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Zusammenfassung

AlGaAs/GaAs- und AlGaAs/GaAs/InGaAs-Quantengraben-Strukturen mit do-
tiertem Kanal sowie modulationsdotierte AlGaAs/InGaAs/GaAs-Heterostruk-
turen auf Halbleitermaterialien mit hoher Elektronendriftgeschwindigkeit wer-
den erfolgreich zur Herstellung von Mikro-Hall-Bauelementen eingesetzt. Mit
Blick auf ihre Eignung als Magnetfeldsensoren werden die Signal-Linearität, die
Sensitivität und das Rauschen bei schwachen und starken elektrischen Feldern
untersucht.

Auch bei höheren elektrischen Feldern von mehr als 1.8 kV · cm−1 zeigen
die Bauelemente mit dotiertem Kanal eine ausgezeichnete Linearität des Sig-
nals. Magnetische Empfindlichkeiten von bis zu 600 V · A−1 · T−1 werden im
Konstantstrombetrieb gemessen. Unter Verwendung eines Si-δ-dotierten pseudo-
morphen InGaAs-Quantengrabens wird sowohl eine bessere Sensitivität als auch
ein besseres Rausch-verhalten erzielt als bei homogen dotiertem GaAs-Kanal.
Als beste Signal-Rausch-Empfindlichkeit wird ein Wert von 138 dB ·T−1 erreicht
für ein Bauelement von 10 · 10 µm Fläche (bei 300 K, 100 kHz Messfrequenz
und 1 Hz Bandbreite). Da das elektrische Verhalten dieser Strukturen besonders
durch die hohen Elektronendriftgeschwindigkeiten bestimmt wird, tritt auch bei
hohen elektrischen Feldern bis zu 2.4 kV · cm−1 keine Degradation des Bauele-
mentes auf. Als niedrigste Nachweisgrenze für Magnetfelder wird ein Wert von
127 nT · Hz−1/2 bestimmt.

Verglichen damit, zeigen die modulationsdotierten Bauelemente von 20·20 µm
Größe zwar eine höhere Signal-Rausch-Empfindlichkeit von 141 dB · T−1 bei
geringen elektrischen Feldern, die sich aber bei höheren Feldstärken stark ver-
schlechtert.

Daher haben die Bauelemente mit dotiertem Kanal und pseudomorph verspan-
ntem InGaAs-Quantengraben unter Ausnutzung hoher Elektronendriftgeschwin-
digkeit bei hohen elektrischen Feldern einige Vorteile gegenüber den modulations-
dotierten Strukturen mit hoher Elektronenbeweglichkeit.

Untersuchungen der thermischen Stabilität von Bauelementen mit modula-
tionsdotiertem Quantengraben zeigen, dass eine dicke InGaAs-Schicht (innerhalb
fixierter Gesamtdicke des GaAs/InGaAs-Kanals) erforderlich ist, um die para-
sitäre Parallel-Leitfähigkeit des GaAs-Kanals zu vermeiden. Unter Berücksichti-
gung dieser Erkenntnis und bei Verwendung eines hohen Dotierungsgrades wer-
den ausgezeichnete Temperaturstabilitäten von 90 ppm ·K−1 im Konstantstrom-
betrieb und 192 ppm · K−1 im Konstantspannungsbetrieb erzielt.

Unabhängig davon zeigen optische Untersuchungen mit Photolumineszenz-
Spektroskopie und Raman-Streuung einen hohen Fehlordnungsgrad in dünnen
InGaAs-Quantengräben, der dagegen für dicke pseudomorphe InGaAs-Schichten
vernachlässigbar ist. Daher resultiert eine dickere InGaAs-Schicht nicht nur in
einer höheren absoluten magnetischen Sensitivität und besseren thermischen Sta-



bilität, sondern auch in geringerem 1/f -Rauschen als Ergebnis von Leitfähigkeits-
fluktuationen.

Besondere Anstrengungen werden unternommen zum Einsatz der Rausch-
spektroskopie tiefer Zentren zur Untersuchung der Qualität von Halbleitervolu-
mina bzw. -schichten. In Kombination mit den Untersuchungen der betriebsstrom-
abhängigen Sensitivität erweist sich diese Methode als am Besten geeignet für die
Optimierung von Mikro-Hall-Bauelementen.

Der Einfluss der Skalierung des Bauelementes auf seine Charakteristika wie
Rauschen und magnetische Empfindlichkeit wird untersucht. Sowohl die Signal-
Rausch-Empfindlichkeit als auch die Grenzempfindlichkeit sind größenabhängig.
Der Einfluss der Geometrie auf die Verteilung des elektrischen Feldes wird für
die Form eines Griechischen Kreuzes durch numerische Rechnungen simuliert
und diskutiert. Abgerundete Ecken erweisen sich als am Besten geeignet für die
Herstellung hochsensitiver und rauscharmer Mikro-Hall-Bauelemente.



Abstract

Doped-channel quantum well (QW) AlGaAs/GaAs and AlGaAs/GaAs/InGaAs
as well as modulation-doped AlGaAs/InGaAs/GaAs heterostructures based on
high electron drift velocity semiconductors are successfully applied to the fabri-
cation of micro-Hall devices. Considering these devices as magnetic sensors, their
properties were characterized in terms of signal linearity, sensitivity and noise at
low and high electric fields.

Even at electric fields higher than 1.8 kV · cm−1, the doped-channel devices
exhibit an excellent signal linearity. Magnetic sensitivities up to 600 V ·A−1 ·T−1

in current drive mode are measured. The usage of a Si-δ-doped pseudomorphic
InGaAs QW results in better sensitivity and noise performance than does uni-
formly doped GaAs. A maximal signal-to-noise sensitivity (SNS) of 138 dB ·T−1

is achieved in a 10 µm square size device at 300 K, 100 kHz frequency and 1 Hz
bandwidth. Because the performance in these structures is driven in part by the
high electron drift velocity, it does not degrade even at high electric fields up to
2.4 kV ·cm−1 and corresponds to a lowest detection limit of 127 nT·Hz−1/2. Com-
paratively, the modulation-doped devices of 20 µm square size exhibit a higher
SNS of 141 dB · T−1 at low electric fields, but degrade at higher fields. Thus,
the doped-channel pseudomorphically strained InGaAs QW high-velocity devices
have several advantages over modulation-doped high-mobility structures at high
electric fields.

Thermal stability studies of doped-channel QW devices reveal a thick InGaAs
layer (within a fixed total thickness of the GaAs/InGaAs channel) necessary to
avoid the parasitic parallel conductivity in GaAs channel. Using this result and a
high doping level, superior temperature stabilities of 90 ppm ·K−1 in the current
drive mode and 192 ppm · K−1 in the voltage drive mode are attained.

Independently, optical studies like photoluminescence and Raman scattering
reveal a high degree of disorder in thin InGaAs QWs, being negligible for thick
pseudomorphic InGaAs layers. Hence, a thick InGaAs layer causes not only a
higher absolute magnetic sensitivity and a better thermal stability, but also lower
1/f noise being a result of conductivity fluctuations.

Special effort is devoted to the application of deep level noise spectroscopy
as a very sensitive probe for semiconductor bulk and layer quality. Combined
with supply-current-related sensitivity studies, this method is most suitable for
micro-Hall device optimization.

The effect of device scaling on device characteristics like noise and absolute
magnetic sensitivity is studied. Both the SNS and detection limit are shown as
size-dependent. Additionally, geometry effects on the electric field distribution
for Greek cross shapes are simulated by numerical calculations and discussed.
Rounded corners appear as most appropriate for the fabrication of highly sensitive
low-noise micro-Hall devices.
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Chapter 1

Introduction

One of the unique and fundamental features studied in solid state physics is the
movement of charge carriers (electrons or holes) in bulk semiconductors. The
investigation of this phenomenon over the past decades initiated the ongoing
development of solid state electronics as a branch of solid state physics and its
practical application to electronic devices.

Two carrier movement types are distinguished: coherent and random. The
first one relies on the effect of internal or external electromagnetic forces on
charged particles. For the first time observed in 1879 by the American physicist
E.H. Hall [1], just the Hall effect is one of the striking examples demonstrating
the carrier behavior in an external electromagnetic field. The two main quantities
characterizing the coherent movement are the drift velocity and the mobility of
the carriers, respectively. Both are essential for electronic device applications
since devices rely on the carrier movement. Indeed, they determine both the
operational speed and the threshold sensitivity of an electronic solid state device.
On the other hand, the random carrier movement and its local fluctuations define
the device noise and the carrier scattering processes on their part having impact
on electron drift velocity and electron mobility.

The recent progress in modern semiconductor technology allows to restrict the
carrier movement in one, two or even all three spatial dimensions. This reduced
dimensionality of the electron gas offers the purposive application of the quantum
phenomena, targeting to new and superior electron devices.

For example, extremely high electron mobilities were gained in two-
dimensional (2D) systems based on III-V materials, using an undoped spacer
layer to separate the 2D electron gas and the ionized impurities spatially [2, 3, 4].
Furthermore, the electron devices based on these modulation-doped systems ex-
hibit a very low noise level due to the high electron mobility and the nanoscale
conductive channel thickness. Thus, high performance low-noise high electron
mobility transistors (HEMTs) were fabricated [5].

Beside these specific electron devices, magnetic field sensors are of particular
interest for application purposes. Hall effect devices are the most commonly used
magnetic field sensors. For the detection of very small magnetic fields, only a very
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high drift velocity electron provides an adequate deflection. Therefore, materials
with a high electron drift velocity are most appropriate.

Compared to Hall devices on bulk semiconductor materials, a significant im-
provement of the basic device characteristics was attained by the usage of high
electron drift velocity materials and selective doping with different profiles and
corresponding doping levels in two-dimensional systems [6, 7]. Relying on these
advanced Hall sensors with micron-range lateral sizes and an absolute magnetic
detectivity in the nT-range, improved scanning techniques for magnetic field
imaging like the scanning Hall probe microscopy (SHPM) [8, 9] and the magnetic
force microscopy (MFM) [10] were introduced. Furthermore, these micro-Hall
devices were applied to studies of highly inhomogeneous magnetic fields pro-
duced by ferromagnetic nanoparticles [11, 12, 13] and vortices in superconduc-
tors [14, 15, 16]. Recently, a new method for the detection of nuclear magnetic
resonance (NMR) and electron spin resonance (ESR) was proposed [17], using
advanced micro-Hall devices successfully.

Beside their application in physical and material sciences, techniques using
micro-Hall devices are of particular interest in other fields. Recently, natural
magnetic nanoparticles in living organisms like magnetotactic bacteria [18, 19]
were investigated. Using micro-Hall devices as scanning tips in the noncontact
magnetic force microsopy, the magnetic moment of an individual bacterial cell was
measured, being about 10−13 emu [20]. However, so far these experiments revealed
a poor spatial resolution and a difficulty in quantifying the results. Obviously, the
spatial resolution could be significantly improved by down-scaled device active
sizes in the sub-micron range. Unfortunately, any device size reduction results in
a decreased absolute magnetic sensitivity which scales with the device width.

Furthermore, the strength of the electric field in the device active area rises
considerably. On their part, the high electric fields result in an increased noise
level and decreased mobility, restricting both the signal-to-noise sensitivity and
the detection limit. These drawbacks are most critical for micro-Hall sensors
based on modulation-doped heterostructures. Additionally, a thick doped barrier
serving as an electron supply layer within a selectively-doped system can be an
additional source of generation-recombination noise and constitute an undesirable
parallel conductive channel, thus degrading the device thermal stability.

Alternatively, the application of doped-channel quantum well heterostructures
allows partially to defuse these drawbacks of modulation-doped micro-Hall de-
vices. Although their low-field mobility is much lower compared to modulation-
doped heterostructures due to prevailing scattering on ionized impurities [21],
their basic characteristics are expected to be comparable to that of the com-
peting modulation-doped devices. This anticipation relies on the high electron
drift velocity, much more dramatically defining the device performance than the
low-field mobility [22].

Since the scattering on ionized impurities has a considerable impact on car-
rier transport in these heterosystems, one has to account for a completely dif-
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ferent behavior of the electron mobility at high electric fields [23], compared to
modulation-doped systems. Out of it, one can expect a positive effect on both
signal-to-noise sensitivity and detection limit of the micro-Hall device. Because
scattering on ionized impurities does not contribute significantly to 1/f (flicker)
noise [24], the noise level should be very low. Using a proper heterostructure de-
sign, doped-channel micro-Hall devices can exhibit a superior device temperature
stability due to the almost temperature independent behavior of both low-field
electron mobility and electron concentration.

This thesis targets to doped-channel micro-Hall devices with low noise, high
sensitivity and high temperature stability - operating also at high electric fields
- using III-V semiconductors with high electron drift velocities. In-depth stud-
ies of the structural, transport and noise properties are applied for a compari-
son of doped-channel AlxGa1−xAs/GaAs and AlxGa1−xAs/GaAs/InyGa1−yAs to
modulation-doped AlxGa1−xAs/InyGa1−yAs/GaAs heterostructures.

Using a gas source molecular beam epitaxy system Riber 32-P, various doped-
channel and modulation-doped heterostructures were grown. Different exper-
imental techniques like photoluminescence and Raman spectroscopy, electrical
measurements (Hall effect and noise spectroscopy) and x-ray diffraction were
applied. Based on these results, the growth of the lattice matched and the pseu-
domorphically strained heterostructures was optimized. Micro-Hall sensors of dif-
ferent geometries and sizes were fabricated by standard optical photolithography,
followed by contact metallization and formation. Using geometrical magnetoresis-
tance and different modified Hall measurements, the main device characteristics
were studied. Being a quite powerful and informative experimental technique
for the investigation of planar devices, the deep level noise spectroscopy (DLNS)
proved itself to prominently contribute to both improved understanding and sub-
sequent optimization of micro-Hall devices.

The thesis is organized as follows: Chapter 2 reviews the main experimental
and theoretical fundamentals serving as the necessary prerequisites for an opti-
mized micro-Hall device design. The device fabrication, the x-ray studies and
the optimization of the contact resistance are described in Chapter 3. In Chap-
ter 4, the photoluminescence and the Raman studies of modulation-doped het-
erostructures are described. Being very sensitive to the layer and interface qual-
ity, these methods were successfully applied for the layer quality evaluation and
for the growth optimization of the strained AlGaAs/InGaAs/GaAs heterostruc-
tures. Deep levels acting as an additional sources of generation-recombination
noise negatively contributing to the micro-Hall device noise performance were
investigated by DLNS. These studies together with that of crystal quality are
subject of Chapter 5. Studies of the main device characteristics like linearity,
sensitivity, signal-to-noise sensitivity and detection limit are discussed in detail
in Chapter 6. Some effort was devoted to the optimization of thermal drift per-
formance and geometry of the studied micro-Hall devices also in Chapter 6.
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Chapter 2

Physics of quantum well Hall
effect devices

2.1 Electronic properties

Using modern semiconductor technology such as molecular-beam epitaxy (MBE)
[25, 26], metal-organic chemical vapor deposition (MOCVD) [27, 28], hot-wall
epitaxy (HWE) [29] or liquid-phase epitaxy (LPE) [30], the epitaxial growth
of low-dimensional systems can be realized. The low-dimensional systems are
classified corresponding to the confinement of charge carriers in one, two or all
three dimensions as quantum wells (2D), quantum wires (1D), and quantum
dots (0D), respectively. The confinement of the carriers leads to the so-called
quantum size effects when the de Broglie wavelength of carriers λ = h/

√
2mε̄ is

comparable to the characteristic specimen size d. Here h is Planck’s constant, m
the mass of charge carriers, and ε̄ the characteristic conduction electron energy.
As a result of carrier confinement, the optical and electrical properties of low-
dimensional systems are modified with respect to bulk semiconductor materials
due to a quantization of the eigenenergies in the direction of restriction and
a parabolic dispersion due to free motion in all remaining directions. To find
energy spectra and wave functions for electrons and holes, one has to solve the
quantization problem for both cases.

2.1.1 Energy spectrum of electrons and holes

The electronic states in a two-dimensional system can be described within the ef-
fective mass approximation (EMA). The criterion for the validity of this approach
in a two-dimensional system has been discussed in detail [31]. We consider the
simplest quantum problem when the low band gap GaAs layer (quantum well or
material A) is embedded between two thick AlGaAs layers with larger band gap
(quantum barriers or material B). The heterostructure is schematically shown in
Fig. 2.1. In this system, the band gap difference is distributed between valence
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Figure 2.1: Schematic representation of the GaAs quantum well embedded between
AlGaAs barriers in real and k spaces.

and conduction bands in a such way that both electrons and holes are confined
to the smaller band gap GaAs layer. Such a heterojunction type is called a type I
system. In the present work, we will consider only this type of heterosystem.
The thickness of the AlGaAs layers is much greater than the penetration length
of the confined electron wave function. The wave function in each material takes
the form [32]

Ψ =
∑
A,B

uA,B
ck (r)eik⊥·rχn(z), (2.1)

where z is the direction of growth, k⊥ the transverse electron wave vector, uc,k(r)
the Bloch wave function, χn(z) the envelope wave function, and n labels the
eigenstates.

In order to find the wave functions and energy spectrum of electrons in a
quantum well of thickness t, one has to solve the Schrödinger-like equation

(
�

2

2

∂

∂z

1

m∗(z)

∂

∂z
+ Veff (z)

)
χn(z) = Enχn(z), (2.2)

where m∗(z) is the electron effective mass, and Veff (z) the effective potential
energy
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Veff (z) = Ec(z) + VD(z) + Vee(z), (2.3)

where Ec(z) is the heterojunction conduction band discontinuity, VD(z) the elec-
trostatic potential due to ionized donors and acceptors, and Vee the self-consistent
Hartree and exchange potentials due to free carriers.

Assuming parabolic bands for simplicity, the total energy relative to the band
minima (maxima) can be found as

En,k =
�

2k2

2m∗
‖

+ En, (2.4)

where m∗
‖ is the electron effective mass parallel to the interface.

At the interfaces, continuity of both the envelope wave function χn and
[1/m∗] [∂χn(z)/∂z] has to be postulated.

Assuming a low free carrier density (< 1010 cm−2), the terms VD(z) and Vee(z)
are small and can be neglected. Assuming potential barriers being large compared
to the bound state energies En (infinitely deep well approximation) and vanishing
envelope functions at the points z = 0, t (the left interface is taken as the origin),
the solutions are

χn(z) =

√
2

t
sin

(nπz

t

)
, n = 1, 2, .... (2.5)

The corresponding eigen-energies are given by

En =
n2

�
2π2

2m∗
zt

2
. (2.6)

The solution of the quantization problem for hole states in the quantum well
is much more complicated. For the case of a finite quantum well, only numerical
results could be obtained [33].

In bulk material, hole bands can be described by the Kane model, using
a basis function with angular momentum J = 3/2 symmetry. Then the 4 -
fold degeneracy at k = 0 is implied and the spin-orbit split-off valence band is
neglected. The dispersion near k = 0 is given by the Luttinger Hamiltonian [34]:

H = �
2

2m0
[
(
γ1 + 5

2
γ2

)
k2 − 2γ2

(
k2

xJ
2
x + k2

yJ
2
y + k2

zJ
2
z

)
−4γ3 ({kx · ky} {Jx · Jy + · · ·})] , (2.7)

where γ1, γ2, γ3 are the Luttinger parameters of the valence band and the symbol
{·} reperesents the anticommutation, i.e.

{kx · ky} = kxky + kykx. (2.8)
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Taking as the quantization axes, z and kz in a [100] direction, the kinetic
energy of the heavy holes (Jz = ±3/2) and light holes (Jz = ±1/2) can be
expressed as

E = �
2k2

z

2m0
(γ1 − 2γ2) , Jz = ±3

2

E = �
2k2

z

2m0
(γ1 + 2γ2), Jz = ±1

2

, (2.9)

where the heavy hole and light hole masses in the [100] direction are m0/(γ1−2γ2)
and m0/(γ1 + 2γ2), respectively.

In the infinitely deep quantum well in the spherical approximation, i.e.
γ2 = γ3 = γ, the hole levels at k = 0 are given by

E(1,h)z = n2 π2
�

2

2m0t2
(γ1 ± 2γ̄) (2.10)

and the hole effective mass can be derived as

1

m(1,h)z

= 2

(
∂2E(1,h)z

∂k2
⊥

)
k⊥=0

. (2.11)

2.1.2 Density of states of 2D electron gas

The density of states of the two-dimensional electron gas (2DEG) is a necessary
prerequisite for the calculation of the two-dimensional (2D) electron concentration
n2D in the quantum well. The density of states can be calculated as

D(E) =
∑

αs,ηυ ,n,k

δ (E − En,k), (2.12)

where αs, ηυ are the spin and valley degeneracy in the case of multi-valley min-
ima. Assuming parabolic conduction band minima and using Eq. (2.4) in this
approximation, the two-dimensional density of states can be rewritten as

D(E) = 2ηυ

∑
n

1
2π

∞∫
0

dkkδ
(
E − En − �

2k2

2m‖

)
dk

=
∑
n

ηυm‖
π�2 θ (E − En) =

∑
n

D0θ (E − En)

, (2.13)

where a two-fold spin degeneracy per state is considered and θ is the unit step
function. This result will now be compared to the three-dimensional density of
states of a 3D system (bulk material). The density of states for the 3D system is
given by

D3D =

√
2m

3/2
‖ E1/2

π2�3
. (2.14)
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Figure 2.2: 2D density of states in comparison with 3D density of states as function
of energy for 15 nm Al0.3Ga0.7As/GaAs quantum well (after Ferry [35]).

In the infinitely deep quantum well approximation, the relation D3D · t = D2D

holds true. Figure 2.2 represents the 2D compared to the 3D density of states for
a 15-nm GaAs infinite quantum well [35].

Thus, the two-dimensional electron concentration in the quantum well of
thickness t can be calculated, using

n2D =

∞∫
0

D(E)f0(E)dE = kBTD0

∑
n

ln
(
1 + e(EF−En)/kBT

)
, (2.15)

where f0 is the Fermi function for electrons, kB the Boltzmann constant, EF the
Fermi energy and T the temperature of the electron gas.

2.2 Electrical properties

The successful design of any semiconductor device is based on the proper knowl-
edge of semiconductor material properties and the operational physical phenom-
ena in device structures. The electron scattering has to be considered as such
a main physical phenomenon. Actually, just electron scattering determines the
upper limits of both the electron mobility and the drift velocity, thus defining the
speed of semiconductor device operation. Furthermore, scattering as a random
process establishes the lower limit on electron noise and thus defines the thresh-
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old sensitivity of semiconductor devices. One has to distinguish between devices
based on parallel and perpendicular transport phenomena.

The first device type relies on electron motion along the layers, i.e. parallel to
the interfaces [high electron mobility transistor (HEMT), modulation doped field
effect transistor (MODFET), Hall effect devices, etc.]. The second one uses elec-
tron transfer in the direction perpendicular to the layers and interfaces, respec-
tively [heterojunction bipolar transistor (HBT), hot electron transistor (HET),
tunneling hot electron transistor amplifier (THETA), quantum cascade lasers
(QCL), etc.].

Here we will only briefly describe parallel transport phenomena at low and
high electric fields, being the basic operational processes of quantum well Hall
effect devices. The influence of different scattering mechanisms on basic device
characteristics such as sensitivity, thermal stability and noise will be discussed.

2.2.1 Electron scattering: low-field mobility

The scattering mechanisms in bulk materials are well studied. An overview of var-
ious scattering mechanisms in bulk GaAs was given by Nag [36] and is presented
in Fig. 2.3.

The influence of various scattering mechanisms on the mobility of bulk GaAs
is presented in Fig. 2.4, including experimental data for high-purity VPE GaAs
[37].

Obviously, the electron mobility of bulk GaAs is mainly determined by scat-
tering on polar optical phonons at high temperatures and on ionized impurities

Scattering mechanisms

Defect scattering Carrier-carrier 
scattering

Lattice scattering

Crystal defects Impurity Alloy Intravalley Intervalley

Neutral Ionized Acoustic Optic Acoustic Optic

Deformation
potential

Piezo-
electric

Figure 2.3: The outline of different scattering mechanisms in bulk GaAs (after Nag
[36]).
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Figure 2.4: Experimental temperature variation of the mobility of the high purity
GaAs VPE sample and calculated mobility curves for each scattering process acting
separately and for all scaterring process combined (after Stilman et al. [37]).

at low temperatures. The scattering due to electron-electron interaction for elec-
tron concentrations less than 1018 cm−3 has negligible influence and will not be
considered.

For heterostructures, some additional scattering mechanisms have to be ac-
counted for: (1) interface roughness scattering; (2) intersubband scattering be-
tween the quantized levels of the quantum well; (3) remote impurity scatter-
ing in the barrier material; (4) scattering on the barrier phonons (observed in
AlGaAs/GaAs heterostructures); (5) scattering by alloy disorder when compound
semiconductor materials are used as barrier or channel. Subsequently, some of
these scattering mechanisms being most important for Hall effect device applica-
tion will be reviewed.

Scattering by remote ionized impurities is an essential scattering process
within modulation-doped heterostructures. It was well demonstrated for
GaAs/AlGaAs modulation-doped heterostructures, which have been studied ex-
tensively [38].

