined up to the accuracy of the coupling coefficient.

This work shows that mesoscopic Hall devices fabricated from InAs/AISb
guantum well semiconductor heterostruct ures are excellent magnetic field
sensors at room temperature. The combinaton of the physical properties such as
linear non-saturated response in external magnetic field and low electrical noise
makes them be good candidates for applications in magnetic biomolecular
sensing. This is particularly true for single bead detection where, as we have
demonstrated, their performance exceeds the ones so far demonstrated by
corresponding sensors based on magnetoresistance effects.
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APPENDIX A

STRAY MAGNETIC FIELD DISTRIBUTION OF A
SPHERICALLY SHAPED MAGNETIC PARTICLE

A uniformly magnetized sphere of magnetic moment m will, at a point
defined by the radius vector r relative to its center, generate a magnetic field

— «T » (A.1)

where A r/|r| is a unit vector in the direction of r. Assuming that particle is

magnetized along z-direction and working in a Cartesian coordinate system we
will have:

m mz, (A.2)
roxx yy zz, (A.3)
oYXy 2%, (A.4)
o XX YW zz . .
A m % mz % (A.5)
x> y® z x> y® z
~ XX Yy zz mz

XX yy zz, (A.6)

P ox? oy? 22 ¥ (A.7)

By combining (A.2), (A.6) and (A.7) into (A.1) we obtain
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fom 1
45 2 y2

a [0}
o xzx 3yzy 2z° x* yzip (A.8)

/4

If take the Hall cross to lie in the (X,y)-plane, the sensor will be sensitive only
to the z-component of the field which is, from (A.8)

Pm 2z x*® y?
B r - y (A.9)
45 2 y2 22 Y
In terms of particles magnetzation this formula can be written as
RMR?® 2z° x* y?
B, 0 Y (A.10)
3 %2 yz 72 Y

Since the coordinate system forderivation of these form ulae was assumed to
be located in the patrticle’s center, the formula can be applied for a particle that is
centered on the cross, i.e. the cross center corresponds ta& = 0 andy = 0. If the
particle is located at the point (ab) with respect to the cross center thenx o x-a
and y o y-bin each of the upper formulas.
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