Doping the barrier AlGaAs material apart from the interface, the free carriers
in the channel are spatially separated from ionized donors located in the barrier.
Thus, the influence of ionized-impurity scattering on the 2DEG can be nearly
suppressed. Results of self-consistent calculations for a GaAs/AlGaAs hetero-
junction are presented in Fig. 2.5 (after Ando [39]). Referring to this work, the
relaxation time for scattering electrons in the lowest (first) subband is given by
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Figure 2.5: Calculations of the lowest subband of an GaAs/Al0.3Ga0.7As heterojunc-
tion, the electron wave function and the self-consistent potential by using variational
wave functions. The dotted line represents the wave function calculated numerically
in comparison with Fang-Howard results [40]. The spacer thickness d1 is 50 Å and
the binding energy EB of donor levels in AlxGa1−xAs is about 50 meV (after [39]).

�

τc(k)
= 2π

∫
dzN(z)

∑
q

[
2πe2

qε(q)

]
|F (q, z)|2 (1 − cos θ)δ(Ek − Ek−q) , (2.16)

where N(z) is the doping profile, q = 2k sin(θ/2), and Ek = �
2k2/2m∗, where k

is the wave vector and θ the scattering angle. The static dielectric function is
given by

qε(q) = q + (2πe2/ξ)(2m∗/2π�
2)F (q), (2.17)

where ξ is the dielectric constant and m∗ the electron effective mass.
The doping profile for a modulation-doped heterostructure, N(z), is assumed

to be

N(z) =

⎧⎨
⎩

0 (−d1 < z),
ND + NA (−d1 − d2 < z < −d1),
2NA (z < −d1 − d2),

(2.18)

where NA and ND are donor and acceptor concentrations respectively, and d2 the
thickness of AlGaAs barrier.

The form factor F is defined as

F (q, z) =

∫
dz′ |χ (z′)|2 exp (−q |z − z′|), (2.19)

F (q) =

∫
dz

∫
dz′ |χ (z)|2 |χ (z′)|2 exp (−q |z − z′|), (2.20)
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where χ(z) is a wave function given by

χ(z) =

{
Bb1/2(bz + β) exp(−bz/2) (z > 0),
B′b′1/2 exp(b′z/2) (z < 0),

(2.21)

where b, b′, β, B, B′ are variational parameters. The parameters β, B, B ′ can
be expressed in terms of b and b′ through the boundary conditions at z = 0 and
the normalization.

The sum over q in Eq. (2.16) may be replaced by an integral over θ, so that
Eq. (2.16) is written as [21]

�

τc(k)
=

4πm∗e4

�2

π∫
0

dθ(1 − cos θ)
1

[qε(q)]2

∫
dz |F (q, z)|2 N(z). (2.22)

Finally, the mobility is given by

µ(T ) = e 〈τc〉/m∗. (2.23)

Thus, the temperature dependence of µ(T ) is determined by the k-averaged re-
laxation time τc.

Numerical simulations of this mechanism revealed the following results for
larger spacer thicknesses [39]: suppressed scattering by remote ionized impuri-
ties and increased electron mobility. Some results are shown in Fig. 2.6 for a
GaAs/AlGaAs heterojunction.

Figure 2.6: An example of calculated mobility limited by charged centers in the
AlxGa1−xAs layer. At each electron concentration Ns, the effective doping ND−NA is
determined by the charge neutrality condition and the equulibrium condition between
the electron system and donors levels in the AlxGa1−xAs layer. The total concentra-
tion of charges, ND + NA, is determined by assuming NA/ND = 0.25. (after [39]).
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Ionized-impurity scattering of two-dimensional quantum-confined carriers in
a quantum well has to be considered as the second important mechanism here. If
the quantum well region is intentionally doped, this type of scattering dominates
at low temperatures.

All the above considered equations also hold true as in case of scattering by
remote ionized impurities. However, the doping profile, N(z) differs significantly:
According to Masselink [21], the doping profile N(z) for symmetrically doped
samples is expressed as

N(z) =

{
(1/ut) n2D, |z| < ut/2,
0, |z| > ut/2,

(2.24)

where t is the quantum well width and u the doped well fraction. In case of
δ-doping, the doping profile is written as

N(z) = n2Dδ (z − zδ) , (2.25)

where zδ is the position of the δ-doping spike.
For an electron confinement in two dimensions as here, one has to consider

(i) the screening effects of the two dimensional electron gas being quite different
from 3D case [41] and (ii) the overlap of the electron wave function with ionized
impurities. The overlap with impurities is described by

Neff (q) =
1

t

∫
|F (q, z)|2 N(z)dz. (2.26)

Experimental data on electron mobility vs. temperature dependence for a
100 Å-wide Si-doped GaAs quantum well are presented in Fig. 2.7 after [21] and
compared to bulk GaAs material with the same electron concentration. The
doping profile comprises 84 % of the well width, in order to prevent a DX-center
formation near the interfaces. Obviously, the 2DEG electron mobility of the
100 Å-wide GaAs well is significantly lower than the bulk GaAs value at the
same doping level. The dashed line shows the mobility (corrected measurement
data) of a GaAs quantum well, assuming the same doping concentration but
with doping profile spread over the whole thickness of the quantum well. More-
over, progressively wider wells lead to progressively higher mobilities, apparently
asymptotically approaching the bulk GaAs value [21].

These results indicate ionized impurity scattering being more effective over a
broad temperature range for electron gas in quantum well compared to bulk ma-
terial. Accordingly, just a quantum well δ-doping profile is of particular interest.
Experimental results on mobility vs. temperature dependence for different doped
GaAs quantum well fractions are shown in Fig. 2.8. The data include the case
of a center-δ-doped quantum well. Obviously, the lowest mobility is observed
for the δ-doped quantum well. An increased thickness of the doped GaAs layer
enhances the mobility as well as displaces the δ-doping spike sidewards.
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Figure 2.7: Temperature dependence of Hall mobility for bulk GaAs and 100 Å-wide
Si-doped GaAs quantum wells (average doping concentration of 6×1017 cm−3). Mea-
sured data are represented by solid lines. The dashed curve depicts experimental data
for a GaAs quantum well, corrected due to doping profile (after Masselink [21]).
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perature and doped well fraction. The solid curves represent calculated mobilities
determined by scattering on ionized impurities. The scattering on interface rough-
ness and on phonons is not included in the calculations (after Masselink [21]).
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Scattering of electrons by optical phonons is significant in all bulk polar semi-
conductors and in systems of any dimensionality. Using appropriate heterostruc-
ture design and growth conditions, the influence of the most scattering mecha-
nisms on device performance can be minimized. However, electron-phonon scat-
tering is an inherent feature of any material due to lattice atom vibrations, being
more effective at higher temperatures. Interaction of electrons with polar optical
phonons provides the dominant contribution to the scattering in III-V materials.
Scattering by optical phonons has been discussed by various authors like Ferry
[42], Hess [43], Basu et al. [44] and Price [45].

For heterostructures, three different types of optical phonons have to be con-
sidered: (i) confined optical phonons within a quantum well, (ii) interfacial and
(iii) bulk-like optical phonons (in the materials enclosing the quantum well). A
strong electron confinement leads to negligible electron wave penetration into the
barrier region. Provided that this approximation of infinitely high barriers is
valid, the interaction of electrons with bulk-like optical phonons can be omitted.

The interaction of an electron with longitudinal confined phonons in a quan-
tum well is described by the scattering rate [46]

1
τ(k0,n0)

= 2e2ωLO

t

(
1

ε∞ − 1
ε0

) (
NLO + 1

2
± 1

2

)

× ∑
n,m

Gn0,n,m

∫
d2q

δ[En(
−→
k0+−→q )−En0(

−→
k0)∓�ωLO]

q2+(πm
t )

2

, (2.27)

where −→q and m are the in-plane wave vector and the discrete (transverse) number
being characteristics of the confined optical modes. ωLO is the frequency of the
confined phonons, ε∞ and ε0 are the low- and high-frequency permittivities of

the material. NLO is the number of longitudinal optical phonons,
−→
k0 , n0 and n

are the electron wave vector near the energy minimum (
−→
k =

−→
k0) and discrete

numbers characterizing different electron states, respectively. Here, Gn0,n,m as
the square of the overlap integral is given by

Gn0,n,m =

⎡
⎢⎣2

t

t/2∫
−t/2

dz cos
πn0z

t
cos

πn

t
Hm(z)

⎤
⎥⎦

2

, (2.28)

where Hm(z) describes longitudinal vibrations by

Hm(z) =

{
cos(πmz/t), odd m
sin(πmz/t), even m

. (2.29)

An analysis of the overlap integral form provides two selection rules:
1) Intraband transitions (n0 = n) occur if one of the symmetric modes (i.e.

Hm = cos(πmz/t) for odd m) is involved.
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2) Scattering between the electron states with the same symmetry is possible
with a phonon mode of the same symmetry.

Simulations reveal decreasing electron scattering by confined optical phonons
with diminishing well width. Figure 2.9 illustrates the total scattering rate due
to interaction of electrons with polar optical phonons in the first subband. Monte
Carlo simulations were performed for a finite 150 Å GaAs quantum well between
Al0.23Ga0.77As barriers [47]. Compared to the 3D scattering rate, the 2D rate ex-
hibits a much steeper emission threshold and sharp discontinuities corresponding
to the onset of emission and absorption for higher subbands. The edge steepness
is related to the discontinuous density of states of a two-dimensional system.
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Figure 2.9: Total scattering rate due to interaction of electrons with polar optical
phonons for a 150 Å GaAs quantum well (first subband considered only). Calculation
results are shown for both the 2D system and bulk GaAs material for comparison
(after Goodnick [47]).

2.2.2 High-field electron transport

Parallel transport phenomena have to be considered in their dependency on the
electric field. Accordingly, one distinguishes between low-field transport and
hot-electron transport, i.e. transport at high electric fields. Here, the electron
effective temperature Te serves as a criterion. The electron effective temperature
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and the mean electron energy Ee in thermal equilibrium are related by

Ee =
1

2
qkBTe, (2.30)

where q is the structure dimensionality. Depending on the experimental condi-
tions, three situations can be met: (i) the thermal equilibrium, i.e. the electron
temperature is comparable to the lattice temperature (low-field regime), (ii) the
electron temperature only slightly exceeds the lattice temperature, but transport
still obeys Ohm’s law (warm electrons at moderate electric fields) and (iii) the
hot-electron regime with Te � Tlattice. In this section we will focus on recent stud-
ies of electron mobility and drift velocity in 2D and 3D systems at high electric
fields.

High-field transport in modulation-doped heterostructures was studied by var-
ious authors like M. B. Das et al. [22], M. Ionue et al. [48], W.T. Masselink et
al. [49, 50], and W.T. Masselink [51, 52].

The low-field mobility of the two-dimensional electron gas is quite high
in modulation-doped heterostructures, compared to bulk materials or doped-
channel heterostructures. For example, mobilities of about 5 × 106 cm2/Vs were
found in the modulation-doped AlGaAs/GaAs heterosystem at temperatures near
absolute zero [53]. However, experimental observations proved a significant de-
crease of electron mobilities with increasing electric fields. Typical electron mo-
bility vs. field dependencies were found as µ ∼ E−0.8 at medium (roughly 0.2-
2 kV/cm) and as µ ∼ E−1 at high electric fields [48, 49]. The observed dependen-
cies are typical for modulation-doped heterojunctions with prevailing scattering
on polar optical phonons.

As reported earlier [22], just the saturation of the electron drift velocity much
more than the low-field mobility affects the device performance. The electron
drift velocity vs. electric field dependency in AlGaAs/GaAs heterostructures is
shown in Fig. 2.10, compared to bulk GaAs.

Obviously, the electron drift velocity peaks at a higher value for slightly doped
bulk material than for the 2DEG in the modulation-doped system. However, the
peak drift velocity occurs at much lower electric fields for the 2DEG. Furthermore,
the peak electron velocity increases with lowering temperature for all systems con-
sidered herein. The same behavior was found in InGaAs/InAlAs heterostructures
studied in comparison with slightly doped bulk In0.53Ga0.47As material [52].

The peak velocity decrease observed for modulation-doped heterostructures
can be explained by of two different causes [50]:

(i) Due to spatial confinement of electrons in a two-dimensional system [54],
the energy of the electrons in the first subband of the Γ valley is about 40 meV
higher with respect to the conduction band edge of bulk GaAs. This is not
applicable to the L valley of electrons, because of their larger effective mass and
the much smaller L valley conduction-band discontinuity between AlGaAs and
GaAs. Hence, the Γ-L separation for the heterostructure is about 40 meV smaller
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Figure 2.10: Electron drift velocity vs. electric field at 300 K and 77 K. The
results represent AlxGa1−xAs heterostructures with x = 0.3 and x = 0.5 (after
Masselink [50]), compared to bulk GaAs with an electron concentration of about
n = 1015 cm−3.

than in GaAs bulk material. This difference results in a about 10 % lower value
of the peak drift velocity.

(ii) The real space transfer of electrons from the GaAs quantum well to the
AlGaAs barrier has to be accounted for, too. Usually, it is considered as a transfer
of electrons from the first to a higher electron subband in the Γ valley, neglecting
the other possible real space transfer mechanisms as from the Γ into the �L valley
in GaAs. For higher Al mole fractions in AlGaAs, a real space transfer occurs
from the Γ valley in GaAs into the X valley of AlGaAs. Furthermore, an increase
of the Al mole fraction between 0 and 0.5 causes a decrease of the peak velocity
due to the transfer into the X valleys.

In modern electronic devices like the modulation-doped field effect transis-
tor (MODFET), high doping levels and accordingly high electron concentrations
are usually applied. Compared to bulk material at the same high doping level,
the peak drift velocity of a heterostructure is greater [51]. Therefore, the drift
transport performance of devices based on modulation-doped heterostructures is
superior to bulk material devices.

High-field transport in doped bulk materials and doped-channel quantum wells
is of great interest for device applications. Compared to slightly doped bulk ma-
terials or modulation-doped heterostructures, the low-field mobilities in heavily
doped bulk materials and doped-channel heterostructures are much lower due to
scattering on ionized impurities. Nevertheless, devices based on these systems
exhibit some advantages. Usually, the temperature dependence of the main de-
vice parameters is negligible weak. Consequently, these devices do not need an
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additional recalibration. Moreover, regardless of low mobilities, the high peak
electron drift velocity results in both high device speed and sensitivity.

Transport studies of doped bulk materials and doped-channel heterostructures
at high fields were done by different authors [23, 51, 55, 56, 57, 58].

Typical velocity vs. field characteristics for doped bulk GaAs materials at
300 K are shown in Fig. 2.11, with the electron concentration as a paramater
(after Masselink [58]). Initially, the drift velocity rises linearly with increasing
field, being characteristic for the low-field mobility region. At higher electric
fields, the velocity peaks and saturates. The observed saturation is due to electron
acceleration by the electric field, causing electron energies high enough to transfer
them from Γ valley into L valley of GaAs.

The electron energy in a uniform electric field is described by

ε = eµ(E)E2τε, (2.31)

where e is the electronic charge, µ the electron mobility, E the applied electric
field and τε the energy relaxation time [58].

Obviously, a higher doping level in bulk materials causes a lower peak velocity.
Furthermore, the peak shifts to higher electric fields and broadens. At lower
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Figure 2.11: The velocity-field characteristics of bulk GaAs for different electron con-
centrations at 300 K. The electron concentrations were measured by the van der Pauw
Hall technique. Electron peak velocities and threshold electric fields, i.e. fields for
saturating electron peak velocity, are shown vs. low-field mobility at room temper-
ature. The straight lines represent simple approximations for both peak velocities
and threshold electric fields vs. low-field mobility dependencies as υp ∝ µ1/2 and
Eth ∝ µ−1/2, respectively. The approximations are based on the following assump-
tions: (i) the Γ-L energy is a constant, (ii) the mobility µ(E) is nearly constant until
the velocity is near the peak velocity and (iii) the energy relaxation time τε is constant
(after Masselink [58]).
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temperatures, in particular at 77 K, the electron velocities exhibit a behavior
similar to increasing doping concentration [58]. However, the peak velocities are
higher than at room temperature.

A presentation of the peak electron velocity and peak electric field vs. low
field mobility dependencies based on experimental data for bulk GaAs is given in
Fig. 2.11, too.

Velocity-field characteristics of doped-channel heterostructures are presented
after Masselink [23] in Fig. 2.12. The data were obtained for different doping pro-
files within a 100 Å GaAs quantum well embedded between Al0.4Ga0.6As barriers:
(i) a uniformly doped quantum well (doping profile comprising about 84 % of the
total well thickness in order to avoid DX center formation near the AlGaAs/GaAs
interfaces); (ii) a δ-doping centered in the quantum well and (iii) a δ-doped quan-
tum well with the doping spike 25 Å apart from the bottom interface.
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Figure 2.12: Measured velocities versus electric field for 100-Å-wide GaAs quantum
wells uniformly doped (dashed curve), δ-doped in the center (solid curve), and δ -
doped midway between the center and an edge (dotted curve). The sheet density in
each well is 6 × 1011 cm−2 (after Masselink [23]).

Regardless of the smaller low-field mobility compared to the other studied
structures, the highest electron peak drift velocity is found for the quantum well
with δ-doping at the center. The lowest peak velocity was determined for the
heterostructures with the δ-doping spike between the quantum well center and
an interface. These experimental data strongly support the following conclusion:
With respect to device performance, the velocity saturation is much more crucial
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than the low-field mobility.

In order to understand the observed effects, the author of [23] proposed to
consider the behavior of differential electron mobilities measured on the same
samples. The differential mobility vs. electric field dependencies are shown in
Fig. 2.13. All three samples exhibit an initial increase of the differential mobility
with electric field. Some increase has to be expected due to the following con-
sideration: Scattering on ionized impurities is the dominant mechanism at low
lattice temperatures, but less effective at higher electron temperatures. But an
increased electric field just leads to a heating of the electron gas. At still higher
electric fields, the mobility diminishes due to increasing phonon scattering. Even-
tually, intervalley scattering prevails, leading to a negative differential mobility.
The same behavior of differential electron mobility was observed for bulk GaAs
layers at low temperatures [58].
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Figure 2.13: Measured differential mobilities versus electric field for 100-Å-wide GaAs
quantum wells uniformly doped (dashed curve), δ - doped in the center of quantum
well (solid curve), and δ - doped midway between the center and an edge (dotted
curve). The measured sheet electron density in each well is 6 × 1011 cm−2 (after
Masselink [23]).

Obviously, the highest increase in the electron gas differential mobility is
found for the center δ-doped quantum well. This behavior was explained by
a heating of the electrons from the ground-state (even parity) quantum well
subband into the first excited (odd parity) subband [23]. The odd-parity state
has a node at the center of the quantum well, exactly at the ionized impurity
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location. Hence, the electrons heated by the electric field start to occupy the
first excited subband. Within this subband, the electrons suffer much less from
ionized impurity scattering. Consequently, both the differential mobility and the
electron velocity of an on-center δ-doped quantum well are much higher.

2.2.3 Noise in semiconductors

The noise of semiconductor materials can be reviewed from completely different
points of view. At a first glance, noise is an undesirable signal and has to be
reduced in order to improve the operational characteristics of an electronic device.
But with respect to device diagnostics, noise measurement and analysis is a very
powerful tool for reliability and quality studies of semiconductor devices [59, 60,
61, 62, 63, 64, 65]. Noise measurement techniques are well suited for studies of
semiconductor energy structures [66, 67, 68, 69, 70, 71, 72]. In the following, we
will review the most relevant noise types: thermal noise, 1/f noise and generation-
recombination noise.

Thermal noise due to random carrier motion is always present in semicon-
ductors. The spontaneous fluctuations in the voltage across a resistor due to the
Brownian carrier motion are described by a white (random) noise spectrum [24]

SV,noise = 4kBTR, (2.32)

where kB, T , R are Boltzmann’s constant, the absolute temperature and the
resistance of the ohmic sample, respectively. Usually, thermal noise is observed
at high frequencies in terms of a frequency independent plateau. It can be used
for the estimation of: (i) lattice or electron temperature [73]; (ii) the quality of
the heat contact between a film resistance and its substrate [59]. Just thermal
noise of a known resistor is often used for the calibration of a noise measurement
setup.

1/f or flicker noise caused by conductance fluctuations is observed in a variety
of semiconductor materials. The noise is inversely proportional to the frequency
for a very wide frequency range. These fluctuations can originate from: 1) fluc-
tuations in the number of free charge carriers or 2) fluctuations in the mobility.
For the present, there is no definite decision on the appropriate cause for the 1/f
noise. Apparently, both origins of 1/f noise exist [24, 74].

An empirical relation for the characterization of 1/f noise was proposed by
Hooge [75]

SR,noise

R2
=

SV,noise

V 2
=

SI,noise

I2
=

α

fN
(2.33)

where S is the noise spectral density, R, V , I are the sample resistance, applied
voltage and bias current, respectively. f is the frequency, N is the number of
carriers and α is the so-called Hooge parameter. Initially, the Hooge parameter
α was assumed as a constant of about α = 2 × 10−3 [76]. However, further
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experimental studies revealed α being not constant, depending on the quality of
the crystal and the scattering mechanisms determining the mobility [24, 77, 78,
79, 80, 81].

In order to prove 1/f noise being caused by mobility fluctuations, it is rea-
sonable to consider a semiconductor sample with two scattering mechanisms de-
termining the mobility: lattice scattering and impurity scattering. Accordingly,
the (measured) mobility is given by Matthiessen’s rule

1

µmeas

=
1

µlatt

+
1

µimp

. (2.34)

Mobility fluctuations are expressed via

∆

(
1

µmeas

)
= ∆

(
1

µlatt

)
+ ∆

(
1

µimp

)
. (2.35)

Let us suppose the scattering on ionized impurities having no noteworthy
contribution to the noise, i.e. ∆µimp = 0. From Eqs. (2.35) and (2.33) one
concludes

αmeas =

(
µmeas

µlatt

)2

αlatt. (2.36)

From noise measurements of various samples with different doping (thus dif-
ferent contribution of µimp), a straight line can be drawn in a log(αmess) ver-
sus log(µmess) plot. The estimated slope of about 2 in [24] coincides well with
Eq. (2.36).

For intentionally doped quantum wells or doped bulk materials, ionized im-
purity scattering dominates. Accordingly, Eq. (2.36) has to be rewritten as

αmeas =

(
µmeas

µlatt

)2

αlatt +

(
µmeas

µimp

)2

αimp, (2.37)

assuming 〈∆µlatt · ∆µimp〉 = 0. For ionized impurity scattering prevailing over
lattice scattering, the second term of Eq. (2.37) dominates. Then µmess

∼= µimp

and the relation αmess
∼= αimp holds true. The noise characterized by αimp is

proportional to the number of impurity centers, being inversely proportional to
µmess

∼= µimp, i.e.
αmess

∼= αimp ∝ µ−1
imp

∼= µ−1
meas. (2.38)

Accordingly, one can expect a slope of −1 in the log(αmess) vs. log(µmess) plot.
Supposing conductivity fluctuations due to fluctuations in the number of car-

riers, the following situations can be met [24]:
(a) α is proportional to the number of generation-recombination centers cre-

ating the 1/f spectrum and not scattering electrons: αmess
∼= µ0

meas.
(b) α is proportional to the number of centers scattering electrons:

αmeas ∝ µ−1
imp. For µmeas

∼= µimp follows αmeas ∝ µ−1
meas.
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(c) α is proportional to the number of centers scattering electrons, but
µmeas

∼= µlatt: αmeas ∝ µ−k
meas, where k � 1.

All these fluctuations will result in negative slopes in log(α) vs. log(µ) plots.
Generation-recombination noise is caused by conductivity fluctuations due to

random variations in the number of carriers. The number of free carriers may
fluctuate due to generation and recombination processes between the bands and
centers located in the bandgap. For compound semiconductors and heterostruc-
tures with lattice defects being often a problem, this type of noise usually appears
as one or two Lorentzians superimposed on 1/f noise. The noise spectral density
of generation-recombination noise is given by [59]

Sg−r =
∑

i

Bi

1 + (2πfτi)
2 , (2.39)

where Bi is the amplitude and f is the frequency. The characteristic time constant
τi can be expressed in terms of the capture τc and emission τe time constants via

1

τ
=

1

τe

+
1

τc

. (2.40)

The study of generation-recombination noise depending on temperature
proves to be one of the most powerful experimental methods for the investigation
of local levels acting as generation and recombination centers. This method is
known as deep level noise spectroscopy (DLNS). The results obtained with this
technique correlate very well with the findings of the classical deep level transient
spectroscopy (DLTS).

However, the DLNS has some advantages over DLTS: It is well known, that
DLTS fails in case of the Fermi level EF located below the level under investiga-
tion over the entire range of temperatures. Additionally, DLTS detects local levels
with very small cross section (σ < 10−20 cm2) only with difficulties. Furthermore,
the trap parameter estimation can not be done correctly for cross sections de-
pending exponentially on temperature (e.g. multiphonon capture [82]). On the
other hand, the DLNS proves to be a quite effective tool for all the situations
pointed out above.

Usually, the noise data are presented in two different forms (see Fig. 2.14):
(1) The voltage SV,noise or current SI,noise noise spectral density is presented as

a function of the frequency f in a wide temperature range [67, 69, 70, 80, 83, 84,
85, 86, 87, 88]. Then the activation energy can be estimated from the temperature
dependence of the characteristic time constant τ , using the ln(τ) vs. 1/T plot
[or ln(T 2τ) vs. 1/T]. This procedure is advantageous in case of more than one
Lorentzian observed in noise spectra. It allows an adequate interpretation of each
of them.

(2) Fixing the measurement at different (characteristic) frequencies, the volt-
age SV,noise or current SI,noise noise spectral density vs. temperature can be
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Figure 2.14: Two different representations of the noise data.

presented [68, 89, 90]. At some temperature, a peak occurs in the noise density,
shifting to higher temperatures for increasing measurement frequency. The time
constant τ is equal to 1/(2πf). The ln(τ) vs. 1/T [or ln(T 2τ) vs. 1/T ] plot
allows an estimation of the activation energy. According to Carey et al. [90],
there is no general way determining the capture and emission activation energies.
Thus, additional approaches are needed. However, in Ref. [68] the local level
parameters were estimated correctly in case of electron capture cross section σn

depending exponentially on temperature. The developed procedure is applicable
when the Fermi level EF is located significantly below or above the local level
E0. This theory will be used in our studies and is outlined in Appendix A.

2.3 Basic characteristics of Hall devices

Different types of magnetic sensors such as Hall effect devices, magnetodiodes,
magnetotransistors, MAGFETs (magnetic-sensitive field-effect transistors), and
carrier-domain magnetometers [91] have found wide application in research and
industry. These devices are often used for the characterization of semiconductor
[92, 93], ferromagnetic [94] and superconductive materials [14, 95, 96, 97].

In the present work, Hall effect devices of micron-range lateral sizes will be
considered. We define the most important device parameters as the Hall absolute
sensitivity, the Hall supply-current-related sensitivity or magnetic sensitivity, the
Hall supply-voltage-related sensitivity, signal-to-noise sensitivity, cross-sensitivity
and linearity.

A Hall device is an electronic device based on the homonymous effect. Any
electrically conductive plate of length L and width W with four Ohmic contacts
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Figure 2.15: Hall device in the form of a rectangular plate with length L and width
W . C1 and C2 are bias contacts and S1 and S2 are sense contacts. The Hall voltage
is measured between the sense contacts at a magnetic field applied perpendicular to
the Hall plate.

positioned at the boundary of the plate and far away from each other can be
considered as a Hall effect device (see Fig. 2.15). This device is usually biased
via two non-neighboring contacts C1 and C2 and the other two contacts S1 and
S2 are used as sensing contacts. Depending on the biasing condition between
contacts C1 and C2, two device operation modes are defined: device is driven by
a constant voltage or by a constant current.

2.3.1 The Hall effect

When a constant voltage is applied between the contacts C1 and C2, the electric
field E rises along the device length L. As a result, the electric force F collinear
to the electric field E appears. This force causes drift of charge carriers and is
given by

Fe = qE, (2.41)

where q is the charge of carriers. From now on, we restrict our consideration to
n - type conductivity (q = −e, where e is the electron charge). The coordinate
system is chosen according to Fig. 2.16. The electron drift velocity υd is given by

υd = µE, (2.42)

where µ is the electron mobility. The current density j can be defined as

j = qµnE. (2.43)

Let us suppose that electrons move only due to an external electric field and the
velocities of all electrons are the same and equal to the drift velocity given by
Eq. (2.42). The thermal motion of carriers will not be considered.
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Figure 2.16: Schematic representation of the Hall effect. Only n-type conductivity is
considered. E and EH are the external electric field and Hall electric field, respec-
tively. j is the density of current, F the Lorentz force appearing for a magnetic field
B applied perpendicular to the surface of the conductive plate. υd is the drift velocity
of the electrons.

If we apply a magnetic field perpendicular to device length L and device
width W , i.e. in our notation along axis y, then the total force acting on charged
carriers is given by

F = qE + q [υd × B] = qE + qµ [E × B] . (2.44)

The second term describes the magnetic force deflecting the charge carriers to
the upper edge of the strip. As a result, the charge carriers (electrons here) are
collected near the upper edge of the conductive strip. Consequently, the electron
concentration at the lower edge will be negligible small. Due to the violation
of the charge neutrality condition, a compensating electric field EH appears. It
is directed upwards between the lower and the upper edges of the conductive
strip. This field is called the Hall field. Due to this field, the excess charge
carrier concentration decreases at the edge of the strip. Finally, the transversal
electrical force compensates the magnetic force and equation

q [υd × B] + qEH = 0 (2.45)

holds true. Accordingly, the charge carriers move parallel to the x axis. The Hall
electric field can be easily found from the balance equation

EH = − [υd × B] . (2.46)

Using (2.43), (2.46) and (2.42), the Hall electric field can be expressed as

EH =
1

en
[J × B] = −RH [J × B] , (2.47)
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where RH is the so-called Hall coefficient. The sign of the Hall coefficient coincides
with the charge sign of the majority carriers. For electron conduction, RH is
negative:

RH = − 1

en
. (2.48)

To be more accurate, the value RH should be rewritten as

RH = −rH

en
, (2.49)

where rH is the Hall scattering factor depending on the scattering mechanism.
For III-V 2D systems, the Hall scattering factor rH is equal to unity, because the
2DEG is degenerate due to the low 2D density of states in a quantum well.

The Hall electric field results from the transversal Hall voltage between the
edges of the strip

VH =

N∫
M

EHdz. (2.50)

The current flowing across the device of thickness t is given by I = jWt and
the Hall voltage can be expressed via (2.48) and (2.50) as

VH =
RH

t
IBy. (2.51)

In the presence of a magnetic field perpendicular to both width and length of
the device, the total electric field in the sample is Etotal = E + EH . This total
electric field is not collinear to the external electric field E forming some angle
θH with it. This inclination angle of the total electric field with respect to the
external electric field is called the Hall angle and given by

tan(θH) = |EH |/|E|. (2.52)

Then tan(θH) can be written as

tan(θH) = −µBy, (2.53)

where the negative sign of the Hall angle coincides with the sign of the carrier
charge.

2.3.2 The geometrical correction factor

The Hall voltage given by Eq. (2.51) holds true for an infinitely long or point-
contacted device. For finite Hall effect devices being not point-contacted, the
influence of the geometry should be considered by using a geometrical correction
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factor G. This correction factor describes the Hall voltage decrease due to a
non-perfect current confinement and can be defined as

G = VH/V∞, (2.54)

where VH is the Hall voltage of the finite Hall effect device and V∞ the Hall
voltage of the infinitely long or point-contacted device.

Thus, the Hall voltage of a finite Hall effect device is given by

VH = G
RH

t
IBy. (2.55)

We will review here the results of the geometrical correction factor available
in the literature for two geometries: a rectangular Hall bar device and a Greek
cross device with contacts of nonzero length. Both shapes are shown in Fig. 2.17.

The geometrical correction factor for a rectangular Hall bar geometry was
calculated by different authors Lippmann and Kuhrt [98], Versnel [99], Haeusler
[100]. Calculations results for a rectangular Hall plate with point sense contacts
(s → 0) positioned at mid-length of the Hall strip are shown as a function of the
length-to-width ratio (L/W ) for different Hall angles in Fig. 2.18. The geomet-
rical correction factor for a rectangular Hall plate with point sense contacts at
0.85 < L/W < ∞ and 0 ≤ θH ≤ 0.45 can be approximated as [98]

G ∼= 1 − 16

π2
exp

(
− πL

2W

)[
1 − 8

9
exp

(
−πL

W

)](
1 − θ2

H

3

)
. (2.56)

The factor for a short rectangular Hall device with point sense contacts is ap-
proximated by [98]

G ∼= 0.742
L

W

[
1 +

θ2
H

6

(
3.625 − 3.257

L

W

)]
. (2.57)

This equation is most accurate for L/W < 0.35 and θH < 0.45.
The Hall effect device with the Greek cross shape was examined by Versnel

[101]. Using the Schwarz-Cristoffel transformation, the according geometrical
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Figure 2.17: Two different shapes of Hall effect devices: rectangular Hall bar geometry
and Greek cross geometry. Current contacts are denoted as c, sense contacts as s.
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Figure 2.18: The geometrical correction factor of a rectangular Hall effect device with
point sense contacts (s → 0) as a function of length-to-width ratio (L/W ) for different
Hall angles (after Lippmann et al. [98]). The reciprocal value of the geometrical
correction factor for the Greek cross Hall device as a function of λ = h/k [91].

correction factor was calculated. The results are shown in Fig. 2.18. For small
Hall angles θH and k/2h ≤ 0.38, the geometrical correction factor for the Greek
cross shape can be approximated via

G

(
h

k
, θH

)
∼= 1 − 1.045 exp

(
−π

h

k

)
θH

tan (θH)
, (2.58)

where h and k are the length of the boundary of the plate and the length of the
contact, respectively (see Fig. 2.17).

2.3.3 Sensitivity

The sensitivity of the Hall effect device is the most crucial figure of merit of the
sensor. Usually, three types of sensitivities are considered: the absolute sensitivity
SA, the supply-current-related sensitivity or magnetic sensitivity SI (both names
are adequate) and supply-voltage-related sensitivity SV .

The absolute sensitivity of the Hall effect device is defined as

SA =

∣∣∣∣VH

B

∣∣∣∣ , (2.59)

where VH is the Hall voltage and B is the magnetic field applied perpendicular
to both width W and length L directions.

The ratio of the absolute sensitivity to the varied quantity (either voltage or
current) is a relative sensitivity. Thus, the supply-current-related sensitivity is
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defined as

SI =
SA

I
=

∣∣∣∣VH

BI

∣∣∣∣ . (2.60)

Using (2.48) and (2.55), the Eq. (2.60) can be rewritten as

SI =
G

qn2D

, (2.61)

where n2D is the two-dimensional electron concentration. The two-dimensional
electron concentration n2D is given by n2D = n3Dt, where n3D is the three-
dimensional electron concentration and t the thickness of the doped material.

At a given bias current, the sensitivity can be increased by scaling the L/W
ratio up, so that G ≈ 1. Using this criterion, the highest sensitivity is achieved
for as small as possible n2D. However, lightly-doped material is often char-
acterized by high temperature and light sensitivities, high thermal drift and
poor contacts, leading to additional noise. Typical values of the supply-current-
related sensitivity for Hall devices based on a III-V material systems are in the
80 V ·A−1 ·T−1 up to 1200 V ·A−1 ·T−1 range. The largest magnetic sensitivity
of about 3100 V · A−1 · T−1 is measured for n-type Si Hall effect devices with
n2D = 2 × 1011 cm−2 [102].

For a given supply voltage V , the supply-voltage-related sensitivity SV is
defined as

SV =
SA

V
=

∣∣∣∣ VH

BV

∣∣∣∣ . (2.62)

Accordingly, the current density across the device is

j = qn3DµE, (2.63)

where the electric field is given by E = Vx/L. Furthermore,

SV = µG
W

L
. (2.64)

If the electric field is small enough, so that the mobility is approximately constant,
structures with a small L/W ratio are favored, so long as G does not become too
small. For W ≈ L, the correction factor is approximately G ≈ 0.74L/W , so that
SV reaches a value of 0.7µ. At room temperature, values of around 1 T−1 are
reachable.

2.3.4 Signal-to-noise sensitivity

For the application of Hall devices, a parameter being crucial is the signal-to-noise
sensitivity (SNS). We define it as

SNS ≡ SA

V noise

, (2.65)
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where SA is the absolute sensitivity of Hall effect device and V noise is the noise
voltage in a band of frequencies ∆f , given by

V noise =
√

SV,noise(f)∆f. (2.66)

On the other hand, the signal-to-noise sensitivity of a Hall effect device defines
the minimum detectable magnetic field. Thus, the other major figure of merit
of a Hall device is its detection limit. The detection limit of the Hall sensor is
defined as

BDL =

[
SV,noise(f)∆f

S2
A

]1/2

=
1

SNS
. (2.67)

Obviously, the highest possible signal-to-noise sensitivity and the lowest possible
detectable magnetic field, respectively, are determined by the maximum of the
absolute sensitivity and the minimum value of the noise.

Thus, it is necessary to give an affirmative answer to the following question:
How can the absolute sensitivity SA of a Hall device be maximized or which
fundamental physical quantity limits the absolute sensitivity? Thus, we have to
rewrite Eq. (2.59) in terms of other physical quantities. If the current flowing
across the Hall device is

I = jWt = n3DqµEWt, (2.68)

then Eq. (2.55) can be rewritten as

VH = G 1
qn3Dt

jWtB

= G jWB
qn3D

.
(2.69)

Using Eq. (2.63) and defining the carrier velocity v as v = µE, the absolute
sensitivity of the Hall device is

SA = GvW, (2.70)

where v in case of a large electric field is denoted as its saturated value vmax.
Hence, the maximum absolute sensitivity of a Hall device will be obtained on

semiconductor materials with high peak drift velocity.
On the other hand, both the bulk device noise and contact noise will limit the

signal-to-noise sensitivity and detection limit of the Hall sensor. For 1/f noise,
the voltage noise spectral density for a rectangular Hall device across the contacts
measuring the Hall voltage is given by [103]

SV,1/f = αE2(2πn2Df)−1 ln(W/s), (2.71)

where α is the Hooge parameter depending on material quality and electron
scattering mechanisms in the bulk of the device. For a rectangular Hall device
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with W ≈ L, the Hall voltage is VH ≈ 0.7vBW [98]. Then the signal-to-noise
sensitivity in the low frequency range with prevailing 1/f noise is given by

SNS = 0.7vW

E(α ln(W/s))1/2(2πn2Df/∆f)−1/2

= 0.7vW
E

√
2πn2Df/∆f√
α ln(W/s)

= 0.7µW
√

2π
α ln(W/s)

√
n2D

√
f

∆f

, (2.72)

where µ is the chordal mobility (ratio of v to E). Thus, within the frequency
range with prevailing 1/f noise, the SNS increases with higher mobility, larger
device active size (W ≈ L), better material quality resulting in smaller α, and
higher concentration n2D.

At higher frequencies, with prevailing white noise, the signal-to-noise sensi-
tivity for a short rectangular Hall effect device is given by

SNS = 0.7vW

(4kBT∆f)1/2(n2Dqµ)−1/2

= 0.7vW√
4

kBT

q
∆f

√
n2Dµ

. (2.73)

Here, the SNS is proportional to both carrier velocity and device size. Both
higher two-dimensional carrier concentration and mobility also enhance the device
performance.

2.3.5 Cross-sensitivity and non-Linearity

In addition to the above discussed, one also has to consider any undesirable
sensitivity of the Hall effect devices to other environmental parameters like tem-
perature T and pressure P . This is called the cross-sensitivity [91].

For example, Hall devices based on modulation-doped systems or lightly
doped bulk materials exhibit an extremely large absolute Hall sensitivity. On
the other hand, these devices suffer by a high temperature sensitivity, because
of both electron mobility and electron concentration being strongly temperature
dependent. Thus, a device re-calibration is permanently required.

The cross-sensitivity Kcs,j of the Hall device is defined as

Kcs,j =
1

S

∂S

∂P
, (2.74)

where S is the sensitivity of the Hall device (SA, SI or SV ), P the environmental
parameter: temperature T or pressure P , and j denotes the biasing mode: j = I
for constant current and j = V for constant voltage.
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Let us consider the cross-sensitivity of the Hall device to temperature, i.e. its
thermal drift.

Here we suppose that the device is biased by a constant current. Then the
thermal drift of the Hall device is defined by the temperature dependence of the
supply-current-related sensitivity

Kcs,I =
1

SI

∂SI

∂T
. (2.75)

Using Eq. (2.61) and considering a degenerate electron gas with Hall scatter-
ing factor rH = 1, the Hall device thermal drift is defined by the temperature
dependence of the two-dimensional electron concentration n2D via

Kcs,I =
1

n2D

∂n2D

∂T
. (2.76)

On the other hand, the supply-voltage-related sensitivity defines the thermal
drift of a Hall device driven by constant voltage

Kcs,V =
1

SV

∂SV

∂T
. (2.77)

Using Eq. (2.64), the thermal drift of Hall device in this mode is defined by the
temperature dependence of the mobility µ as

Kcs,V =
1

µ

∂µ

∂T
. (2.78)

For magnetic sensor application of Hall devices, the proportionality relation
VH ∼ IB⊥ or VH ∼ V B⊥ must hold true to a high degree of accuracy. Accord-
ingly, the non-linearity is an important figure of merit here. It can be defined as
[91]

Pnon−linearity =
VH(I, B) − VH0

VH0

=
∆VH

VH0

, (2.79)

where VH denotes the measured Hall voltage at bias current I and magnetic
induction B, and VH0 is the best linear fit to the measured values.

If the Hall voltage is given by VH = SIIB, Eq. (2.79) can be written in terms
of the supply-current-related sensitivity SI as

Pnon−linearity =
SI(I, B) − SI0

SI0

=
∆SI

SI0

, (2.80)

where SI0 is the magnetic current-related sensitivity at I � 0 and B � 0

SI0 =
∂2VH

∂B∂I

∣∣∣∣
I=0, B=0

. (2.81)
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Chapter 3

Micro-Hall device fabrication

3.1 Materials, structures and epitaxial growth

The fabrication of high performance micro-Hall devices relies on the following pre-
requisites: availability of advanced semiconductor technology, appropriate semi-
conductor material systems as well as optimized structure and device design.

Subsequently, we will concentrate on the micro-Hall device design assessment,
relying on the most essential III-V material characteristics reviewed in Chapter 2.
Accordingly, the emphasis is set on high sensitivity and low noise, respectively.
Molecular-beam epitaxy proves to be the most appropriate growth technique
for the required semiconductor structures. Within device fabrication, the specific
contact resistivity of the metal-semiconductor barrier turns out as a crucial device
parameter and has to be optimized therefore.

3.1.1 Choice of material and structure design

The choice of an appropriate semiconductor material is the first and most essential
step in device design. The usage of micro-Hall device as efficient magnetic sensors
for isothermal applications requires high sensitivity, low noise and high signal
linearity. Furthermore, measurements at non-constant temperatures demand a
high thermal stability.

The absolute sensitivity of a Hall sensor scales with the electron drift ve-
locity [see Eq. (2.70)]. Hence, high electron drift velocity materials are most
appropriate. InAs, InGaAs, InP and GaAs are verified by simulation [104] as
semiconductors with very high saturation drift velocities.

Due to its impact on electron drift velocity, the doping level affects the device
performance, too. The highest drift velocities are observed for slightly doped ma-
terials [51, 57, 105, 106, 107]. An increased doping level of bulk materials causes
lower electron drift velocity [51] and, accordingly, electron mobility [108]. From a
detailed analysis of the magnetic sensor signal-to-noise sensitivity, a material pos-
sessing a high low-field mobility as well as a huge high-field drift velocity proves
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to be the best choice. On the other hand, due to decreasing 1/f and thermal
noise (see Eqs. (2.72) and (2.73)), a higher doping level contributes positively
to the signal-to-noise sensitivity and results in an excellent thermal stability of
Hall devices in a wide temperature range [109, 110]. Additionally, high quality
low-noise ohmic contacts can be more easily fabricated on highly doped materials
[111].

According to the above consideration, a trade-off decision has to be made
between the doping level, the low-field mobility and the high-field electron drift
velocity.

The precise choice of an appropriate semiconductor heterostructure is the
most essential decision within the micro-Hall device design assessment. The most
contemporary micro-Hall elements are based on III-V semiconductor modulation-
doped heterostructures. In such strucures, both a high absolute sensitivity and a
low noise level can be achieved due to the huge low-field mobility at high barrier
doping levels.

Despite to their advantages, modulation-doped heterostructures exhibit some
deficiencies.

The electric field within the Hall devices, being small enough to probe the
magnetic material microstructure, will normally be quite large. This causes a
decrease in mobility and in supply-voltage-related sensitivity as well as signal-
to-noise sensitivity, accordingly. Additionally, the sheet carrier concentration in
modulation-doped heterostructures often increases with rising electric field. As
a result, the supply-current-related sensitivity diminishes.

At high electric fields, electrons can also be trapped on deep centers located
in the doped barrier region [112]. The associated generation and recombination
processes contribute to the device noise. Furthermore, the trapping/detrapping
effects will change the electron concentration and cause the Hall device instabil-
ity. Besides, the thermal activation/deactivation of carriers from/on deep levels
located in the barrier region results in a thermal instability.

Biasing a micro-Hall device with constant voltage, the voltage-related sen-
sitivity scales with mobility. Thus, the thermal drift is defined by the strong
temperature dependence of the mobility and will be significant.

Due to the high doping level in the thick barriers of modulation-doped het-
erostructures, a strong band bending appears, resulting in an unattended conduc-
tive channel within the barrier. Thus, a parasitic parallel conductivity negatively
contributes to the thermal device stability.

Alternatively, a micro-Hall devices based on the doped-channel heterostruc-
tures are proposed here. These devices exhibit lower mobilities and maximum
electron drift velocities. Consequently, compared to micro-Hall elements on
modulation-doped heterostructures, lower absolute Hall sensitivities are obtained.
This is caused by the strong effect of electron scattering on ionized impurities at
low temperatures and, to lesser degree, at high temperatures. Nevertheless, these
devices are preferred to the above mentioned modulation-doped micro-Hall ele-
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ments because of their excellent thermal stability, low noise level and high signal
linearity.

In this work, the AlGaAs/GaAs doped-channel heterostructure is considered
as a reference or model structure for the further improvement of the absolute Hall
sensitivity and the noise performance, respectively. An increased doped GaAs
quantum well thickness was shown to enhance the low-field mobility approaching
the bulk value for the same doping level [21]. Based on these results, a GaAs
quantum well thickness of 350 Å is used here.

The absolute Hall sensitivity can be improved by an InGaAs layer inserted
into the doped GaAs quantum well due to the following effects: (i) both the lower
effective mass in conduction band and larger intervalley separation between Γ and
L valleys in the InGaAs result in a higher peak drift velocity; (ii) growing InGaAs
on GaAs (with a thickness well below the critical one) introduces additional lattice
strain due to the different lattice constants. This compressive strain enhances
both the low-field mobility and the peak electron drift velocity due to increased
intervalley separation ∆EΓL in InGaAs.

The absolute sensitivity of a micro-Hall device is mainly determined by the
maximum electron drift velocity, only to a smaller degree by the carrier mobility.
Hence, a critical consideration of both doping level and profile in the quantum
well is justified.

A decreased doping level would result in higher mobility and higher peak elec-
tron drift velocity. Two doping profiles can be realized during epitaxial growth:
uniform and/or δ-doping. According to [21], δ-doping results in lower mobilities
than uniform doping. Furthermore, the electron mobility depends strongly on
the δ-spike position within the quantum well. Centering the δ-spike results in the
smallest low-field mobility but highest maximum electron drift velocity compared
to other delta or uniform doping profiles [23].

Additionally, the noise level will be lower due to negligible influence of ionized
impurity scattering and lattice scattering dominating in the 1/f noise [77]. The
lowest mid-frequency noise was estimated for center-δ-doped InGaAs quantum
wells [113]. Due to the spacial separation between the δ-spike and the AlGaAs
layer (using a GaAs subwell), the creation of DX centers at both AlGaAs/GaAs
interfaces is less likely during the epitaxial growth.

Apparently, InAs and InGaAs are the most appropriate candidates for highly
sensitive and low-noise micro-Hall sensors. However, both materials show draw-
backs, too. The deficiencies of InAs are the following: (1) the narrow band gap
limiting high-temperature applications like in internal combustion engine environ-
ments and (2) impact ionization already under moderate electric fields, leading
to catastrophic breakdown. InGaAs has similar drawbacks, although not such
extreme ones.

Most of these ideas were realized by molecular beam epitaxial growth of Al-
GaAs/GaAs/InGaAs heterostructures.
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3.1.2 Gas-source molecular-beam epitaxy

Vacuum requirements for MBE

The epitaxial growth of thin films requires a high enough vacuum in the
UHV (ultra-high vacuum) range within the growth chamber. This requirement is
associated with the main feature of all MBE techniques, being the beam nature
of the mass flow towards the substrate. For pressures being not sufficiently low,
a degradation of the beam nature may occur due to scattering between the beam
molecules and residual gas molecules. As a result, a high quality epitaxial growth
is impossible.

To estimate the admissible pressure of residual gases in the chamber, two
characteristics of the molecular beam have to be considered: (i) the mean free
path of the gas molecules penetrating the vacuum Lb; and (ii) the concentration
of the gas molecules nb [114]. The highest admissible residual gas pressure in the
chamber can be estimated from the following condition: The mean free path of the
molecules in the reactant beam penetrating the environment of the residual gases
has to be larger than the distance l between an effusion cell and the substrate
crystal surface. In modern UHV chambers, l is about 200 mm, i.e. Lb > 200 mm.
Calculations based on the kinetic theory of an ideal gas [115] reveal the maximum
admissible pressure of the residual gases being about p = 7.7 × 10−4 mbar for

1E-12 1E-9 1E-6 1E-3 1E+0 1E+3

Pressure (mbar)

Rotary Vane Pump

Sorption Pump

Turbomolecular Drag Pump

Plasma Turbomolecular 
Pump

Titanium Sublimation Pump

Ion Pump

UHV HV

LV

Figure 3.1: Schematic representation of the different pressure and vacuum ranges:
low vacuum, high vacuum and ultra-high vacuum. The pumps available in our MBE
system and their covered pressure ranges are indicated as horizontal bars.
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the growth of GaAs at a temperature of 1250 K for the Ga effusion cell and a
temperature of 300 K in the UHV chamber [114].

According to Fig. 3.1, this evaluated pressure is within the high vacuum (HV)
range and would preserve the beam nature of the mass transport. However, this
value is by far not good enough for the growth of sufficiently pure epitaxial layers:
At the low growth rates used in MBE techniques (usually in the order of 1 µm/h
or 1 monolayer/s), an unintentional impurity incorporation into a growing film
would be inevitable. Correspondingly, a more accurate numerical calculation
indicates that the MBE growth of very high purity epitaxial layers at low growth
rates should be carried out in an UHV environment at a residual gas pressure
of less than 1.7 × 10−11 mbar in the vacuum reactor [114, 116]. Practically, a
residual gas pressure of 1 × 10−11 mbar can be achieved in a conventional MBE
system [117].

Riber 32-P gas-source molecular-beam epitaxy system
We used an ISA-RIBER 32-P gas-source molecular-beam epitaxy (GSMBE)

system for the growth of 2D heterostructures. Figure 3.2 schematically represents
the main parts of this system: (1) two UHV chambers [the growth chamber (GC)
and an intro chamber (IC)]; (2) the gas line (GL); (3) the pumping systems; (4)
the power supplies and the additional electronic components for precise temper-
ature and pressure controls; (5) the cooling system for the growth chamber; and
(6) a specially designed filtering system.

The effusion cells are arranged on the rear panel of the growth chamber. For
the growth of III-V compounds we used Ga, In and Al solid sources for the group
III elements. The group V elements As and P were obtained from AsH3 and PH3

hydride gas sources, with the gases cracked at temperatures of 830− 850 ◦C. An
additional As cracker cell producing As4 tetramers is fitted on the rear panel.
This type of a low temperature cracker cell is commonly used in solid source
MBE (SSMBE). For n and p-type doping, Si and Be solid sources were used.

The temperatures of the effusion cells are measured by thermocouple sets
and controlled by high-precision PID controllers. The substrate temperature is
measured by a thermocouple and a calibrated infrared optical pyrometer. The
epitaxial growth was performed at substrate rotation being necessary for the
homogeneous growth of thin films without thickness gradients.

For the studies of the growth dynamics on the crystal surface, we used the
reflection high energy electron diffraction (RHEED) technique. A well focused
electron beam generated by an e− gun penetrates into the substrate surface at
low angles (grazing incidence geometry) [119] and is diffracted. The according
RHEED pattern is imaged on a fluorescent screen.

Additionally, the MBE chamber is equipped with a mass spectrum analyzer
(MSA). Using the MSA, the residual gases in the UHV environment can be
identified and their concentrations can be measured.

On the one hand, the intro chamber serves as a lock necessary for substrate
loading without breaking UHV in the growth chamber. On the other hand, it is
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Figure 3.2: The schematic illustration of the ISA-RIBER 32-P gas-source molecular-
beam epitaxy (GSMBE) system (adapted after [118]).

used for a further thermal cleaning of the substrate crystal surface. Therefore,
a heater and an additional sample holder are installed inside the intro chamber.
The heater temperature is controlled by a PID controller.

To provide an UHV inside both chambers, different types of pumps are used:
sorption pump, turbomolecular drag pump, plasma turbomolecular pump, ionic
pumps and titanium sublimation pumps. Figure 3.1 depicts the pressure ranges
covered by these different pumps.

The feed of the AsH3 and PH3 gases to the low pressure cracking cells is
provided by a gas line. The pressure inside the gas line is always kept in the
UHV region.

The MBE growth procedure is completely software-controlled by a computer
program developed in our group [120].
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Epitaxial growth and related processes on the crystal surface
The MBE technique of thin semiconductor layer growth consists of two basic

procedures: the pre-growth preparations and the epitaxial growth. The first
includes the chemical cleaning of the substrate surface, substrate loading into
the intro chamber (IC) with subsequent heating to temperatures in the 200 −
250 ◦C range (depending on substrate type) and further substrate transfer into
the growth chamber (GC).

Now we consider the basic physical phenomena occuring in the GC during
thin film epitaxial growth. The area within the GC can be divided into three
main zones [114]: the generation zone of the molecular beams, vapor elements
mixing zone and the substrate crystallization zone. A schematic illustration is
shown in Fig. 3.3.

Detailed studies of the first zone were conducted in [114]. Comparatively, the
second zone with intersecting molecular beams is studied only sparsely at present.
The third zone is the most prominent for the epitaxial growth. Altogether, five
physical processes have to be considered within this zone [114, 121]:

(1) thermal desorption of the oxide layer at continuous flux flow of group V
elements;

(2) adsorption of atoms or molecules incoming from effusion cells onto the
substrate surface;

(3) migration and dissociation of adsorbed molecules on the substrate surface;

Figure 3.3: Schematic illustration of the growth chamber of a conventional MBE sys-
tem (adapted after [114]).
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(4) incorporation of constituent atoms into the crystal lattice of the substrate
(growth of the first monolayer) or into already grown epilayer;

(5) thermal desorption of atoms being not incorporated into the crystal lattice.

A schematic representation of these processes is given in Fig. 3.4.

The desorption of the oxidized surface at continuous flux flow of group V
elements is a necessary prerequisite for the subsequent high quality epitaxial
growth. This process is usually monitored by RHEED technique. While the
substrate surface is gradually cleaned with increasing substrate temperature, the
corresponding RHEED pattern exhibits streaks with increasing intensity and de-
creasing background scattering. For GaAs crystals, a desorption process is usually
observed at temperatures higher than 580 ◦C. The temperature of desorption was
shown to correlate with the photoluminescence intensity of the grown structure.

In general, two types of adsorption are distinguished: the physical adsorption
(physisorption) and the chemical adsorption (chemisorption) [114]. Physisorption
is due to attractive van der Waals forces. No electron transfer occurs between
the adsorbate and adsorbent. In contrast to physisorption, chemisorption is due
to electron transfer, i.e. a chemical reaction takes place between the adsorbate
and the adsorbent. Experimentally, the crystal growth in MBE was shown to

Figure 3.4: Schematic representation of basic physical processes occurring in the sub-
strate crystallization zone (adapted after [114]).
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proceed through a two-phase condensation process [122]:

Agas � Aphysisorption → Achemisorption, (3.1)

where Agas, Aphysisorption, Achemisorption are gas, physisorption and chemisorption
states, respectively. The physisorption state is less stable than the chemisorption
state [123]. Hence, the physisorbed state may disappear and the atom returns
back to gas state due to desorption process.

The appropriate quantity characterizing the number of oncoming atoms ag-
gregated into the crystal lattice is the sticking coefficient. With the total concen-
tration Ntot of impinging atoms and the concentration Nadh of atoms adhering to
the substrate surface, the sticking coefficient may be defined as

s ≡ Nadh

Ntot

. (3.2)

For all impinging atoms adhering to the substrate surface, the sticking coefficient
is equal to unity. In practice, the sticking coefficient is less than unity and depends
on the growth conditions [124, 125, 126].

Detailed studies of the migration processes at the crystal surface were a nec-
essary precondition for the high quality epitaxial growth of compositional lattice
matched and pseudomorphically strained semiconductor layers. Based on the
obtained results, a modified MBE technology was developed, called migration
enhanced epitaxy (MEE) [127, 128]. Using MEE, high quality low temperature
GaAs epilayers and GaAs/AlAs quantum well structures were successfully grown
[129].

3.1.3 Growth of lattice matched and strained heterostruc-
tures

In practice, three possible crystal growth modes can be realized: (1) islands or
Volmer-Weber growth [131]; (2) layer plus islands or Stranski-Krastanov growth
[132]; and (3) layer-by-layer or Frank - van der Merwe growth [133]. Figure 3.5
schematically depicts the differences between them.

Volmer-Weber growth is usually observed for growing metals on insulators.
This mode is possible for atoms or molecules of the deposited material being more
strongly bound to each other than to the substrate.

Using Stranski-Krastanov growth mode, a growth of self-organized low di-
mensional systems can be realized. After forming one (or a few) monolayer, the
subsequent layer growth is unfavorable and islands are formed on top of this
intermediate layer.

Here, we will focus on the third type of growth, i.e. Frank-van der Merwe
growth, successfully used in our applications.
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Figure 3.5: The three possible epitaxial growth modes: 1) Volmer-Weber or island
growth, 2) Frank-van der Merwe or ideal layer-by-layer growth and 3) Stranski-
Krastanov growth or layer + islands growth.

The main feature of the Frank - van der Merwe growth relies on the stronger
binding of the atoms to the substrate. The first atoms oncoming from the effusion
cells, form a complete monolayer on the crystal surface becoming covered with
a somewhat less tightly bound second layer. The next (third) layer covers the
second layer, providing a monotonous decrease in the binding energy and so
on. Under these conditions, a layer-by-layer or two dimensional growth can be
realized.

Depending on the deposited material lattice constant, generally two systems
created by coherent layer-by-layer epitaxial growth can be distinguished: (i) lat-
tice matched and (ii) pseudomorphically strained systems. A high quality growth
of lattice-matched heterosystems does not face one with difficulties. However, a
high-quality two-dimensional growth of materials with different lattice constants
is quite troublesome.

Let us consider a two-layer system: a strained InGaAs epilayer grown on a
GaAs substrate. Since the lattice constant of the InGaAs is bigger than that of
the GaAs substrate, the InGaAs epilayer will be strained in order to match the
substrate lattice constant. The misfit between layer and substrate results in a
tetragonal compression of the InGaAs layer, i.e. the epilayer lattice is compres-
sively strained in-plane (see Fig. 3.6). This strain is homogeneous and known
as misfit strain [130]. The epitaxial growth at such condition is pseudomorphic.
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Figure 3.6: Schematic representation of InGaAs epilayer under biaxial compression:
(a) pseudomorphic and (b) relaxed with misfit dislocations (adapted after [130]).

However, an increase of the epilayer thickness results in an increase of its homo-
geneous strain energy. At some certain thickness, the homogeneous strain energy
is so large that misfit dislocation nucleation becomes energetically favorable. The
corresponding thickness is known as critical thickness [114]. A relaxed InGaAs
epilayer with misfit dislocation is schematically shown in Fig. 3.6.

The tetragonal compression of the InGaAs lattice leads to corresponding
strains in-plane [(x, y) plane] as well as in the perpendicular direction to the
(x, y) plane, i.e. in the z direction. These two strains are different. The strain in
the (x, y) plane can be characterized by diagonal components εxx and εyy of the
strain tensor [130]

εxx = εyy = −fm(X), (3.3)

where fm(X) is the misfit parameter due to lattice mismatch between substrate
and epilayer, given by

fm (X) =
alayer (X) − asub

asub

. (3.4)

The values of the strain in-plane εxx and εyy are negative for epitaxial layer under
compressive and positive under tensile strain [130], respectively.

The strain in the direction perpendicular to the (x, y) plane, i.e. in the growth
direction, is defined via

εzz =
2C12

C11

fm (X) , (3.5)
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where C12 and C11 are the elastic constants for III-V materials according to [134].

As outlined in Section 3.1.1, the strain positively contributes to both the
electron drift velocity and the low-field mobility and, consequently, to the micro-
Hall device performance. However, strained InGaAs layers can not be grown
infinitely thick due to the critical layer thickness for a given composition.

Different experimental techniques were used for detailed studies of the InGaAs
critical layer thickness: photoluminescence spectroscopy [136, 138, 139, 140, 142,
143], RHEED [141], Raman spectroscopy [144, 145, 146], transport measurements
[142], x-ray diffraction methods [147], transmission electron microscopy [138, 148,
149], etc.

The InGaAs critical thickness was shown to depend on the growth temper-
ature [140]. Thicker InGaAs layers without misfit dislocations can be grown at
low temperatures. Increased growth temperatures cause a lower critical thick-
ness [140]. A summary plot of the InGaAs critical thickness vs. In composition
is presented in Fig. 3.7. Obviously, the critical thickness is low for an increased
In composition and vice versa. Theoretical studies of the critical thickness were
done by Frank and van der Merwe [133] and by Matthews and Blakeslee [135].
The theory of Frank and van der Merwe is based on the principle of energy min-
imization. The theory of Matthews and Blakeslee is known as the force balance
theory. Both theories arrive at the same numerical results for calculated critical
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Figure 3.7: Calculated critical layer thickness of InyGa1−yAs (solid curve), using the
heterogeneous force equilibrium model of Matthews and Blakeslee [135], compared to
experimental data [136, 137, 138, 139, 140, 141].
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thickness, supposing the same values of the dislocation energy [150, 151].
Within the frame of the force balance theory, the critical layer thickness hc is

given by [130]:

hc =
b2 (1 − ν cos2 (β))

8πfm (1 + ν) b cos (β)
ln

ρchc

q
, (3.6)

where b is the Burgers vector and ν the Poisson’s ratio. β is the angle between
the dislocation line and its Burgers vector (β = 600 for the 600 dislocations and
β = 900 for the 900 dislocations), ρc the core energy parameter, q the core cut-
off parameter assumed to be equal to Burgers vector b. Corresponding results of
numerical calculations based on the Matthews and Blakeslee theory are presented
in Fig. 3.7, too.

3.1.4 Details on heterostructures

Using monitoring by the RHEED technique, we optimized the growth of lat-
tice matched and pseudomorphically strained heterostructures. As an exam-
ple, we consider here the optimized growth of a pseudomorphically strained Al-
GaAs/InGaAs/GaAs modulation-doped heterostructure. Other structures were
grown at the same conditions. Figure 3.8 represents the structure used for growth
optimization using the RHEED technique.

(100) GaAs semi-insulating substrate 

200 nm GaAs : buffer layer 

1.5 nm Al0.2Ga0.8As 
1.5 nm GaAs 

300 nm GaAs 

28 nm In0.1Ga0.9As 

7.5 nm Al0.2Ga0.8As : spacer layer 

35 nm Al0.2Ga0.8As : Si, N3D = 2×1018 cm-3 

5 nm GaAs:Si, N3D = 2.5×1018 cm-3 

× 20 
periods 
 

Figure 3.8: Details on AlGaAs/InGaAs/GaAs modulation-doped heterostructure
used as reference structure for growth optimization (sample MD22).

Before growth, the GaAs (001) substrate was thermally cleaned at continu-
ous As beam flux arising from AsH3 hydride gas source at a fixed temperature of
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830◦C. During the thermal cleaning process, the substrate surface was monitored
by RHEED observation. While the substrate surface was gradually cleaned with
increasing substrate temperature, the corresponding RHEED pattern exhibited
streaks with increasing intensity and decreasing background scattering. Control-
ling the substrate temperature by a thermocouple and an infrared pyrometer, the
desorption of the native oxide layer of most GaAs (001) substrates was observed
in the 580◦C− 610◦C temperature range, being in agreement with data reported
in [152, 153]. Usually, the desorption of the oxide layer was monitored in the
[110] azimuth. As an example, Fig. 3.9 presents the observed reconstruction of
the (001) GaAs surface in the [110] azimuth. The RHEED pattern observed
in the [1̄10] azimuth after desorption usually exhibits spots indicating surface
imperfection due to roughness [154].

In order to grow a high quality two-dimensional GaAs, we applied a growth
technique successfully used in layer epitaxy. Depositing only a few monolayers
in the beginning, the substrate roughness can be smoothed [154]. At the epi-
taxial growth start, we always deposited 5 ML of GaAs with subsequent growth
interruption for a 60 s time interval after each deposition. This procedure was
repeated about 20 times and resulted in a smoothed growth front. The surface
quality improvement was always monitored by RHEED in both [110] and [1̄10]
azimuths. A clear evidence was given by the following findings: In the [110]
azimuth, an elongation and sharpening of the diffraction streaks was observed.
In the [1̄10] azimuth, sharp streaks instead of spots were monitored. Depending
on growth conditions, additional streaks in the [1̄10] azimuth were revealed as a
result of different atom’s arrangement on the surface.

The further optimization procedure was dedicated to the trade-off decision
between growth temperature and III/V flux ratio. The surface reconstruction of

Figure 3.9: RHEED pattern observed in the [110] azimuth for (001) GaAs surface
after desorption.



3.1. MATERIALS, STRUCTURES AND EPITAXIAL GROWTH 51

MBE grown layers correlates with the growth temperatures and the flux ratio of
III/V elements, respectively. Observing the RHEED intensity oscillation for the
specular beam in the [110] azimuth, the optimal surface reconstruction can be
found. Detailed studies of both GaAs (001) and AlxGa1−xAs (001) surfaces were
done by different groups [154, 155, 156]. Accordingly, the phase diagram of the
GaAs (001) surface can be divided into five principal regions [155]:

(1) As-rich surfaces with a (2 × 4) or (2 × 1) structure;
(2) a transition range with a (3 × 1) or apparent (1 × 1) structure;
(3) Ga-rich surfaces with a (4 × 1), (4 × 2), (4 × 6) or (3 × 6) structure;
(4) adsorption structures of the type c(4 × 4), (2 × 3) and (1 × 3);
(5) a region with occurring degradation of the surface by Ga droplet formation

and roughening or facetting.
Figure 3.10 depicts the surface phase diagram of GaAs(001) (after Däweritz

and Hey [155]). All transitions between different reconstructions are reversible,
except the one for Ga-rich (4×2) reconstruction [154]. Obviously, the most stable
reconstruction in wide temperature and flux ratio ranges is (2× 4). Accordingly
to Farrell et al. [157] and Däweritz et al. [154], the (2 × 4) reconstruction can
be principally divided into three experimentally observable sub-reconstructions
of the GaAs surface: (2 × 4) − α, (2 × 4) − β and (2 × 4) − γ. The difference
between these types of (2 × 4) surface reconstructions is observed as a change

Figure 3.10: Possible surface reconstructions of GaAs, experimentally observed in
wide substrate temperature range and at different V/III flux ratios after Däweritz
and Hey [155].
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Figure 3.11: Schematic overview of RHEED patterns observed in the [1̄10] azimuth
(after [154]). Different types of (2 × 4) reconstruction can be distinguished due to
changes of the relative intensity. As and Ga atoms are shown as open and full circles.

in the relative intensities of fractional diffraction features within the RHEED
pattern recorded in the [1̄10] azimuth [154, 157]. This is supposed to be due
to different numbers of dimers per unit mesh: The (2 × 4) − α reconstruction
has two dimers per unit mesh corresponding to an As coverage of 0.50 ML and
(2 × 4) − β has three dimers per unit mesh corresponding to an As coverage of
0.75 ML. The (2 × 4) − γ corresponds to an As coverage of 1 ML. The intensity
distribution of the RHEED pattern and a schematic representation of the unit
meshes for the three possible types of the (2 × 4) reconstruction are shown in
Fig. 3.11. Experiments based on RHEED intensity oscillation studies reveal the
(2 × 4) − β phase corresponding to the smoothest and the best ordered surface
structure [154].

Using a growth temperature of Ts = 580◦C and a AsH3 flux of 1.65 sccm,
cracked at 830◦C, we grew the GaAs layers, monitoring the best ordered
GaAs(001) (2×4)−β surface. During the epitaxial growth of the GaAs(001) sur-
face, RHEED patterns were recorded during substrate rotation by a camcorder.
The shutter of the Ga effusion cell was kept open during the record. Corre-
sponding still-images in the [110] [image (a)] and [1̄10] [image (b)] azimuths were
extracted from the video stream. They are shown in Fig 3.12. Obviously, the
observed surface reconstruction is (2 × 4) − β.

After the growth of a 2000 Å GaAs buffer layer, a short period
15 Å Al0.2Ga0.8As/15 Å GaAs superlattice was grown at the same substrate tem-
perature. Due to the short period superlattice, dislocations proceeding from the
GaAs substrate can be suppressed. Subsequently, 3000 Å of GaAs were grown,
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Figure 3.12: RHEED patterns of the GaAs(001) surface for [110] [image (a)] and [1̄10]
[image (b)] azimuths, revealing the (2 × 4) − β reconstruction. The shutters of both
the Ga cell and the hydride gas source were opened. Image (c) corresponds to the
end of 280 Å of In0.1Ga0.9As layer growth. The observed reconstruction was (1 × 1)
with a growth temperature of Ts = 565◦C . Image (d) exhibits the RHEED pattern
of the AlGaAs:Si layer, recorded in the [110] azimuth and grown after the AlGaAs
spacer layer. The substrate temperature during the AlGaAs growth was Ts = 610◦C.

using a substrate temperature ramping down to Ts = 565◦C during the growth
of the last 425 Å of GaAs. This temperature ramp is necessary for high qual-
ity growth of pseudomorphically strained InGaAs quantum wells. The InGaAs
layer growth was always monitored by RHEED observation. As an example, we
present in Fig. 3.12 [image (c)] the RHEED pattern at the end of the growth of
a 280 Å of In0.1Ga0.9As layer. It reveals fully two-dimensional growth even for
such a thick InGaAs layer. The observed surface reconstruction of the InGaAs
layer was (1 × 1).

After a growth interruption of 30 s at a continued AsH3 gas flux of 1.85 sccm,
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the InGaAs layer was capped by a 75 Å AlGaAs spacer layer. On top of this, a
350 Å AlGaAs:Si barrier layer was grown at a temperature of 610◦C. We found
the doping efficiency of AlGaAs layers grown at higher substrate temperatures
being considerably higher than at temperatures less than 600◦C. The correspond-
ing RHEED pattern recorded during AlGaAs:Si growth in the [110] azimuth is
shown in Fig. 3.12, image (d). Obviously, this diffraction pattern is more diffuse
compared to the ones taken during GaAs layer growth. It indicates a higher
disorder degree and roughness for the epitaxial growth of AlGaAs compared to
GaAs.

The structural and electronic parameters of AlGaAs/GaAs/InGaAs doped-
channel heterostructures that were grown using same recipes are represented
by Table 3.1. Details on the other AlGaAs/InGaAs/GaAs modulation-doped
heterostructures studied in this work can be found in Table 3.2.

DC8 DC9 DC13
GaAs d (nm) 7.5 7.5 7.5

(cap layer) ND (1018 cm−3) 2.0 2.0 2.0
AlxGa1−xAs d (nm) 35 35 35

(undoped barrier) x 0.30 0.30 0.30
GaAs d (nm) 17.5 10.3 16

(quantum well) ND (1018 cm−3) 2.0 2.0 2.0
Si-δ-doped InyGa1−yAs:Si d (nm) 144 30

(quantum well) y 0.20 0.30
n2D (1012 cm−2) 0.58 0.21

GaAs d (nm) 17.5 10.3 16
(quantum well) ND (1018 cm−3) 2.0 2.0 2.0

AlxGa1−xAs d (nm) 35 35 35
(undoped barrier) x 0.30 0.30 0.30

GaAs d (nm) 10 10 10
NA (1018 cm−3) 1.5 1.5 1.5

GaAs d (nm) 200 200 200
(buffer layer)

Hall
measurements ns (1012 cm−2) 1.3 1.3 1.5
at T = 300 K µe (cm2/(Vs)) 1651 2193 2046

Table 3.1: Structural and electronic parameters of pseudomorphi-
cally strained AlGaAs/GaAs/InGaAs doped-channel heterostruc-
tures studied in this work.
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MD1 MD2 MD3 MD4 MD5 MD6 MD28 MD11 MD22 MD98
GaAs d (nm) 5 5 5 5 5 5 5 5 5 5

(cap layer) ND (1018 cm−3) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
AlxGa1−xAs d (nm) 35 35 35 35 35 35 35 35 35 35

(supply layer) x 0.20 0.20 0.20 0.15 0.15 0.15 0.20 0.20 0.20 0.20
ND (1018 cm−3) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

AlxGa1−xAs d (nm) 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5
(spacer layer) x 0.20 0.20 0.20 0.15 0.15 0.15 0.20 0.20 0.20 0.20
InyGa1−yAs d (nm) 20 15 10 20 13 10 15 25 28 80

(quantum well) y 0.09 0.10 0.10 0.15 0.15 0.15 0.10 0.09 0.10 0.08
GaAs d (nm) 300 300 300 300 300 300 300 300 300 300

GaAs/AlGaAs dGaAs (nm) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
(10 periods dAlGaAs (nm) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
superlattice) x 0.20 0.20 0.20 0.15 0.15 0.15 0.20 0.20 0.20 0.20

GaAs d (nm) 200 200 200 200 200 200 200 200 200 200
GaAs substrate d (µm) 500 500 500 500 500 500 500 500 500 500

Hall
measurements ns (1012 cm−2) 0.99 1.03 1.28 0.93 0.93 0.89 0.96 2.71 2.46 2.81
at T = 300 K µe (cm2/(Vs)) 6900 6600 6100 5300 6900 6700 6800 4410 4110 3580

Table 3.2: Structural and electronic parameters of pseudomor-
phically strained AlGaAs/InGaAs/GaAs modulation-doped het-
erostructures studied in this work.
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3.2 X-ray characterization of thin heterostruc-

tures

Commonly, the structural parameters of grown epilayers like thickness and com-
position are controllable to a high degree of accuracy in MBE technique. However,
additional structural studies by high resolution x-ray diffractometry (HRXRD)
are often necessary. Since the HRXRD method is nondestructive and exhibits
a high strain sensitivity of about 10−7, it can be successfully used not only for
an accurate estimation of both the layer thicknesses and the ternary compound
compositions, but also for a precise determination of the other essential char-
acteristics of the crystal lattice like misfit strain, lattice relaxation, dislocation
content, etc. As discussed in Section 3.1.1, the tetragonal strain positively con-
tributes to the micro-Hall sensor performance and the presence of any lattice
defect will result in sensor parameter degradation. Therefore, we have applied
the HRXRD technique as an appropriate post-growth characterization method
for our structures.

3.2.1 Double crystal x-ray diffractometer

The measurements of x-ray rocking curves for the symmetrical (004) reflection
were performed on a commercial double crystal Bede QC1a diffractometer. A
schematic illustration of a standard high resolution double crystal x-ray diffrac-
tometer is presented in Fig. 3.13. The measurement configuration consists of
the following main parts: the x-ray source with a copper target, the collimator,
a reference crystal (we used a GaAs (001) oriented crystal), the sample under
investigation and the detector.

For a given x-ray wavelength λ being comparable to the interatomic distances
in the crystal (we are using Cu−Kα1 radiation with λ = 1.5406 Å), a constructive
interference of x-ray scattered rays from atomic planes appears for the Bragg
condition satisfied

nλ = 2d sin (θB) , (3.7)

where d is the spacing between neighboring atomic planes, θB the Bragg angle
for diffraction and n an integer referring to the number of the diffraction order
(Fig. 3.13). The Bragg angle θB depends on the experiment geometry. For
example, for a symmetric geometry, i.e. for (004) reflection, θB = 33.0240 holds
true. θB = 41.8730 results for the asymmetric geometry in (224) reflection.

The double crystal x-ray diffractometer working principle relies on the com-
parison of the lattice constants between the epilayer and the reference crystal.
For the (004) symmetric reflection, the maximum intensity of the diffracted x-
ray beams will be observed when the lattice hkl planes of the reference crystal
are parallel to the h̄k̄̄l planes of studied sample. Within this geometry, measure-
ments of both the lattice constant and the real strain in growth direction z can
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Figure 3.13: Schematic representation of a high resolution double crystal x-ray diffrac-
tometer. The Bragg condition necessary for the observation of the maximum of
diffracted intensity is illustrated in the insert (see Eq. 3.7).

be performed. Usually, measurements in symmetric (004) reflection are effectual
in order to characterize a lattice matched system. However, additional asym-
metric measurements are necessary for the characterization of epitaxial systems
consisting of layers with different lattice constants. Using the asymmetric geom-
etry for (224) or (113) reflections, one can measure the strain in the (x, y) plane.
Furthermore, the layer state can also be examined: one can estimate if the layer
is pseudomorphically strained, partially relaxed or fully relaxed.

3.2.2 X-ray rocking curves: (004) reflection

To characterize the grown heterostructures, we measured x-ray rocking curves
in symmetric (004) reflection. A typical result is shown in Fig. 3.14 for sam-
ple MD11.

Two main peaks are well resolved. The intense and narrow peak located at
0 arcsec corresponds to the GaAs substrate. The other peak on the left side of
the GaAs substrate peak at −1420 arcsec is caused by diffraction of the x-ray
beam on the InGaAs layer. Since the InGaAs lattice constant is larger than that
of GaAs, the InGaAs peak will be always observed at smaller Bragg angles than
for GaAs. A rough estimate of the In content of the InyGa1−yAs layer can be
made by measuring the peak separation ∆θ. The experimental x-ray mismatch
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Figure 3.14: X-ray measured (solid line) and best-fit simulated (dotted line) rocking
curve. The layer sequence and thicknesses are the same as for the heterostructure
shown in Fig. 3.8, except for InGaAs layer thickness. The best fit corresponds to an
InyGa1−xAs layer thickness of 253 Å ± 5 Å and a composition of y = 0.09 ± 0.005.

is given by

f ∗
m =

∆d

d
= − ∆θ

tan (θ)
= fm

(
1 + ν

1 − ν

)
, (3.8)

where fm is the true mismatch due to lattice constants difference given by
Eq. (3.4), ν the Poisson ratio and d the interplanar spacing normal to the sub-
strate. Assuming ν ∼ 1/3 as for III-V materials, the real mismatch can be
estimated as fm = f ∗

m/2. For a peak separation of about 1458 arcsec, a Bragg
angle of θB = 33.0240 and x-ray CuKα1 radiation, the real mismatch fm is about
5440 ppm. Assuming the lattice constant of InGaAs ternary compound comply-
ing to Vegard’s law [158], In composition can be easily evaluated. We estimate
In composition of about 8.5 %.

The intensity distribution between different peaks in the rocking curve de-
pends on the layer thicknesses [158]. The peak intensity increases with cor-
responding larger layer thickness. On the other hand, the peak intensity also
depends on the layer quality. Thereby, an epilayer with dislocations exhibits a
broadened peak of lowered intensity. For an epitaxial layer thickness evaluation,
one has to measure the integral peak intensity, i.e. the area under the peak.

Measuring the angular distance within the periodic oscillation vicinal to the
layer peak, the epilayer thickness can be estimated. Supposing ∆θj as the angular



3.2. X-RAY CHARACTERIZATION OF THIN HETEROSTRUCTURES 59

distance between these oscillations and using simple relations between the inci-
dent x-ray beam wavelength λ, ∆θj and the Bragg angle θB, the layer thickness
is given by

t =
λ

2∆θj cos(θB)
. (3.9)

The oscillation period ∆θ1 = 266 arcsec as measured from the rocking curve (see
notation in Fig. 3.14) reveals a thickness of about 713 Å for the whole layer
package, beginning from the highly strained InGaAs layer [159].

The oscillations with the smallest period ∆θ3 are resolved due to the buffer
GaAs layer grown on the AlGaAs/GaAs superlattice. The oscillation period ∆θ2

amounts about 762 arcsec and corresponds to the finite InGaAs layer thickness
of about 248 Å.

Using numerical calculations based on dynamical diffraction theory, precise es-
timates of both layer thicknesses and compositions for ternary compounds can be
performed. Solving the Takagi-Taupin second-order nonlinear differential equa-
tions [160, 161] by numerical means like the Runge-Kutta method [162] or the
recurrence formalism [163], an accurate fit to the measured rocking curve can
be done. We used the commercial software package RADS/MERCURY from
Bede Scientific Instruments Ltd. for simulation purposes. Results are shown in
Fig. 3.14 for σ-polarization according to the experimental conditions. Obviously,
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Figure 3.15: Measured (solid line) and simulated (dotted line) x-ray rocking curves
for a strained AlGaAs/InGaAs/GaAs heterostructure. A thickness of 80 ± 5 Å is
estimated for the In0.08Ga0.92As strained layer.
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the simulated rocking curve is well fitted to the experimental data. The data set
contained an In composition of y = 0.09 ± 0.005 and 253 Å ± 5 Å thickness.

Figure 3.15 exhibits a x-ray rocking curve measured on a similar heterostruc-
ture, but containing a much thinner strained InGaAs layer. Left from GaAs
substrate peak, no pronounced peak is observed. Instead, we see periodical oscil-
lations with a period of about 367 arcsec. Accordingly, a total thickness of about
515 Å can be estimated. These oscillations are due to interference effects of the
whole layer package, beginning from InGaAs. Using the numerical simulations,
a In composition of y = 0.08 and a layer thickness of d = 80 Å were estimated.

3.3 From heterostructures to devices

The micro-Hall device fabrication of different sizes and geometries (see Fig. 3.16)
with high symmetry on MBE-grown heterostructures requires further device tech-
nology treatment: (i) lateral structuring by optical or electron beam lithography
and (ii) metallization and contacting.

Figure 3.16: Secondary electron images (SEI) of micro-Hall devices with different sizes
[164]: 20 µm [image (a)] and 10 µm [image (b)] square size, fabricated by standard
optical lithography. Measurements of the contact resistance were performed on the
patterned structure [image (c)] using transmission-line model.

The aim of the metallization step is creation of the low noise Ohmic contacts.
As a matter of fact, just the contact preparation appears as a crucial technology
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step. A poor contact performance significantly degrades the micro-Hall device
noise properties and, respectively, signal-to-noise sensitivity and detection limit.

Here we concentrate on optimization of the contact resistance. Thus, the
low-noise Ohmic contacts can be realized. Those contacts do not affect the I-V
characteristics of the material under test or, in other words, the voltage drop
across the contacts is negligible small compared to the voltage drop across the
active device area [165].

3.3.1 Metal-semiconductor system

A wide variety of the different metal-semiconductor systems was reported
in the literature [166, 167, 168, 169, 170, 171]. In our studies, we re-
strict our consideration to Au/Ge/Ni metal films in contact with n-type
GaAs/AlGaAs/GaAs/InGaAs and GaAs/AlGaAs/InGaAs/GaAs heterostruc-
tures.

Standard optical photolithography was used for the lateral structuring of
Greek cross micro-Hall sensors with different sizes [172]. Depositing Au/Ge/Ni
metal films on the semiconductor surface, the contacts were defined. Figure 3.16
demonstrates two different sizes of Greek cross micro-Hall devices. Addition-
ally, it shows the transmission-line model (TLM) structure successfully used for
contact resistance measurements.

For a metal in contact with a n-type semiconductor, the energy diagram at
applied voltage V is shown in Fig. 3.17. Electron transport across the metal-
semiconductor interface is affordable by two processes: (i) thermionic emission
(TE) of electrons over the barrier and (ii) tunnel effects of electrons through
the barrier [173]. On their part, the tunnel effects can be subdivided into field

Figure 3.17: Schematic presentation of the energy band diagram of a metal-
semiconductor interface at forward bias. EF

c is the Fermi level of the semiconductor
shifted with respect to the metal Fermi level by the applied voltage V (after [173]).



62 CHAPTER 3. MICRO-HALL DEVICE FABRICATION

emission (FE) and thermionic field emission (TFE), respectively. The field emis-
sion (FE) takes place at an energy near the Fermi level, whereas thermionic field
emission (TFE) appears as a thermally assisted tunnel process above the Fermi
level.

The key parameter of the Ohmic contact is the specific contact resistance ρc,
also known as the specific contact resistivity or contact resistivity. This value
characterizes the transport properties across the metal-semiconductor barrier.
Obviously, the specific contact resistivity has to be minimized for high quality
Ohmic contacts. The specific contact resistivity defined in [173] is

ρc =

[
∂j

∂V

]−1

V =0

. (3.10)

The current density for a thermionic emission (TE) process is given via [174]

jTE = AT 2 exp

[−q (φB0 − ∆φ)

kBT

] [
exp

(
qV

kBT

)
− 1

]
, (3.11)

where T is the absolute temperature, q the electrical charge, kB the Boltzman’s
constant and V the bias voltage. φB = φB0 − ∆φ denotes the effective potential
barrier height for a thermally excited electron flux (see Fig. 3.17). A is the
so-called Richardson constant

A =
4πqk2

Bm∗

h3
, (3.12)

where h is the Planck’s constant and m∗ the effective mass of charge carriers.
The current density for field emission (FE) and thermionic field emission

(TFE) is

jFE, TFE =

φB0−∆φ∫
0

P (E)N (E) dE, (3.13)

where P (E) is the transmission probability. For a uniformly doped semicon-
ductor with the simple parabolic band-bending, an analytical solution for the
transmission probability is given by

P (E) = exp

[−Eby (α)

E00

]
, (3.14)

where
Eb = q (φB − V − Vn) (3.15)

and

y (α) = y

(
E

Eb

)
=

√
1 − E

Eb

− Ln

⎛
⎝1 +

√
1 − E

Eb√
E
Eb

⎞
⎠ . (3.16)
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The parameter E00 is mainly determined by the band-bending at the metal-
semiconductor interface according to

E00 =
qh

4π

√
ND

mrε
, (3.17)

where mr is the tunneling effective mass, ND the impurity concentration and ε
the static dielectric constant.

If kBT ∼ E00, then the thermionic field emission (TFE) dominates [173].
Then the specific contact resistivity at conditions fixed by Padovani [175] can be
expressed as

ρc, TFE =
[

kBT
qAT 2

] [
kBT cosh

(
E00

kBT

)]

×
√

coth
(

E00
kBT

)
π(φB−Vn)E00

exp

[
φB−Vn

E00 coth
(

E00
kBT

) + Vn

kBT

] . (3.18)

On the other hand, for kBT  E00 and therefore dominating field emission
(FE), the specific contact resistivity is given by

ρc =

⎡
⎣AT 2πq exp

(
−φB/E00

)
kBT sin (πc1kBT )

−
AT 2c1q exp

(
−φB/E00

+ c1Vn

)
(c1kBT )2

⎤
⎦
−1

, (3.19)

where c1 is mainly a function of E00, φB and Vn [173].
For kBT � E00, thermionic emission (TE) dominates. Accordingly, the spe-

cific contact resistivity is defined by

ρc =
kBT

qAT 2
exp

(
φB

kBT

)
. (3.20)

3.3.2 Optimization of contact resistance

We have optimized the contact resistance by thermal annealing, probing the
320◦C to 450◦C temperature range. The alloying temperature was controlled
by a thermocouple set. The oven was calibrated prior to annealing, using the
melting points of different materials like In, Sn, Zn and Au:Ge(12 %).

Transport-relevant parameters of the whole metal-semiconductor system like
contact resistance Rc, specific contact resistivity ρc, sheet resistance Rs of the
semiconductor material below the contact and sheet resistance rs of the bulk ma-
terial between the contacts can be extracted from the application of the trans-
mission line model (TLM) to electrical measurements.

The TLM pattern consists of a planar contact sequence of the length L and
the width W , separated by sequentially spacing li of 2, 3, 4, 5, 6, 8 and 10 µm
width. An according structure is shown in Fig. 3.16, image (c).
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Figure 3.18: A transmission line model: possible scenarios of diffusion of metal into
semiconductor epilayer; equivalent circuit of transmission-line model used for calcu-
lations of contact resistance Rc, specific contact resistance ρc, and sheet resistance of
semiconductor material between contacts rs and below the planar contact Rs (after
[176]).

At constant supply current I, the voltage drop V between neighboring con-
tacts, separated by spacing li, can be measured. Then the total resistance
R = V /I contains two terms:

R = 2Rc + rs
li
W

. (3.21)

Knowing the geometrical sizes of the planar metal contacts, both the contact
resistance Rc and the bulk sheet resistance rs can be directly extracted from
a plot of total resistance R vs. spacing li. However, the contact resistance
alone does not give complete information about the metal-semiconductor barrier
properties. Additional necessary information is provided by measurements of the
specific contact resistivity ρc being possible also in the frame of transmission line
model. Therefore, a short review of the main TLM aspects is necessary.

Since any metal does not completely, but only partially, diffuse into a semicon-
ductor material during thermal annealing (see Fig. 3.18), the current is assumed
to flow vertically from the metal to the semiconductor and then bend over to a
nearly horizontal direction, before entering the bulk region [176]. The character-
istic distance for the vertical flow along the metal is called transfer length lT (see
designation in Fig. 3.18).

In order to calculate the specific contact resistivity ρc, the metal-
semiconductor system can be considered as a distributed resistance circuit [176]
(see Fig. 3.18), with a current I flowing from the right to the left side. Assuming
a small enough layer thickness d, the current density varies not significantly over
the cross section Wd. Thus, in the region 0 ≤ x ≤ L, the circuit can be described
by the following differential equations [176]:

dV (x) = −Rs

W
I(x)dx (3.22)

and

dI(x) =
W

ρc

[Vc − V (x)] dx, (3.23)
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where Vc is negative for a given current flow.
Assuming no current flowing at the end of the contacts (i.e. I(lc) = 0) and

solving both coupled equations (3.22) and (3.23), the contact resistance Rc is
expressed via

Rc =

√
Rsρc

W
coth (kL) , (3.24)

where k is denoted as k ≡
√

Rs

ρc
. Assuming the semiconductor material resistance

under the contact being approximately the same as the sheet resistance between
the contacts (Rs ≈ rs) and setting the condition kL ≥ 2 of electrically long
contacts, Eq. (3.24) can be approximated by

ρc ≈ W 2R2
c

Rs

. (3.25)

This approximation is widely used in practice. Actually, the assumption Rs ≈ rs

is not really valid. In order to overcome this obstacle, Reeves and Harrison
[177] proposed the additional measurement of the so-called end resistance. This
proposal was improved later [178, 179, 180, 181]. For electrically long contacts
and Rs ≈ rs, the transfer length is given by

lT =
WRc

Rs

=

√
ρc

Rs

. (3.26)
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Figure 3.19: Measured total resistance R given by Eq. (3.21) vs. spacing li between
planar contacts of length L and width W . The intersection of a linear fit with re-
sistance axis reveals twice the value of contact resistance, i.e. 2Rc. The slope is
determined by the ratio of the sheet resistance of semiconductor material between
contacts to the contact width (rs/W ).
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Measurement results of the total resistance R vs. spacing li dependency are
shown in Fig. 3.19 for sample DC9 based on a Al0.3Ga0.7As/GaAs/In0.2Ga0.8As
heterostructure. The sample was biased with a constant current of 10 µA. Cor-
responding to Eq. (3.21), the total resistance depends linearly on the spacing
between the planar contacts. Using a linear fit, the contact resistance was es-
timated as 14.9 Ω. The normalized contact resistance for the planar contact of
20 µm width amounted about 0.3 Ω × mm. Other parameters estimated by the
TLM method are shown in Table 3.3.

In order to minimize the specific contact resistivity, we carried out additional
studies of the annealing procedure, varying both the annealing temperature and
time. Using the TLM model, the measurements of the specific contact resistivity
were performed after each annealing procedure. Figure 3.20 shows appropriate
results on sample DC9, being representative for all investigated structures. Ap-
parently, the specific contact resistivity exhibits no changes within the 350◦C to
410◦C temperature range, regardless of varied annealing temperature and time.
However, an appreciable decrease was found for increasing temperature within
the 410◦C to 450◦C range. Similar dependencies of the specific contact resistiv-
ity vs. annealing temperatures were also observed for Au/Ge/Ni metal films in
contact to n-type bulk GaAs [182, 183, 184, 185, 186], exhibiting a U-shape.

In order to explain the observed specific contact resistivity vs. annealing
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Figure 3.20: Specific contact resistivity ρc vs. annealing temperature and time
for Au/Ge/Ni metals in contact with a n-doped GaAs cap layer on top of a
Al0.3Ga0.7As/GaAs/In0.2Ga0.8As heterostructure. The indicated line serves as a
guide to the eye only.
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Sample Parameter Symbol Value

contact resistance Rc 7.13 Ω
DC8 normalized contact resistance rc 0.14 Ω × mm

bulk material sheet resistance rs 5.5 × 103 Ω
specific contact resistivity ρc 2.9 × 10−6 Ω × cm2

contact resistance Rc 14.9 Ω
DC9 normalized contact resistance rc 0.3 Ω × mm

bulk material sheet resistance rs 3.18 × 103 Ω
specific contact resistivity ρc 8.8 × 10−5 Ω × cm2

contact resistance Rc 13.6 Ω
DC13 normalized contact resistance rc 0.27 Ω × mm

bulk material sheet resistance rs 3.66 × 103 Ω
specific contact resistivity ρc 5.9 × 10−6 Ω × cm2

Table 3.3: Measured parameters of a metal-semiconductor system using the transmis-
sion line model (TLM). Measurements were performed at 300 K and a bias current
of 10 µA.

temperature behavior, detailed studies by x-ray diffraction, Auger electron spec-
troscopy (AES) and x-ray photoelectron spectroscopy (XPS) were performed:
Starting the annealing process, Ni and Ge layers interdiffuse and form Ni3Ge
compounds. Then the Ga and As atoms diffuse out of the GaAs cap layer and
form compounds with Au, Ni and Ge atoms [183]. As a result of the interdif-
fusion processes at the metal-semiconductor interface, β-AuGa and NiAs(Ge)
phases are formed. Past to the formation of NiAs(Ge) phases, Ge atoms dif-
fuse into the GaAs cap layer and occupy free Ga vacancies. Just the formation
of β-AuGa and NiAs(Ge) phases with further diffusion of the Ge atoms into
the semiconductor has drastic influence on the specific resistivity decrease [187].
As a result, the depletion region at the metal-semiconductor interface becomes
narrower, allowing the tunneling of electrons through the barrier [188, 189].

3.4 Conclusions

Using gas-source molecular-beam epitaxy (GSMBE) accompanied
by structural studies like reflection high energy electron diffrac-
tion (RHEED) and x-ray measurements, pseudomorphically strained
modulation-doped AlxGa1−xAs/InyGa1−yAs/GaAs and doped-channel
AlxGa1−xAs/GaAs/InyGa1−yAs heterostructures were grown. Just the
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AlxGa1−xAs/InyGa1−yAs/GaAs modulation-doped system was used as the
most appropriate reference structure for a projected growth optimization. The
used optical (photoluminescence and Raman spectroscopy), transport and noise
techniques are most informative and sensitive to the growth conditions just
in this system. The results discussed in the following were applicable for an
optimized growth of the doped-channel heterostructures, too.

Based on the found growth recipe, relatively thick and dislocation-free
InyGa1−yAs layers of 280 Å, 144 Å and 30 Å could be grown successfully at
an In content of 10 %, 20 % and 30 %, respectively.

Fitting simulated x-ray rocking curves in (004) symmetrical reflection to mea-
sured ones, the layer thicknesses, compositions and strain in the growth direction
were estimated. These results were in good agreement with the data based on
growth rate calibrations of the elemental sources in our GSMBE system.

Micro-Hall devices of different geometries (Hall and Greek cross) and square
sizes (20 µm, 10 µm and 5 µm for the Greek cross geometry) were realized by
standard optical photolithography with subsequent Au/Ge/Ni contact metalliza-
tion [172] and thermal annealing. Investigating the effect of different annealing
conditions, the specific contact resistivity of the metal-semiconductor barrier was
optimized.

The measurements of specific contact resistivity ρc, contact resistance Rc, and
sheet resistances of the semiconductor material below the contact Rs and between
the contacts rs were performed in the frame of the transmission-line model. For
our heterosystem in contact to the metal, the specific contact resistivity exhibits
a drastic dependence on the annealing temperature and the time at tempera-
tures higher than 4050C. Being similar to the U-shape specific contact resistivity
dependence for Au/Ge/Ni metal films in contact to n-type GaAs, we conclude
about the same diffusion mechanisms for our material system.



Chapter 4

Optical spectroscopy of 2D
heterostructures

Optical methods like photoluminescence (PL) spectroscopy [190, 191, 192, 193,
194, 195, 196] and Raman scattering [146, 197, 198, 199] are mostly used as post-
growth techniques for the characterization of thin epitaxial layer and heteroin-
terface quality. Additionally to their high sensitivity and information content,
they are non-destructive and usually require no additional sample preparation.
Due to the interaction between solid state and photons, fundamental properties
of both the phonon and the whole carrier subsystems can be studied.

Optical studies of strained AlGaAs/InGaAs/GaAs or AlGaAs/GaAs/InGaAs
heterostructures have to be considered as a necessary prerequisite of the micro-
Hall device fabrication, too.

Below its critical thickness, an InGaAs layer is purely pseudomorphically
strained and free of misfit dislocations. Typically, the corresponding PL spectrum
of an undoped QW is characterized by a strong narrow excitonic line, reflecting
a high material and interface quality [200]. But within modulation-doped QWs,
the PL spectrum is broadened due to the screening of the excitonic effect by the
high-density electron gas and, especially, through disorder in the QW, resulting
in a possible recombination of electrons with k �= 0.

Here, both PL spectroscopy and Raman scattering are used as optical di-
agnostic tools characterizing the grown pseudomorphic modulation-doped Al-
GaAs/InGaAs/GaAs heterostructures. For layers being thinner than the critical
thickness, the degree of disorder is shown to decrease with increasing InGaAs
layer thickness. This disorder is ascribed to In content fluctuations and interface
roughness.

Due to In content fluctuations, the potential for both valence and conduction
bands will fluctuate, too. Consequently, conduction electrons scatter on these
potential imperfections. This scattering process is more effective for a low sheet
electron density within the conductive channel (electron subband only partially
filled by carriers) and less effective in case of a completely filled band. Fur-
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thermore, it will cause local mobility fluctuations and an accordingly higher 1/f
noise [24]. Altogether this will result in a poor noise performance of a micro-Hall
sensor.

4.1 PL measurement technique

A schematic representation of the experimental setup for measurements of contin-
uous wave (cw) photoluminescence is given in Fig. 4.1. It consists of three basic
parts: (i) optical system (including laser source, monochromator and detector);
(ii) signal-processing electrical circuitry; (iii) computer-assisted data acquisition
and experiment control via standard GPIB (IEEE-488.2) interface.

A cw Ar+ laser emitting at 514.5-nm was used as the excitation source. Ex-
citation densities ranging from 50 mW/cm2 to 20 W/cm2 could be realized by
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Figure 4.1: Photoluminescence measurement setup (adapted after [201]).
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various neutral-density filters. The laser radiation was modulated by a mechan-
ical chopper in the 40 Hz to 4 kHz frequency range, well focused by lens L and
guided by the mirror S1 onto the sample surface. The samples were mounted
in an Oxford Instruments SPECTROMAG 4000 − 7T cryostat system, allowing
optical measurements in stationary (or slowly varying) magnetic fields up to 7 T
and in the 1.7 to 300 K temperature range. The measurements were performed
within the standard reflection geometry. The luminescence radiation emitted
from the sample was collected by a mirror set consisting of collimating and imag-
ing parabolic mirrors (S2, S4) and a flat mirror S3. Thus, the collected emission
was imaged on the monochromator entrance slit. An optical high-pass filter F
blocked the laser radiation there. The photoluminescence light was dispersed
through a 3/4-m Czerny-Turner monochromator SPEX 1702 with a spectral res-
olution better than 0.1 meV in the 260 nm to 1550 nm range. Depending on the
spectral range under investigation, a thermoelectrically cooled photomultiplier
tube with a GaAs:Cs photocathode or a LN2 cooled high-purity Ge detector was
used.

The AC signal output from the detector was amplified by an ultra-low noise
pre-amplifier type 5004 from EG&G and then fed into an EG&G PAR 5207 lock-
in amplifier. For signal adjustment and monitoring purposes, a digital Tektronix
TDS 520 oscilloscope was applied. The experiment control and data acquisition
were realized by self-written software running on a standard PC.

4.2 PL studies of 2D heterostructures

PL spectra of modulation-doped AlxGa1−xAs/InyGa1−yAs/GaAs heterostruc-
tures were measured at low temperature (T=6 K) under the same excitation
density.

In the following two sample sets are considered: (i) with compositions of
y = 0.1 and x = 0.2 for InyGa1−yAs and AlxGa1−xAs layers, respectively, and
a varying QW width equal to 20 nm (MD1), 15 nm (MD2) and 10 nm (MD3);
(ii) with compositions of y = 0.15 and x = 0.15 and QW widths equal to 20 nm
(MD4), 13 nm (MD5) and 10 nm (MD6).

The Si-doping in the AlxGa1−xAs barrier layer provides a corresponding In-
GaAs QW conduction band filling with electrons. They are confined due to
conduction band bending at the AlGaAs/InGaAs heterointerface and due to the
width of the InGaAs QW itself. The effective bandgap of the InGaAs quantum
well depends on the InGaAs layer thickness. Since the InGaAs is under compres-
sion strain, the first light hole subband is located about 60 meV below the first
heavy hole subband. Using Hall measurements, the two-dimensional density of
electrons in the conduction band was estimated for each sample.

Representative measured PL spectra of the first sample set are shown in
Fig. 4.2. The narrow luminescence peak from sample MD1 results from the
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Figure 4.2: PL spectra for samples with y ≈ 0.10. Sample MD1 with Dw = 20 nm
exhibits a narrow spectrum, characteristic of luminescence restricted to Γ-point re-
combination. The samples MD2 (Dw = 15 nm) and MD3 (Dw = 10 nm) show a
broader spectrum, characteristic of radiative recombination over a greater range of k
near Γ. The spectral energetic position of sample MD1 is slightly shifted to higher
energies due to an In composition of y = 0.09 in MD1, compared to 0.10 in samples
MD2 and MD3.

recombination of photoexcited n = 1 heavy holes with k ≈ 0 and n = 1 electrons
from the Fermi sea also at k ≈ 0. The PL peak of sample MD1 is slightly shifted
to a higher energy, compared to the other two samples. This is due to an In mole
fraction of 0.09, being smaller than the intended 0.10. The luminescence line
shape analysis revealed a full width at the half of maximum (FWHM) of about
1.6 meV.

A broadening in the PL line shape is usually observed due to impurity-assisted
processes or interface roughness [202]. The effect of impurity scattering is (i) to
broaden the electron and hole levels, thereby causing an uncertainty for the en-
ergy conservation condition for direct processes and (ii) to introduce additional
higher-order impurity assisted processes, i.e. electrons contributing to the radiant
recombination with photon emission can be scattered into intermediate (virtual)
states in the conduction band or valence band.

Figure 4.3 represents the three possible radiant electron-hole recombination
processes: (i) direct recombination with momentum conservation; (ii) an electron
is scattered into an intermediate virtual state by an impurity (solid circle) and
then recombines with hole; (iii) an electron decays into an intermediate virtual
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Figure 4.3: Three possible channels of the radiant electron-hole recombination
through direct process and indirect processes: involving an electron-intermediate state
(path I) or involving hole-intermediate state (path II).

hole via photon emission and is then scattered into a hole by an impurity (open
circle). Therefore, the impurity-assisted processes result in a violation of the
momentum conservation, causing a broadened spectral profile of the luminescence
line. Furthermore, a significant blue shift of the PL line will be observed [202].

Since no broadening of the luminescence line was observed for sample MD1,
we conclude about a negligible influence of impurity-assisted processes and high
quality of the InGaAs layer and his interfaces.

Another possible reason of a PL line broadening can be the disorder within
the InGaAs layer. This disorder due to In content fluctuations results in a spatial
hole localization. The effect of the hole localization in the real space reflects the
hole delocalization within the k-space allowing recombination over a range of k,
i.e. the hole wavefunction has a sizable component for k �= 0 and allows optical
recombination with electrons from the Fermi sea over a range of k away from Γ.
Thus, the spreading of the recombination energy will be observed as an energetic
broadening of the PL line. The PL spectra measured for the samples MD2 and
MD3 are a direct evidence of this broadening effect.

Using the theory developed by Lyo and Jones [202], the high-energy part of the
PL spectrum can be accurately fitted. According to this theory, the theoretical



74 CHAPTER 4. OPTICAL SPECTROSCOPY OF 2D HETEROSTRUCTURES

PL line shape is given by

Sij (ε) ∝
ε∫

0

f (τ − µvj) f (ε − τ − µci) K (ε, τ) dt, (4.1)

where ε is the relative photon energy with respect to the effective band gap and
f the Fermi distribution function. µvj and µci are the chemical potentials in the
jth valence and ith conduction bands, respectively. The term K is a Lorentzian
accounting for the processes associated with direct transitions in k-space and
indirect impurity-assisted processes. Following the procedure described within
the Ref. [202], a fit can be done. To be more accurate, the Urbach tail at energies
below the bandgap describing the low-energy side of luminescence line has to be
included into the fitting procedure [203, 204]. Accordingly, we found FWHM
values of 9 meV and 12 meV for the PL spectra of samples MD2 and MD3,
respectively. A significant PL spectral broadening is revealed for both samples.
We attribute it to the degree of disorder within the InGaAs layer. Furthermore, a
decreasing InGaAs layer thickness causes an additional spectral broadening, i.e.
thinner InGaAs layers are obviously of a higher degree of disorder than thicker
ones.

Based on the optical detection of quantum oscillations (ODQO) via PL mon-
itoring during a slow magnetic field ramp up to 7 T [203], a quantitative study
of the hole localization was performed. Examining a sample structure being very
similar to our MD2, two classes of hole localization were revealed: a shallow
one, primarily resulting in hole scattering, and a deep localization resulting in a
10 meV shift of the quantum oscillations. The hole localization observed in these
experiments serves as an evidence of the disorder due to In content fluctuations.

The PL spectra of the other sample set with y = 0.15 and x = 0.15 (samples
MD4, MD5 and MD6) exhibit the same trend and behavior. The essential data
of all six samples are summarized in Table 4.1.

MD1 MD2 MD3 MD4 MD5 MD6
y in InyGa1−yAs 0.09 0.10 0.10 0.15 0.15 0.15
x in AlxGa1−xAs 0.20 0.20 0.20 0.15 0.15 0.15

DW (nm) 20 15 10 20 13 10
Hall data (300 K)
Ns (1012 cm−2) 0.99 1.03 1.28 0.93 0.93 0.89
µHall (cm2/Vs) 6900 6600 6100 5300 6900 6700

PL line width (meV) 1.6 9.1 12 4 9.3 14

Table 4.1: Structural, electronic and optical parameters of the two sample sets studied.
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4.3 Raman spectroscopy of 2D heterostructures

The same sample sets were also investigated with the Raman scattering technique
[205]. Figure 4.4 exhibits representative Raman spectra, measured at room tem-
perature for the two samples MD3 and MD6 with the same quantum well width
of 10 nm but different mole fractions for In and Al (see Table 4.1). Four optical
phonon modes are clearly observed in the 250–310 cm−1 spectral range. The spec-
tral feature near ν = 291 cm−1 is a superposition of the GaAs-like LO-phonons in
GaAs and in InGaAs. The position of the GaAs-like LO-phonon in AlxGa1−xAs
depends on the x value; in Fig. 4.4 it appears at ν = 285 cm−1 [206, 207]. The
feature at ν = 268 cm−1 is due to the coupled LO-phonon-plasmon L− mode in
n-doped AlxGa1−xAs [206] and the same phonon mode in the InGaAs [208], and
due to the nominally forbidden contribution of the GaAs-like TO-phonon [209]. A
deconvolution of the three modes within the 280–300 cm−1 range is accomplished
by a detailed line-shape analysis according to Mintairov and Temkin [210]. The
spectral position of the InyGa1−yAs LO-phonon peak agrees very well with ear-
lier data for pseudomorphically strained layers [211, 212, 213] being easily distin-
guished from relaxed layers. In addition to the intense PL being characteristic of
dislocation-free InGaAs, this allows us to conclude that the structures are purely
pseudomorphically strained.
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Figure 4.4: Unpolarized Raman spectra of two representative samples recorded at
room temperature. The deconvolution of superimposed peaks is shown by thin solid
lines: 1 - LOGaAs in GaAs bulk; 2 - LOGaAs in InyGa1−yAs layer; 3 - LOGaAs in
AlxGa1−xAs layer; 4 - L− - mode in AlxGa1−xAs layer.
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Figure 4.5: (a) The relationship between the broadening Γ0, the Raman frequency
shift (∆νc = νLO(1) - νLO(2)), and the correlation length L. (b) The relationship
between correlation length L and InGaAs thickness Dw together with the relationship
between LO-phonon asymmetry and Dw. Data points: • - first sample set (MD1,
MD2, MD3), � - second sample set (MD4, MD5, MD6), ◦ - other measured samples
with y ≈ 0.10.
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In an “ideal” system with perfect translational symmetry, the spatial corre-
lation L of the phonons is infinite in extent (L → ∞) and the phonons can be
described as plane waves. This leads to the conventional −→q = 0 momentum
selection rule in Raman scattering. When the L value becomes smaller due to
disorder in the plane of the epitaxial layers, the mode correlation becomes of
a finite value, and a relaxation of the −→q = 0 law takes place. In the InGaAs
system, the symmetry violation resulting in finite L values originates from alloy
potential fluctuations and non-uniformities in the well thickness.

These results are also consistent with those derived from a “spatial corre-
lation” model [214]. Using a Gaussian correlation function, this model quan-
titatively explains the broadening and asymmetry of the first-order LO Raman
spectrum induced by alloy potential fluctuations. The Raman intensity is written
as [214]

I(ω) ∝
∫ 1

0

exp(−q2L2/4)

{[
ω − ω(q)

]2
+ (Γ0/2)2

}−1

d3q. (4.2)

Here Γ0 is the FWHM of the intrinsic Raman line shape of the end-point ma-
terials, and L is a correlation length. The dispersion ω (q) of the LO phonons
is taken as for the one-dimensional linear-chain model. Applied to our Raman
spectra, Fig. 4.5 depicts the relationship between the frequency of the GaAs-like
LO phonon peak from the InGaAs and its width. These data are well described by
Eq. 4.2 and allow the determination of the correlation length L for each sample.
The resulting relationship between correlation length L and InGaAs thickness
Dw is shown in Fig. 4.5, too. The general trend from these Raman data is the
same as from the PL data: the disorder in the InGaAs becomes less for thicker
layers.

In addition to the LO phonons measured in the 250–310 cm−1 frequency
range, nominally forbidden acoustic phonons are observed for ν < 200 cm−1. In
particular, as seen in Fig. 4.6, the structures with Dw < 20 nm show a Raman
peak at ν = 160 cm−1. This peak has been studied by Kakimoto and Katoda
in thick relaxed InyGa1−yAs as a function of y [208]. They identify it as the
disorder-activated longitudinal acoustic (DALA) phonon mode of InyGa1−yAs.
The frequency is independent of y and its intensity is a direct measure of the
breaking of translational symmetry in the epitaxial layer plane resulting from
disorder. From Fig. 4.6, we see that, consistent with the data from PL and the
optical phonon Raman data, the DALA peaks occur only in the structures with
thinner InGaAs.

4.4 Conclusions

Photoluminescence spectroscopy was applied successfully to examine the
quality of pseudomorphically strained InGaAs layers and interfaces in
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Figure 4.6: Raman spectra in the spectral region of disorder-activated LA (DALA)
modes of InGaAs. The DALA signal is only present in the thinner InGaAs layers.

AlxGa1−xAs/InyGa1−yAs/GaAs modulation-doped heterostructures grown by
gas-source MBE. Analyzing the PL line width and its intensity, the strained
layer epitaxy was optimized.

Even for optimized growth conditions, a disorder within the strained InGaAs
layer due to In content fluctuation was revealed. Causing a hole delocalization
in the k-space, the disorder was observed as an increasing PL line FWHM with
decreased InGaAs layer thickness. From the results we conclude that the disorder
degree is higher for thinner InGaAs quantum wells and significantly decreases
with increased strained layer thickness.

Additionally applying the Raman scattering technique, the assumption of
disorder due to In fluctuations within the strained InGaAs layer was confirmed.
Relying on measurements of the correlation length and an examination of the
LO phonon asymmetry as well as on the observation of the disorder-activated
longitudinal acoustic (DALA) phonon mode at ν = 160 cm−1, the same disorder-
thickness behavior was found.

Since disorder in strained InGaAs layers due to In content fluctuation results
in fluctuations of the potential for both valence and conduction bands, carrier
scattering on fluctuations of potential is more pronounced in thinner strained In-
GaAs layers, negatively affecting the noise and transport properties of the studied
heterostructures. Demanding highest sensitivity and lowest noise, we conclude
that thicker strained InGaAs layers are more suitable for low-noise micro-Hall
devices of enhanced sensitivity.



Chapter 5

Low frequency noise
spectroscopy of 2D systems

5.1 Low frequency noise measurement tech-

nique

Accurate low frequency noise measurements of semiconductor materials make
some difficulties. First of all, the noise signal expected from the bulk semicon-
ductor material is rather small, i.e. in the nV-range. Certainly, the measurement
of such low signal levels requires some effort with respect to the experimental
apparatus. In order to avoid interfering signals affecting the measurement re-
sults, the whole circuitry should be well shielded. A very low noise and wideband
preamplifier is necessary for the required nV sensitivity, preferably with differen-
tial signal input for common mode rejection. Even the preamplifier appears as
the most crucial part of the noise measuring setup.

Figure 5.1 presents the low frequency noise measurement setup applied for
our noise studies of micro-Hall effect devices based on III-V semiconductor het-
erostructures at constant temperature. The circuitry includes the following main
parts: (i) the device under test (four terminal micro-Hall device), (ii) a low noise
preamplifier with differential input (Model 113 from Princeton Applied Research
Corporation) and (iii) a digital oscilloscope (Lecroy 9400). A standard PC is used
for data acquisition via GPIB interface and subsequent processing. The biasing
is realized by a low noise battery pack and a set of series metal film resistors.
For higher electric fields, a Keithley 236 source-measure unit serves as low noise
voltage source.

Using this setup, noise spectra can be measured in the 300 mHz to 100 kHz
frequency range at a fixed temperature (300 K and 77 K). The measurements at
77 K are easily realized with the micro-Hall device immersed in liquid nitrogen.

Using the digital oscilloscope, the noise signal is sampled at 215 points within
an according time window. This time domain signal is submitted to a computer-
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Figure 5.1: Noise measurement setup used for extraction of noise spectra at constant
temperature.

aided FFT (Fast Fourier Transform). A number of individual frequency spectra
is averaged in order to get the final noise spectrum.

Here, the attainable measurement accuracy depends on the total time window
used for signal sampling. The relative error of measurement within the equivalent
noise bandwidth ∆f is given by

D =
1√

∆f · t · 100 % , (5.1)

where t is the time window width. Thus, this time has to be 100 times the
according signal period (for the frequency under investigation) for an accuracy of
10 %. For a required accuracy being constant over the whole frequency range, the
widest time windows are necessary for low frequencies, whereas smaller windows
are required for higher frequencies.
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In order to be accurate, here the measured noise power is summarized from
three non-correlated noise sources: (i) the noise coming from the device under
test, (ii) the inherent noise of the preamplifier and (iii) the internal noise of the
measuring instrument (i.e. digital oscilloscope). Hence, both contributions of the
preamplifier and the digital oscilloscope have to be estimated separately in order
to extract the real device noise from the summary spectrum.

The voltage noise spectral density of the device is given by

SV,noise(f) =
∆V 2

noise

∆f
=

P1 − P2

K2∆f
, (5.2)

where P1 is the total measured noise power, P2 the noise power of both the
preamplifier with short-circuited inputs and the digital oscilloscope. K denotes
the preamplifier gain.

To estimate the preamplifier gain K and equivalent noise bandwidth ∆f , a
calibration of the the noise measurement setup is necessary. Due to the resistance
accuracy of the metal film resistors used as a noise generator, a calibration within
about 10 % accuracy can be achieved. A more accurate calibration would be
achievable with a commercial noise generator.

The voltage noise spectral density of the calibrating resistor Rcalibr is given
by

SVR,noise(f) = 4kBTcalibrRcalibr. (5.3)

The total measured noise power P3 with the calibrating resistor loaded on the
input of the preamplifier is given by

P3 = P2 + K2∆f4kBTcalibrRcalibr. (5.4)

Extracting K2∆f from Eq. (5.4) and using Eq. (5.2), the real noise from the
device under test can be estimated as

SV,noise =
P1 − P2

P3 − P2

4kBTcalibrRcalibr. (5.5)

An estimation of the additional excess noise superimposed to thermal noise is
also needed. This can be easily done, subtracting the thermal noise (Johnson
noise) from the device noise SV,noise(f):

SV, excess = SV,noise(f) − 4kBTsampleRsample. (5.6)

Some care is necessary with respect to the device noise signal: Depending on the
device wiring within the whole circuit, one can measure either pure bulk noise or
both bulk and contact noise.

For noise measurements, the two terminal technique can be applied. Accord-
ingly, the device is driven through two biasing contacts and the noise voltage
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fluctuations are measured on the same contact pair. Then the total measured
noise voltage spectral density is

SV,noise(f) = SV, contacts(f) + SV, bulk, (5.7)

where SV, contacts(f) and SV, bulk are the contact noise and bulk noise contributions,
respectively. It is commonly accepted that the contact noise is much higher than
the bulk noise. Therefore, measurements in the two terminal mode estimate the
contact noise.

On the other hand, the four terminal technique allows one to estimate the
clean bulk noise. Here, the device under test is biased through two opposite
contacts (biasing contacts) and the noise signal is measured between the other
contact pair. According to the device geometry on hand, either the longitudinal
or the transversal noise can be measured. The first one requires the sense contacts
located on the same strip side parallel to the current flow realized in Hall bar
geometry. The latter implies a sense contact pair perpendicular to the current
flow realized in both Hall bar and Greek cross geometries.

Applying the four point method, a low noise resistor Rload (Rload � Rsample)
is connected in series with the device sample. Then the current flowing in the
circuit is constant. Furthermore, the fluctuations of the contact resistance and
within the area close to the contacts extend only to distances in the order of the
diffusion length.

Noise measurements are applicable to studies of local semiconductor levels in
form of deep level noise spectroscopy (DLNS). This technique offers some advan-
tages over deep level transient spectroscopy (DLTS) being commonly regarded as
the standard method for the characterization of the semiconductor local levels.
At some not uncommon situations, the DLTS technique fails fundamentally: (i)
levels with very small capture cross sections [84, 215], (ii) levels in semiinsulators
[216] and (iii) resonant levels [67]. On the other hand, just noise spectroscopy
does not disappoint in these cases. Furthermore, DLNS is a direct measurement
method, i.e. it is applied to fully processed devices. This is of particular inter-
est here. In contrast to DLTS studies, no further structure overgrowth or other
additional test device preparation/structuring is necessary.

The DLNS method relies on the fact that each generation and recombina-
tion process within the semiconductor bulk is characterized by a specific time
constant τ , related via τ = 1/2πf to the frequency. For a time constant depend-
ing exponentially on temperature, the local level parameters can be extracted
[67, 68, 83, 90].

Of course, the above discussed experimental requirements for noise measure-
ments are also valid for the DLNS. However, different from noise spectra mea-
surements, the temperature dependencies of the noise signal within an equivalent
bandwidth ∆f have to be measured at fixed frequencies.

An adequate experimental realization of narrow-band measurements is based
on a lock-in amplifier, here a commercial model SR510 from Stanford Research
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Figure 5.2: Noise measurement setup applied to record the noise signal as function of
frequency and temperature.

[217]. The according measurement setup is shown in Fig. 5.2. A well calibrated
commercial PT−100 resistance sensor from Lake Shore Cryotronics was used for
temperature measurements. The measurement data acquisition and processing
was realized by a standard PC.

5.2 Noise spectroscopy of GaAs based micro-

Hall devices

Due to its influence on the absolute detection limit, the low frequency (LF) noise
level essentially contributes to the Hall device performance. A better physical un-
derstanding of the low frequency noise origins should contribute to further device
improvements with respect to signal-to-noise sensitivity as well as lower detection
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limits. Additionally, new magnetic sensor applications can be developed. As an
example, a pT-range resolution would be of high particular interest for biological
studies [18, 19]. For measurements with high spatial resolution based on small
active areas of micro-Hall devices, the LF noise level becomes crucial.

Scaling the device size down, the total number of electrons in the device as
well as the absolute Hall sensitivity (scales linearly with the device width) are
reduced. Therefore, smaller devices exhibit a significantly reduced SNS [91]. Ad-
ditionally, the smaller sizes imply much higher electric fields in the device active
area. Potentially, this causes additional generation-recombination (G-R) pro-
cesses between trap levels and the conduction band (hot-electron trapping) due
to electrical activation of electrons [218]. Obviously, this results in an increased
noise density. Due to thermal activation of electrons, traps can act as tempera-
ture dependent sources of generation-recombination noise in the semiconductor
device bulk. Comprising this consideration, deep levels contribute to both re-
duced signal-to-noise sensitivity and degraded thermal stability due to changes
in conductivity. The noise spectroscopy of local levels can be successfully used
as a powerful and direct method in optimization of any devices based on lateral
transport, in particular for micro-Hall sensors.

5.2.1 LF noise studies of doped-channel devices

Low frequency noise spectra in the 0.3 Hz to 100 kHz frequency range were
measured in micro-Hall devices based on different heterosystems: (i) a lat-
tice matched system based on doped-channel Al0.3Ga0.7As/GaAs heterostruc-
ture and (ii) a pseudomorphically strained system based on doped-channel
Al0.3Ga0.7As/GaAs/In0.3Ga0.7As heterostructure. For comparability, the noise
measurements were performed for the same geometries and device sizes in both
systems. Here we restrict our consideration to Greek cross geometry of 20 µm
square size.

As an example, Fig. 5.3 depicts typical noise spectra for a micro-Hall device
based on doped-channel Al0.3Ga0.7As/GaAs heterostructure. The measurements
were accomplished at room temperature and a bias current of 10 µA for two
different device interconnections: two-probe and four-probe configurations, re-
spectively. In accordance to our considerations above, the noise spectral density
is much higher in two-probe than in four-probe configuration.

The observed difference is due to the influence of contact noise. For two-
probe measurements, the noise spectral density is given by Eq. (5.7). Usually,
the contact noise is much higher than the bulk semiconductor noise. Thus, we
assume the result of the two-probe method is due to prevailing noise of our metal
Au/Ge/Ni contacts.

Using the four-probe technique, noise spectra were measured for both possible
contact alignments and in both current flow directions, thus excluding geometry
effects. An excellent symmetry was demonstrated, i.e. the noise spectral density
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Figure 5.3: Typical noise spectra of micro-Hall device based on Al0.3Ga0.7As/GaAs
heterostructure measured at 300 K for both possible contact alignments and current
flow directions at a bias current of 10 µA.

is independent on biasing conditions.
The total measured noise spectral density is given by

SV,noise =
A

f
+

B

1 + (2πfτ)2 + 4kBTR, (5.8)

where A and B are the amplitudes of flicker noise and generation-recombination
noise, respectively. τ is the characteristic time constant for generation-
recombination noise, kB the Boltzmann constant, T the temperature and R the
sample resistance.

At the lowest measured frequencies, all spectra exhibit a plateau. We at-
tribute this to low-frequency noise due to generation and recombination processes
between trap levels and the conduction band. This part of noise spectra is de-
scribed by the second term in (5.8). The characteristic time constant τ can be
estimated from the noise spectrum as τ = 1/2πf0, where f0 is the frequency at
which the spectral noise density is half the plateau value. An example charac-
teristic time constant τ evaluation is shown in Fig. 5.7, obtaining τ = 1.2 ms for
sample DC8. Such big time constants are considered as typical for DX centers
[219].

Between 1 Hz and about 10 kHz, the noise spectrum is dominated by the
flicker noise with its characteristic 1/f behavior. Empirically, the actual form
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of the noise spectral density is 1/fn, with n = 1.5. The measured noise spectra
can be fit as a sum of generation-recombination noise with its 1/f 2 frequency
dependence and flicker noise with a pure 1/f behavior.

At higher frequencies the 1/f noise is small. Then the noise spectrum is
dominated by thermal noise being is frequency independent and described by the
third term in (5.8). At a bias current of 10 µA, the thermal noise is not clearly
resolved due to an increased sample resistance and the non-linearity of the drift
velocity vs. field dependence [73].

For clarification of this behavior, the noise spectra of sample DC8 were mea-
sured at different bias currents. Figure 5.4 presents the according results. At
a low bias current of 0.333 µA, the noise spectra exhibit Johnson noise. A fur-
ther increase of bias current significantly boosts the noise spectral density in the
mid-frequency range, concealing the thermal noise.

The voltage noise spectral density SV,α for the mid-frequency noise 1/f com-
ponent, measured across the Hall voltage contacts, is given by [24, 75]

SV,α

V 2
=

SV,α

I2
=

α

fN
. (5.9)

Here V is the applied voltage, I the bias current, f the frequency, α the Hooge
parameter and N the number of carriers. The number of carriers N should
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Figure 5.4: Noise voltage spectra measured at 300 K for different bias currents: 1 -
0.333 µA; 2 - 1 µA; 3 - 3.33 µA; 4 - 10 µA; 5 - 15.5 µA; 6 - 33.3 µA; 7 - 44.7 µA; 8 -
60 µA. The four-probe technique was used for the noise measurements.
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not be confused with the free carrier concentration usually measured in a Hall
experiment. The number of carriers scales with device active sizes like

N = n3DQL =
n2D

t
WtL = n2DWL, (5.10)

where n3D is the three-dimensional electron concentration, n2D the two-
dimensional electron concentration, Q the cross section of device of width W
and thickness t, and L is the device width.

Obviously, the mid-frequency noise spectral density increases quadratically
with the bias current or applied voltage, assuming a constant Hooge parameter
α. In order to prove this tendency, we consider a noise spectral density SV,noise

versus bias current I plot (Fig. 5.5) in log-log scale at two fixed frequencies (1 Hz
and 50 Hz). At currents lower than 30 µA, the voltage noise spectral density
obeys Hooge’s law (5.9).

Thus, we conclude that the increase of the total noise signal in the mid-
frequency range with increasing electric field in the active device area occurs due
to the increase of flicker noise.

The micro-Hall devices based on the pseudomorphically strained doped-
channel Al0.3Ga0.7As/GaAs/In0.3Ga0.7As heterostructures (sample DC13) show
a similar tendency of the noise spectral density vs. frequency dependence. The
noise spectra measured by the four-probe technique at different current flow di-
rections and both possible contact alignments are presented on Fig. 5.6. For
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Figure 5.5: Dependency of voltage noise spectral density on bias current at frequencies
of 1 Hz and 50 Hz, measured at 300 K in log-log scale.
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Figure 5.6: Noise spectra of micro-Hall device based on
Al0.3Ga0.7As/GaAs/In0.3Ga0.7As heterostructure measured at 300 K and a
bias current of 10 µA for both current flow directions and contact alignments.

comparison, a noise spectrum measured in two-probe configuration is included.
It is necessary to point out that the noise spectra measured by the four-probe
technique are completely identical. This gives us evidence to assume the grown
pseudomorphically strained heterostructures as completely isotropic.
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Figure 5.7: Noise voltage spectrum of sample DC13, measured across the Hall contacts
by four-probe technique. The evaluation technique of the characteristic time constant
τ is shown in the insert.
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Obviously, the noise spectra exhibit a generation-recombination plateau at
frequencies of about 1 Hz. To prove this tendency, the noise spectra of sample
DC13 were measured in a wider frequency range down to 0.027 Hz. Figure 5.7
depicts the according results.

The characteristic time constant τ of generation-recombination noise is found
to be about 140 ms, with the evaluation technique shown in the insert. The
validity of the Hooge law was proved by measurements of noise spectra at different
bias currents. We observed the same tendency as in sample DC8, i.e. the mid-
frequency noise obeys Hooge law and occurs due to conductivity fluctuations.

5.2.2 Hooge parameter and crystal quality

As stated in earlier reports on 1/f noise, the Hooge parameter α is assumed
as a constant of about 2 × 10−3 [75]. However, later investigations proved the
Hooge parameter to depend on the crystal quality [59, 76, 220, 221, 222] and the
scattering mechanisms determining the electron mobility µ [77, 78, 79, 80, 113],
respectively. An additional study on the Hooge parameter vs. electric field
dependency was done [223] in a quarter-micron GaAs Hall device. There the
Hooge parameter was shown to be field-independent up to 5 kV/cm, but rising
at higher field values.

Therefore, a comparison of both the Hooge parameter and the noise in the
mid-frequency range for both lattice matched and pseudomorphically strained
heterostructures should be quite informative.

The noise spectra of Al0.3Ga0.7As/GaAs and Al0.3Ga0.7As/GaAs/In0.3Ga0.7As
heterostructures are shown in Fig. 5.8, measured at room temperature and
a bias current of 10 µA. Both the geometry and device sizes were identi-
cal. Obviously, the noise voltage spectral density of the pseudomorphically
strained In0.3Ga0.7As doped-channel is much lower in the mid-frequency range
than that of the lattice matched GaAs doped-channel. It is worth men-
tioning the measured two-dimensional electron concentrations of both materi-
als being of the same order of magnitude at 300 K: For sample DC8 with
Al0.3Ga0.7As/GaAs heterostructure, a value of n2D = 1.3 × 1012 cm−2 was
estimated. Sample DC13 with Al0.3Ga0.7As/GaAs/In0.3Ga0.7As heterostructure
exhibited n2D = 1.5 × 1012 cm−2.

An analysis of the noise spectral density vs. bias current as a function of
frequency, based on Eq. (5.9), was used for the Hooge parameter evaluation in
both structures. At 300 K, we found a Hooge parameter of α = 1.5×10−4 for the
micro-Hall device based on Al0.3Ga0.7As/GaAs heterostructure. For the micro-
Hall device based on Al0.3Ga0.7As/GaAs/In0.3Ga0.7As heterostructure, a value of
α = 1.1×10−4 was estimated. These values can be considered as typical results,
according to [78, 224]. Like in [78] for n-type GaAs, the temperature dependence



90 CHAPTER 5. LOW FREQUENCY NOISE SPECTROSCOPY OF 2D SYSTEMS

100 101 102 103 104 105

2

1

T = 300 K

10-11

10-12

10-13

10-14

10-15

10-16

10-17

 

 

S
V

,n
oi

se
 (

V
 2 ·H

z-1
)

Frequency (Hz)

Figure 5.8: Comparison of noise voltage spectra measured across the Hall contacts
for a lattice matched GaAs QW (spectrum 1) and a pseudomorphically strained
In0.3Ga0.7As QW (spectrum 2) as measured by the four-terminal technique. The
measurements were carried out at a bias current of 10 µA on devices of the same
size and geometry, respectively. The mid-frequency noise of the pseudomorphically
strained In0.3Ga0.7As doped QW is much lower than that of the lattice matched GaAs
doped QW.

of the Hooge parameter is given by

αGaAs = 0.1 exp

[−0.13 eV

kBT

]
+ 7 × 10−5. (5.11)

The Hooge parameter temperature dependence for an intrinsic InGaAs layer
embedded between AlGaAs barriers is given by [224]

αInGaAs = 3 × 10−3 exp

(
− T

150

)
. (5.12)

Thus, we conclude the insertion of a pseudomorphically strained InGaAs layer
leading to lower the noise spectral density in mid-frequency range with dominat-
ing 1/f noise. This feature can be successfully used for the design of low noise
micro-Hall devices grown on GaAs substrates.

5.2.3 G-R noise in doped-channel devices

For clarification of the low-frequency noise plateau origin, we analyzed the depen-
dence of noise voltage on temperature and frequency. According measurements
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were performed at a low bias current of 11.25 µA in the 77 - 300 K temperature
range. Figure 5.9 depicts the noise voltage as a function of temperature, measured
at different frequencies. A pronounced and broad peak is clearly observed.

At a fixed frequency, a maximum in the noise voltage versus temperature rela-
tion SV,noise(T ) is expected in two distinct situations: (i) the capture cross section
of electrons, σn, depends exponentially on activation energy E1 and temperature
according to

σn = σ0 exp

(
− E1

kBT

)
, (5.13)

(ii) the capture cross section is temperature-independent or depends only slightly
on it, but the Fermi level is located below the trap level E0.
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Figure 5.9: Temperature dependence of noise voltage at low bias current for different
frequencies: (1) - 10 Hz, (2) - 30 Hz, (3) - 60 Hz, (4) - 120 Hz and (5) - 380 Hz.

In these devices, the Fermi level is located above the conduction band mini-
mum. Accordingly, a degenerate electron gas is confined between the Al0.3Ga0.7As
barriers. For an Al composition of about 30%, the DX centers are energetically
located below the Γ conduction band minimum [225]. Thus, one has to consider
a situation with the Fermi level above the trap level, i.e. EF − E0 >> kBT (see
Appendix A). Under this condition, the relative spectral noise density is given
according to Ref. [68] by

S =
SV,noise

V 2
= Aτc0

Nc

Nd

exp [(E1 − E0)/kBT ]

1 + ω2τ 2
c0 exp(2E1/kBT )

. (5.14)
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Here V is the voltage applied to the device, Nc the effective density of states for
electrons, Nd the shallow donor concentration (shallow donors assumed as fully
ionized), ω the angular frequency, E1 the activation energy and E0 the ionization
energy of the deep level. The constant A is defined by

A = 4Nt

/
V0N

2
d (5.15)

and the capture time constant τc0 by

τc0 = 1/(σ0vT n0), (5.16)

where vT is the thermal velocity, n0 is the (three-dimensional) measured electron
concentration, V0 the sample volume, and Nt the deep level concentration.

As described in Ref. [68] for an EF located above the trap level, the noise
voltage versus temperature relation will have a maximum only when the elec-
tron capture cross section depends exponentially on temperature and E1 > E0.
As revealed by Fig. 5.9, these conditions are satisfied in our structures. The
corresponding maximum in the noise voltage spectral density SV,max depends on
frequency in following manner: The slope in the ln(SV,max) versus ln(ω) depen-
dence can take values between 0 (for E1 = E0) and 1 (for E1 >> E0) [68].
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Figure 5.10: Frequency dependence of the detected noise maximum SV,max in the
temperature range of 77-300 K.

Figure 5.10 depicts the ln(SV,max) versus ln(ω) relation as extracted from our
experimental data, indicating a slope of about 0.47. This value lies within the
expected range and is consistent with E1 > E0, but not with E1 >> E0.
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Figure 5.11: The Arrhenius plot for the determination of an activation energy in the
approximation EF − E0 >> kBT and E1 > E0. The slope of the plot determines
the activation energy as tan(θT ) = 1/E1.

The according temperature for maximum noise SV,noise = SV,max is given as
Tmax(ω). This allows an estimate of both the activation and trap ionization
energies. To be more specifically, the 1/(kBTmax) versus ln(ω) Arrhenius plot like
in Fig. 5.11, together with the data of Fig. 5.10, can be used for an estimate of
the activation (E1) and ionization (E0) energies via

E1 =
1

tan(θT )
and E0 =

1 − tan(θS)

tan(θT )
. (5.17)

Here tan(θT ) and tan(θS) are the slopes of 1/(kBTmax) versus ln(ω) and of
ln(Smax) versus ln(ω), respectively .

The analysis of our data indicates an activation energy of 476 meV ± 30 meV.
Earlier studies of DX centers in bulk AlGaAs (using DLTS) and in AlGaAs/GaAs
heterostructures (using DLNS) [67, 112] reported an DX center activation energy
of 430±30 meV, being in very good agreement with our present results. Therefore,
it is justified to regard the DX center as the primary source of G-R noise in the
structures under investigation.

According to Lang’s explanation of the DX center [226] and the configuration
diagram presented in Fig. 5.12 (after Mooney [112]), the caption and emission
kinetics can be explained. The parabolas on the left side represent the total
energy in case of ionized DX center and electrons located in the conduction band.
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Figure 5.12: Configuration coordinate diagram illustrating the capture and emission
kinetics of the DX center in the large lattice relaxation model after Mooney [112].

An occupied DX center is described by the parabola on the right side. The shift
along the x axis represents a change in the atomic configuration around the donor
atom when the charge state of the DX level is changed. Ed is the donor binding
energy usually determined from the temperature dependence of the free carrier
concentration in Hall experiments.

Electronic transitions between conduction band and trap occur at vibronic
levels near the top of the classical potential barriers Eb and Ee. Thus, the energy
Eb is the capture activation energy depending on the composition of the AlGaAs
layer [112, 227]. Ee is the emission activation energy. Experimental data obtained
by the DLTS technique revealed the emission activation energy being independent
on the Al composition and amounting about 430 meV ± 30 meV [219, 228].

Using Eq. (5.17), an analysis of the noise data provides an ionization energy
of about 0.252 eV. The electron capture cross section of the level is given by

σ0 =
1

τc0vT n0

, (5.18)

where the time constant τc0 can be expressed via

τc0 =
1

ω

(
E1 − E0

E1 + E0

)1/2

exp

(
− E1

kBT

)
. (5.19)

Assuming the transitions to and from the trap occuring via L band states,
both electron capture cross section and trap concentration can be estimated.
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Based on a thermal electron velocity of vT = 1.5 × 107 cm/s for electrons in the
L valleys and using Eqs. (5.18) and (5.19), an electron capture cross section of
about σ0 � 1 × 10−11 cm2 is estimated.

Using Eq. (5.15), the integral deep level concentration can be calculated. As
a precondition, the constant A was determined by solving the extreme value
problem for Eq. (5.14). Then, using the expression

Nts =
1

4
ALWn2

s (5.20)

with the length L and the width W of the device, a trap concentration of about
Nt � 1.4 × 1010 cm−2 is calculated.

5.2.4 G-R noise in pseudomorphic modulation-doped de-
vices

Temperature-dependent noise measurements were used to investigate the
deep centers causing G-R processes in pseudomorphic modulation-doped
Al0.2Ga0.8As/In0.1Ga0.9As/GaAs devices. The appropriate technique to estimate
both emission activation energy and capture activation energy was introduced
by Kirtley et al. [67]. Carey et al. [90] used it for studies of deep traps in
GaAs/AlGaAs heterostructures. The noise power spectrum S(fp) for a two level
system can be written according to Ref. [229]

fp · S(fp) =
1

4π2
· τeτc

(τe + τc)2
. (5.21)

Here τe and τc are the emission and capture times, respectively. The measurement
frequency is fp = 1/(2πτ) with the time constant τ written as

1

τ
=

1

τe

+
1

τc

. (5.22)

The capture and emission times are assumed to be exponentially dependent on
temperature [90] as

τc =
τc0√
T

· exp

(
−Ec

kT

)
, (5.23)

τe =
τe0√
T

· exp

(
−Ee

kT

)
. (5.24)

Here Ec and Ee are the capture and emission energies, respectively.
Figure 5.13 shows the temperature dependence of the noise voltage fluctu-

ations for different frequencies. Two separate noise peaks (marked as A and
B) are clearly resolved, changing their position and amplitude with varying fre-
quency. According to Carey et al. [90], this behavior is assigned to deep traps
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Figure 5.13: Temperature dependence of noise voltage fluctuations, measured at dif-
ferent frequencies of (1) 10 Hz, (2) 30 Hz, (3) 60 Hz, (4) 180 Hz and (5) 280 Hz.

in the semiconductor material. Measuring the peak position shift with increas-
ing frequency, both capture and emission activation energies can be determined.
Assuming τc � τe, these energies can be directly obtained from the slope of the
graphs ln(

√
Tp/2πfp) and ln

[√
Tp/8π

3f 2
p (〈∆V 2〉 /V 2∆f)

]
vs. 1/Tp, where Tp is

the according peak temperature.

Figure 5.14 contains the Arrhenius plots for both noise peaks. The emission
energies Ee are determined as 242 meV and 474 meV for peaks A and B, respec-
tively. The corresponding capture energies Ec are 207 meV and 487 meV. The
estimated experimental uncertainty for these values is �E = ± 30 meV. Using
Ref. [68] (see Appendix A), the density of the 474-meV center was estimated of
about 1 × 1010cm−2.

From earlier DLTS studies [112], an emission energy of 430 ± 30 meV is
characteristic for the DX center in AlGaAs, independent of alloy composition.
This value is consistent with the emission energy measured for peak B in our
devices, suggesting the DX center being a main source of G-R processes in our
micro-Hall devices. With the presence of a relatively thick and heavily-doped
Al0.2Ga0.8As barrier in the structure, this result is not surprising.

As earlier reported by Mosser et al. [230], the barrier thickness has to be opti-
mized. Thereby, any parasitic parallel conduction in the barrier region and unde-
sirable effects on thermal stability of micro-Hall devices can be avoided. Thermal
trapping effects on DX centers degrade the thermal stability of the micro-Hall
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Figure 5.14: The Arrhenius plot used for the estimation of capture and emission
activation energies.

device due to electron concentration changes. Furthermore, electron trapping
on DX centers within the barrier region is often a main source of generation-
recombination noise and results in poor noise performance, even at lower Al
composition as in our case. Accordingly, both the SNS and magnetic field detec-
tion limit would suffer from an increased noise density. Hall experiments [225]
verified the DX level EDX for Al compositions x ≤ 0.22 being energetically local-
ized above the band edge EΓ. Therefore a metastable level is constituted, with
the capability to localize electrons [67]. With x � 0.2 here, our experimental
results indicate approximately the same value for both emission and activation
energies within the measurement uncertainty. These data are in good agree-
ment with DLTS [112] and DLNS [67] results obtained in MODFET structures
(x ≤ 0.22). According to [67], the situation of τe ≈ τc causes a maximized noise
signal. Thus, even a metastable DX center as found in our structures can highly
degrade both the SNS and the minimal detectable magnetic field.

The absolute Hall sensitivity SA is proportional to both electron drift velocity
υ and device width W according to

SA ≡ dVH

dB
≈ G·υ·W, (5.25)

where G is the geometric correction factor. Obviously, maximum values of the
absolute sensitivity will occur for peak drift velocity saturation in micro-Hall de-
vices. Within modulation-doped structures, the velocity begins to saturate for
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electric fields of about 2 kV·cm−1. At these fields, hot-electron trapping by DX
centers can dominate [218], resulting in additional G-R processes. Hence, mainly
hot-electron trapping effects will degrade small-size device characteristics. Ad-
ditionally, two further effects have to be accounted for: The 1/f noise depends
quadratically on the electric field. The thermal noise is increased due to both
increased resistance and increased electron temperature. Therefore, higher elec-
tric fields are expected to cause an increased noise within the entire frequency
spectrum.

A larger peak A is detected in addition to peak B (see Fig. 5.13). The level
resulting in peak A exhibits capture and emission energies of 207 and 242 meV,
respectively. Earlier investigations by DLTS [231, 232] of deep traps in InGaAs
layers also determined activation energies comparable to our results. Using the
DLNS technique, G-R noise was investigated in a structure similar to ours, i.e.
in pseudomorphic field-effect transistors (pHEMTs) [233]. In addition to the DX
center, another level with unspecified activation energy was found in this study
and associated with the InGaAs channel. However, a conclusive interpretation
of these data has not been given until now. The density of this center was
also estimated to be about 0.5 × 109cm−2, using Ref. [68] and based on the
identification of this level as associated with the Γ valley of InGaAs. While
the trap density is much smaller than that of the DX center, the noise level is
comparable. This is probably due to the Fermi level position, being close to
resonance with this trap.

Photoluminescence (PL) spectroscopy and cathodoluminescence (CL) scan-
ning electron microscope imaging at 77 K were used as accompanying characteri-
zation techniques for our studies. Although the PL spectra are quite intense, CL
imaging reveals regions of low intensity. These dark contrasts due to enhanced
non-radiative recombination could indicate the presence of point defect regions.

5.3 Conclusions

Probing the epitaxial layer and contact quality as well as examining deep lev-
els in the active device region by the low frequency noise technique, both
doped-channel AlGaAs/GaAs, AlGaAs/GaAs/InGaAs and modulation-doped
AlGaAs/InGaAs/GaAs heterostructures were studied. The noise spectra at con-
stant temperatures for different contact alignments and current flows exhibit the
same noise voltage densities, being an evidence of (i) isotropic material properties
for both lattice matched GaAs and pseudomorphically strained InGaAs layers;
and (ii) high quality device processing including mesa structuring and contact
performance.

Hooge parameters of α = 1.5 × 10−4 and α = 1.1 × 10−4 were found for
GaAs lattice matched and InGaAs pseudomorphically strained layers, respec-
tively. These data indicate a high quality epitaxial growth. Being of the same
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sizes and geometries and possessing the same electron density within the conduc-
tive channel, the devices with an inserted pseudomorphically strained InGaAs
layer exhibit a significantly lower 1/f noise.

Analyzing the noise spectra at different electric fields applied to the device,
the noise spectral density in the mid-frequency range was found to follow the
Hooge’s law (5.9) at moderate electric fields, but deviating from it at high fields.

Noise spectra of doped-channel heterostructures revealed a pronounced
plateau at frequencies lower than 10 Hz due to generation-recombination noise.
Related time constants of τ = 1.2 ms for AlGaAs/GaAs and τ = 140 ms for
AlGaAs/GaAs/InGaAs doped-channel heterostructures were estimated. Using
deep level noise spectroscopy, a deep center with an emission activation energy
of 476 meV was detected. Based on these results, DX centers located on both
AlGaAs/GaAs heterointerfaces are assigned as the primary source of generation-
recombination noise within the investigated structures.

Modulation-doped AlGaAs/InGaAs/GaAs heterostructures were also studied
with the DLNS technique. The results indicate two levels contributing to the
noise spectral density with an emission and activation energies of 474 meV and
242 meV, respectively. The first one is a metastable level capable to localize
electrons and attributed to DX centers located in the AlGaAs Si-doped barrier.
The second center with the smaller activation energy is believed as related to
defects in the InGaAs layer, being probably point-like defects. Based on the
theory proposed in [68], capture cross sections and defect concentrations of the
levels were estimated.
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Chapter 6

Micro-Hall devices as magnetic
sensors

6.1 Signal linearity

Signal linearity of the Hall voltage as the useful signal is a key device character-
istic. The Hall voltage VH is given by Eq. (2.69) (see Chapter 2). Using (2.69)
and (2.43), it can be expressed as

VH = GµEWB = GvWB, (6.1)

where G is the geometrical correction factor and v the electron drift velocity. W
is the width of the device and B the magnetic field.

Within magnetic sensor applications of a Hall effect device, the proportionality
VH ∼ IB or VH ∼ V B (depending on the device biasing conditions) should be
met to a high degree of accuracy.

In order to analyze the linearity of the studied micro-Hall devices, measure-
ments of the Hall voltage vs. magnetic field and bias current were performed.
Figure 6.1 depicts according results for sample DC8 and sample DC9 at T=300 K.
Obviously, the micro-Hall devices exhibit a high signal linearity at low and high
bias currents and, therefore, at various electric fields in the active device region.

Using Eq. (2.79) (see Chapter 2), a quantitative analysis of the Hall voltage
non-linearity can be done. Figure 6.2 represents the results for sample DC8 at
two bias currents: I = 50 µA and I = 400 µA. The estimated non-linearity does
not exceed 4 % and is mainly due to measurement errors at very low magnetic
fields.

Studies of the Hall voltage non-linearity in these micro-Hall devices were per-
formed in the 77 - 300 K temperature range, too. A detailed analysis revealed the
non-linearity of the studied micro-Hall devices being not temperature-dependent
and not exceeding 4 % at low and high electric fields.
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Figure 6.1: Dependence of the Hall voltage on magnetic field at various bias currents.
The measurements were done at 300 K for samples DC8 (at bias currents: 10, 50, 90,
120, 170, 250, 300, and 400 µA) as well as for sample DC9 (at bias currents: 10, 70,
110, 130, 150, 190, 220 µA). The relation VH ∼ IB holds true to a high degree of
accuracy.
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Figure 6.2: Non-linearity of the Hall voltage [(VH(I,B)−VH,fit)/VH,fit] vs. magnetic
field at T = 300 K for sample DC8: dotted line, I = 50µA; full line, I = 400µA.

6.2 Hall sensitivity

Signal-to-noise sensitivity and detection limit of micro-Hall devices are deter-
mined by the absolute sensitivity. In Section 2.3.4 the absolute sensitivity value
was shown to be proportional to both electron drift velocity v and device size W .
Thus, high electron drift velocity materials are desirable for an absolute sensi-
tivity enhancement. Previous studies of the velocity-field characteristics revealed
the peak electron drift velocity depending on the scattering mechanisms acting
in the device bulk. In this section, we study micro-Hall devices based on both
doped-channel and modulation-doped heterostructures with fundamentally dif-
ferent carrier scattering. We show the sensor’s performance determined more by
electron drift velocity than by low-field mobility.

In addition to absolute sensitivity, we consider the supply-voltage-related sen-
sitivity (SVRS) SV and supply-current-related sensitivity (SCRS) SI . The first
can be successfully used for studies of different carrier scattering mechanisms de-
termining the basic device characteristics. On the other hand, the SCRS gives
insight in the carrier dynamics at low and high electric fields. Furthermore, both
quantities are used for comparison of our devices with micro-Hall sensor charac-
teristics previously published.
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6.2.1 Absolute sensitivity

The absolute sensitivities of 10 µm square size micro-Hall devices based on doped-
channel Al0.3Ga0.7As/GaAs (sample DC8) and Al0.3Ga0.7As/GaAs/In0.2Ga0.8As
(sample DC9) heterostructures were measured at 300 K and 77 K. Figure 6.3
shows the absolute sensitivity vs. electric field dependencies for both structures
at 300 K. The absolute sensitivity was determined from the slope in the Hall
voltage VH vs. magnetic field B dependence, expressed via

SA ≡ dVH

dB
= GµEW = GvW. (6.2)

Here µ is the electron mobility and E the electric field.
The absolute sensitivity follows the velocity-field characteristics, i.e. it in-

creases with rising electric field in the device active region, saturating at some
electric field. The measured absolute sensitivities indicate the micro-Hall devices
being not in peak drift velocity saturation. For sample DC8, the largest mea-
sured value is SA = 176 mV/T for an electric field of about 1.35 kV/cm. For
sample DC9, a value of SA = 182 mV/T was measured at an electric field of
about 1.1 kV/cm.

Obviously, the micro-Hall device absolute sensitivity for the pseudomorphi-
cally strained In0.2Ga0.8As doped-channel is higher compared to the lattice-
matched doped GaAs channel. This result is not surprising and can be explained
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Figure 6.3: Absolute sensitivity vs. applied electric field for sample DC8 and sam-
ple DC9 at T = 300 K - (•) : sample DC8, (�) : sample DC9.
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as a result of (i) the strained InGaAs layer inserted into the doped GaAs channel
and (ii) the doping profile.

The low-field mobility of electrons is given by Eq. (2.23) (see Chapter 2):

µ =
eτ

m∗ , (6.3)

where e is the electron charge, τ the relaxation time and m∗ the electron effective
mass. Due to the lower effective mass in InGaAs, the electron low-field mobility
in InGaAs is higher than in equivalently-doped GaAs material [36, 52]. Since the
electron drift velocity at low and moderate electric fields is given by

v(E) = µ(E)E, (6.4)

the electron drift velocity in InGaAs is higher compared to GaAs. At high electric
fields, InGaAs has an additional advantage over GaAs and other semiconductors
due to the higher peak electron drift velocity: The energy difference between
the lowest Γ valley and the higher L and X valleys in InGaAs is much greater
than in most other semiconductors. Thus, electrons in InGaAs tend to remain
in the Γ valley at larger electric fields, resulting in a higher peak drift velocity.
Since the absolute sensitivity is proportional to the electron drift velocity, higher
sensitivities are expexted for micro-Hall devices based on heterostructures with
a pseudomorphically strained InGaAs channel embedded into a GaAs layer.
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Figure 6.4: Absolute sensitivity as a function of applied electric field for 20 µm square
size micro-Hall device based on modulation-doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs
heterostructure. The measurements were performed at 300 K.
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The growth of InGaAs on GaAs with a thickness well below the critical one is
accompanied by additional strain due to different lattice constants. This causes
an additional enhancement of both low-field mobility and peak velocity saturation
due to the further increase of the intervalley separation between Γ and L valleys.

The micro-Hall device sample DC9 is δ-doped with the spike centered within
the InGaAs quantum well. Sample DC8 has a uniformly doped GaAs channel.
Heterostructures with centered δ-doping in the quantum well were shown to ex-
hibit a higher electron drift velocity than heterostructures with uniformly doped
quantum well [23].

The absolute sensitivity as a function of electric field for a 20 µm square size
micro-Hall device based on modulation-doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs
heterostructure (sample MD28) is shown in Fig. 6.4. The observed behavior com-
plies to the velocity-field dependence. During the measurements, electric fields up
to electron drift velocity saturation were applied. The saturation was observed
for an electric field of about 2.3 kV/cm, causing a plateau in the sensitivity-field
dependence at a maximum absolute sensitivity value of 1.34 V/T. The electric
field strength is typical for the heterostructure type studied here [234].

6.2.2 Supply-voltage-related sensitivity

Driving the micro-Hall device by a constant voltage, the supply-voltage-related
sensitivity (SVRS) SV can be estimated by Eq. (2.64) (see Chapter 2). For our
micro-Hall devices with Greek cross geometry (with the same length L and width
W of the device), the SVRS given by Eq. (2.64) can be rewritten as

SV =
1

V

dVH

dB
≈ Gµ. (6.5)

Thus, the measurement of supply-voltage-related sensitivity vs. electric field de-
pendencies can serve as a direct method for mobility-field characteristics studies.
Both mobility-field and velocity-field dependence investigations are essential keys
to a clarification of the signal-to-noise sensitivity degradation, being a subject of
the present work.

Now we consider micro-Hall devices based on doped-channel heterostruc-
tures. Measurement results for the supply-voltage-related sensitivity (SVRS)
as a function of the electric field are shown in Fig. 6.5 for 300 K (a) and
77 K (c). The sample DC9 is a micro-Hall device based on a doped-channel
Al0.3Ga0.7As/GaAs/In0.2Ga0.8As heterostructure. Obviously, the SVRS behavior
is completely different for high and low temperatures.

At high temperatures, the SVRS decreases with increasing electric field. The
straightforward explanation is as follows: At room temperature, the transport
properties of the two-dimensional electron gas are determined by scattering on
polar optical phonons and on ionized impurities. An increasing electric field
causes heating of the electron gas. The excess energy of the electron gas is
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Figure 6.5: Supply-voltage-related sensitivity as a function of the electric field
at different temperatures: (a) - for micro-Hall device based on the doped-
channel Al0.3Ga0.7As/GaAs/In0.2Ga0.8As heterostructure at 300 K; (b) - for micro-
Hall device based on the modulation doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs het-
erostructure at 300 K; (c) - for micro-Hall device based on the doped-channel
Al0.3Ga0.7As/GaAs/In0.2Ga0.8As heterostructure at 77 K; (d) - for micro-Hall device
based on the modulation doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs heterostructure at
77 K.

transferred to the phonon subsystem, i.e. to the lattice. This effect is usually
observed as lattice heating. Finally, it results in decreasing electron mobility and
decreasing SVRS, consequently.

At low temperatures, the electric field affects the electron subsystem in the
same manner. However, scattering on ionized impurities dominates at low tem-
perature and low field due to intentional doping of the quantum well. The heating
of the electron gas leads to a decreased scattering on ionized impurities and in-
creased electron mobility, respectively. The mobility increase usually follows a
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µ ∝ T n
e law, where T n

e is the electron temperature and n is a positive exponent
with 0 < n < 1.5 [235]. If the temperature of the two-dimensional electron gas
is high enough, scattering through phonon emission becomes more significant
and eventually dominates. Thus, the mobility decreases with rising temperature.
While we observe only a monotonous increase in the SVRS, electron gas tem-
peratures with significant scattering on optical phonons are not achieved. For
example, for doped bulk GaAs (n3D = 1× 1018) the according decrease in mobil-
ity was observed at an electric field of about 3 kV/cm [58]. For an AlGaAs/GaAs
heterostructure, the mobility decrease was measured at electric fields higher than
4 kV/cm.

Proving the mobility-field dependence and accordingly SVRS-field character-
istics, additional measurements of geometrical magnetoresistance were performed
at 6 K. The results are shown in Fig. 6.6. At such low temperature, the influ-
ence of scattering on the polar optical phonons is negligible and ionized impurity
scattering dominates. Obviously, the mobility of the two-dimensional electron
gas increases with rising electric field. These results support our conclusion with
respect to mobility-field behavior. At 77 K, the mobility is supposed to exhibit
the same tendency, except for the threshold field for decreasing mobility due to
higher lattice temperature.
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Figure 6.6: Mobility-field dependence of a doped-channel
Al0.3Ga0.7As/GaAs/In0.2Ga0.8As heterostructure measured at 6 K. The mea-
surements were performed in rectangular geometry with ohmic contacts along two
opposite edges of width W = 100 µm separated by a channel of length L = 10 µm.
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The SVRS measurement results of micro-Hall devices based on modulation-
doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs heterostructures are shown in Fig. 6.5
for temperatures of 300 K (b) and 77 K (d). The mobility-field dependence is
approximately the same for both temperatures, differing only in the SVRS values.

Modulation-doped heterostructures are well known for increasing mobility
with decreasing temperature. This is caused by a decrease in the scattering rate
on polar optical phonons and a negligible influence of ionized-impurity scattering
due to the spatial separation of two-dimensional electron gas and ionized donors
[236, 237]. Thus, the SVRS should be higher at low temperature than at 300 K.
Consistently, a SVRS of 0.165 T−1 at 300 K and 0.455 T−1 at 77 K were measured.

Initially, the SVRS is relatively high but decreases rapidly as the electric field
is increased. This result resembles the previously reported mobility-field behavior
for the modulation-doped system [48]. At low fields, the mobility is constant. An
increasing electric field causes decreasing mobility. For mid-range electric fields,
the mobility follows the electric field as µ ∼ E−0.8. At higher fields, the mobility
must ultimately go as µ ∼ E−1 [49]. The analysis of our experimental data
reveals the following: In the range of electric fields of 1.8 - 2.7 kV/cm at 300 K
and 200 - 500 V/cm at 77 K, the SVRS (accordingly the mobility) follows the
electric field as E−0.8±0.1, being in good agreement with earlier reported data.

6.2.3 Supply-current-related sensitivity

As pointed out above, studies of the supply-current-related sensitivity (SCRS)
give additional insight into the carrier dynamics at low and high electric fields.
Since the SCRS is inversely proportional to the two-dimensional electron concen-
tration n2D

SI =
1

I

dVH

dB
=

G

en2D

, (6.6)

the SCRS - field dependence serves as an indicator of electron concentration
behavior at low and high electric fields. With respect to the application of micro-
Hall sensors, ideally the SCRS should be field-independent. SCRS studies can
probe the carrier dynamics in the active device region. For example, an increasing
SCRS indicates a decreasing electron concentration in the studied structures.
That might be due to trapping effects on deep levels in the heterostructure.
Therefore, beside SCRS measurements just noise measurements can be useful for
an intended structure optimization. On the other hand, a decreasing SCRS at
high electric fields indicates an increasing electron concentration. This is usually
due to parallel conduction in the barrier region [238] or carrier injection from the
contacts [239, 240].

The SCRS measurement results are shown in Fig. 6.7 for a 20 µm square size
doped-channel micro-Hall device based on an Al0.3Ga0.7As/GaAs/In0.2Ga0.8As
heterostructure (sample DC9). The SCRS versus bias current at 300 K (fig-
ure a) dependence exhibits a quite complicated behavior. At low currents (and,
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Figure 6.7: Measurements of supply-current-related sensitivity (SCRS) as a function
of bias current for doped-channel (sample DC9) (figures a and c) and modulation-
doped (sample MD28) (figures b and d) micro-Hall devices. The measurements were
performed at 300 K and 77 K.

therefore, low electric fields), the SCRS is constant at about 450 V/A/T. A
further bias current increase in the range of 50-150 µA leads to a significant
SCRS rise. Starting with I = 150 µA, the SCRS saturates at a magnetic
sensitivity of 830 V/A/T. For further bias current increase, the SCRS slightly
decreases. Results of measurements at 77 K are shown in figure (c). The supply-
current magnetic sensitivity increases monotonous with rising bias current. It
amounts 520 V/A/T at low bias currents (I = 50 µA) and reaches 548 V/A/T at
I = 1400 µA. A similar tendency in SCRS behavior was observed for sample DC8
and sample DC13. This significant SCRS increase is caused by the reduced two-
dimensional electron concentration. This mechanism of free electron depletion
within the quantum well is assumed to be due to a thermal or field induced trap-
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ping of carriers on DX centers. Indeed, using the DLNS technique, deep traps
with an activation energy of Ea = 476 meV were detected (see Section 5.2.3)
and identified as DX centers. Just DX centers created at both interfaces during
epitaxial growth can cause generation and recombination processes in the studied
micro-Hall device types.

The SCRS measurement results for 20 µm modulation-doped
Al0.2Ga0.8As/In0.1Ga0.9As/GaAs quantum well micro-Hall devices are shown in
Fig. 6.7, too. Obviously, here the supply-current magnetic sensitivity is nearly
independent on the bias condition (and, therefore, electric field). We found values
of SI = 430 V/A/T and SI = 725 V/A/T at 300 K and 77 K, respectively. For a
classification of our results, they should be compared with SCRS values reported
in the literature for the best micro-Hall sensors based on heterostructures. For
Hall devices based on modulation-doped AlGaAs/InGaAs/GaAs heterostruc-
tures, values ranging from 400 V/A/T up to 1200 V/A/T were reported [230].
A value of SI = 320 V/A/T was measured for a Hall sensor based on strained
modulation-doped In0.52Al0.48As/In0.8Ga0.2As heterostructure grown on an
InP substrate [241]. Highly sensitive In0.52Al0.48As/In0.75Ga0.25As micro-Hall
sensors grown on semi-insulating InP substrates were reported with a magnetic
sensitivity of 580 V/A/T [242]. Using a 2DEG channel InP/In0.53Ga0.47As
double heterostructure, magnetic sensors with a SCRS of 1350 V/A/T were
realized [243, 244].

Based on doped-channel and modulation-doped heterostructures, our micro-
Hall devices exhibit competitive SCRS values. A summary of selected results for
devices studied in this work is given in Table 6.1.

Sample DC8 DC9 DC13 MD28
µH at 300 K
(cm2 · V−1 · s−1) 1651 2193 2046 6750
n2D at 300 K
(cm−2) 1.3 × 1012 1.3 × 1012 1.5 × 1012 9.7 × 1011

SA at 300 K (77 K)
(V · T−1) 0.24 (0.23) 0.21 (0.21) 0.19 (0.18) 0.18 (0.29)
at Ibias, µA 400 400 400 400
SI,max at 300 K (77 K)
(V · A−1 · T−1) 590 (565) 531 (596) 520 (454) 430 (726)

Table 6.1: Presented data were measured for micro-Hall devices of 10 µm square size,
except for sample MD28 with 20 µm square size.
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6.3 Signal-to-noise sensitivity

The signal-to-noise sensitivity proves to be another important parameter of micro-
Hall device, determining its application. In fact, the SNS defines the magnetic
field detection limit. Advanced micro-Hall devices based on III-V materials are
able to detect magnetic fields down to the nT-range [241, 242, 245, 246]. However,
some applications demand an even lower detection limit. For example, some in-
situ biological applications require sensitivities on a pT-scale. Micro-Hall devices
could replace SQUID devices (scanning superconducting quantum interference
susceptometers) where they are not suitable in magnetic probes.

Recently, micro-Hall devices approaching the pT-range were successfully fab-
ricated on InGaAs/InP [247] and AlGaAs/InGaAs/GaAs [248] heterostructures.
Some device-related problems are subject to further in-depth studies: SNS-field
dependence, geometry and size influence on SNS, etc.

The SNS was defined in Section 2.3.4 as

SNS ≡ SA

V noise

, (6.7)

where SA is the absolute sensitivity and V noise =
√

SV,noise(f)∆f the noise volt-
age measured within the band width ∆f .

In the following, we restrict our consideration to two doped-channel
micro-Hall devices based on Al0.3Ga0.7As/GaAs (sample DC8) and
Al0.3Ga0.7As/GaAs/In0.3Ga0.7As (sample DC13) heterostructures.

Measurement results of the noise voltage vs. frequency are shown in Fig. 6.8
for both devices. As a matter of fact, an increasing bias current and consequently
rising electric field causes a higher noise voltage and noise voltage spectral density.
Within the mid-frequency range with dominating 1/f noise, the noise spectral
density is given by

SV,α = αE2 (n2Df)−1 , (6.8)

where α is the Hooge parameter, f the frequency and E the electric field.
As long as the noise is dominated by flicker noise, the noise voltage scales

approximately linearly with the electric field. Indeed, the noise voltage measured
at 1 kHz in sample DC8 is proportional to E. For sample DC13 we find at small
fields a superlinear behavior, but a sub-linear one at large fields. The thermal
noise is expected to rise only slightly due to increasing resistance.

Figure 6.9 presents the SNS dependence on electric field measured at several
frequencies within a bandwidth of ∆f = 1 Hz. Within the electric field range
under investigation, the noise is still dominated by 1/f noise. Therefore the SNS
is roughly constant, since both SA and V̄1/f rise approximately linearly with the
applied electric field. Additionally, one concludes from Fig. 6.9 that the SNS
does not degrade even at higher electric fields (E > 1.5 kV·cm−1). Maximum
SNS values of 80 dB/T at 10 Hz and 98 dB/T at 1 kHz are achieved for the
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Figure 6.8: Noise voltage vs. applied electric field for micro-Hall devices DC8 (•) and
DC13 (�), ∆f = 1 Hz, T = 300 K.

micro-Hall device on sample DC8. For the micro-Hall device DC13, maximum
SNS magnitudes of 88 dB/T at 10 Hz, 114 dB/T at 1 kHz and 138 dB/T at
100 kHz are measured.

In the following, we estimate the expected values of the SNS for a cross-shaped
Hall device with width W measured in the frequency band width ∆f . For the
1/f (flicker noise) one has

SNS ≈ µW

√
f ns

α

√
1

∆f
(6.9)

and

SNS ≈ v W

√
ensµ

4kBT

√
1

∆f
(6.10)

for thermal noise, respectively.
At medium frequencies with dominating 1/f noise, the SNS can be approxi-

mately constant in electric field, as long as the electron mobility does not change
significantly. At the highest frequencies with dominating thermal noise, the SNS
can continue to increase until velocity saturation is reached. In the case of our
doped structures, the electron mobility is dominated at low temperatures by ion-
ized impurity scattering and at room temperature by both ionized impurity scat-
tering and phonon scattering. At low temperature, in contrast to high-mobility
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Figure 6.9: Signal to noise sensitivity as a function of the applied electric field at room
temperature for micro-Hall devices DC8 (•) and DC13 (�).

structures, the mobility is relatively constant, increasing somewhat with increas-
ing electron temperature [21, 51].

Our results in Fig. 6.9 do not give any evidence for a SNS degradation for
electric fields up to 2.5 kV·cm−1. As noticed above, the structures investigated
here can exhibit a decreasing electron concentration at rising electric field due to
trapping on DX centers. Accordingly, these changes of the electron concentration
could decrease the SNS (see Eqs. (6.9) and (6.10)). To avoid this, we propose to
use δ-doped In0.3Ga0.7As QW separated from the Al0.3Ga0.7As barrier by undoped
GaAs.

The estimations of the detection limit at different frequencies were performed
as

BDL = [Sv,noise(f)∆f/S2
A]1/2 = 1/SNS. (6.11)

The micro-Hall devices based on Al0.3Ga0.7As/GaAs heterostructures exhibit low-
est detection limits of 103 µT at 10 Hz and 14 µT at 1 kHz, within a bandwidth
of 1 Hz. Compared to it, lowest detection limits of of 41 µT and 2 µT at 10 Hz
and 1 kHz were revealed for the devices with the InGaAs active channel.

Figure 6.10 presents the results of a detailed analysis of the detection limit
vs. applied electric field dependence at various frequencies for micro-Hall de-
vice DC13. Obviously, the lowest detection limit can be achieved at higher elec-
tric fields and higher frequencies, here amounting 127 nT at 2.4 kV·cm−1 and
100 kHz for a bandwidth of 1 Hz. Since the absolute sensitivity is proportional
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Figure 6.10: Detection limit for sample DC13 as a function of the applied electric
field, measured at several frequencies.

to the electron drift velocity, the highest value will be achieved within velocity
saturation at high electric fields. For doped pseudomorphic InGaAs with the drift
velocity approaching 2 × 107 cm/s, an absolute sensitivity of SA = 2 V·T−1 can
be attained. On the other hand, the 1/f noise increases at high electric fields.
Therefore, the signal-to-noise sensitivity in Fig. 6.9 does not improve much with
increasing electric field. However, the data imply that the 1/f noise falls off at
sufficiently high frequencies and only the thermal noise remains at a value not
higher than 2 × 10−8 V for a 1 Hz measurement bandwidth. Thus, for high fre-
quencies, we anticipate a signal-to-noise sensitivity of 160 dB ·T−1 (or expressed
with arbitrary bandwidth, 160 dB · T−1 · Hz1/2) at 300 K for 10 × 10 µm2 Hall
devices.

Identical studies were performed on micro-Hall devices based on a modulation-
doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs heterostructure (sample MD28). Fig-
ure 6.11 represents the results of these studies for 300 K and 77 K for the low-field
range (E < 200 V/cm). The analysis of both SNS and detection limit BDL was
performed at 70 kHz with thermal noise dominating for a 1 Hz frequency band-
width. At 300 K and a bias current I = 325µA, the SNS arrives at a maximum
value of about 141 dB/T, corresponding to a detection limit of about 80 nT.
The current of 325 µA corresponds to an electric field in the active device re-
gion of about 166 V/cm. At higher electric fields, degradations of both SNS and
detection limit were observed.
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Figure 6.11: SNS and detection limit at 300 K and 77 K for a micro-Hall device
based on a modulation-doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs heterostructure (sam-
ple MD28) as a function of bias current.
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At 77 K, a similar behavior was observed. A maximum SNS of about
155 dB/T and a detection limit of about 17 nT were revealed at a bias cur-
rent of I = 275 µA corresponding to an electric field of 45 V/cm. Obviously,
the detection limit and SNS at low temperature are improved compared to ones
at higher temperatures. However, the value of the critical electric field (i.e. the
field with beginning degradation of both characteristics) at low temperature is
three times lower than at 300 K. This effect can be easily explained in terms
of mobility and electron concentration versus electric field behavior. Since the
electron concentration in the studied range of electric fields is constant but the
mobility decreases significantly with rising field, a decreasing SNS at higher fields
is inevitable. Furthermore, the mobility decreases more distinctly at low temper-
atures compared to higher temperatures, see Fig. 6.5). Consequently, the results
for micro-Hall devices based on the modulation-doped system are in good agree-
ment with theoretical predictions (see Eq. 6.10).

6.4 Thermal drift effects

Any magnetic sensor application of micro-Hall devices to measurements with tem-
perature variation demands a high temperature stability. Mostly, micro-Hall sen-
sors were fabricated on modulation-doped heterostructures AlGaAs/GaAs [249],
AlGaAs/GaAs/InGaAs [230, 246], InP/InGaAs [243, 244], InAlAs/InGaAs [242].
Compared to Hall sensors based on bulk materials, the key transport character-
istics were improved essentially. A significantly higher 2DEG mobility can be
realized by barrier doping distant from the interface. Thus, the 2D electron con-
centration is increased - but without rising the ionized impurity concentration at
the interface itself. These devices exhibit both high absolute sensitivity and low
noise. However, further attempts to higher thermal stability meet some critical
difficulties.

Biasing the Hall device by a constant current (current drive mode), the ther-
mal stability is determined by the electron concentration temperature dependence
(see Eq. (2.76), Section 2.3.5). A high doping level within the AlGaAs or InAlAs
barrier regions can cause additional electron concentration fluctuations due to
electrical and/or thermal activation from DX centers [250]. Moreover, a heavily
doped potential barrier can act as an undesirable conductive channel. In order
to suppress the parallel barrier conductivity, an optimization of the barrier thick-
ness and δ-doping instead of uniform doping were proposed by several groups
[230, 246]. In voltage drive mode, i.e. Hall device biasing by constant voltage,
the temperature drift is ruled by temperature dependent mobility (see Eq. (2.77),
Section 2.3.5). The unavoidable strong temperature dependence of the mobility
in modulation-doped heterostructures is usually due to decreased scattering on
phonons and (less significant) on ionized impurities at lower temperatures.

Until now, only minor endeavors [223, 245, 251, 252] were dedicated to studies
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on micro-Hall devices based on doped-channel heterostructures. But using high
electron drift velocity materials, these heterostructures are very promising due to
very low noise, high sensitivity and excellent thermal stability.

In the following we will focus on the thermal stability optimization of doped-
channel micro-Hall devices based on AlGaAs/GaAs/InGaAs heterostructures.

6.4.1 Prerequisites to thermal drift reduction

Targeting on micro-Hall devices with lowest thermal drift, one has to consider
the following four key aspects: (i) an almost temperature independent position
of the Fermi level with respect to the bottom of the conduction band; (ii) mini-
mized temperature dependence of the Hall scattering factor; (iii) suppression of
any undesirable parallel conductivity in the barriers by appropriate measures in
structure design; and (iv) minimized trapping effects.

Designing a Hall device of high thermal stability, the uniformly doped-channel
Al0.3Ga0.7As/GaAs heterojunction can serve as a reference structure. Due to de-
tailed studies in the past, its transport properties are well known, in particular
the scattering on ionized impurities [21]. Furthermore, this system is suitable for
high-performance Hall devices due to the high mobility in GaAs without impuri-
ties and the almost perfect interface between GaAs and AlxGa1−xAs [236]. Using
a doped-channel quantum well, the Hall scattering factor rH = 1 is temperature
independent over a wide range. A doped GaAs layer serves as the conductive
channel within the device. A parallel conductivity within the undoped AlGaAs
barrier is excluded, as well as any carrier generation or trapping on DX centers.
However, DX centers can be created near the AlGaAs/GaAs interface in this
system [245, 253]. Fortunately, they can be suppressed by a doping profile com-
prising 84 % of the well width [21]. The mobilities in doped quantum channels
are expected to be significantly lower than in doped bulk materials (at the same
doping level) or in modulation-doped heterostructures. According to [21], the
quasi-two-dimensional confinement results in increased ionized-impurity scatter-
ing and therefore in decreased mobility over a wide temperature range. Further-
more, the results in [21] give a clear evidence for progressively wider GaAs wells
leading to progressively higher mobilities, apparently asymptotically approaching
the bulk GaAs value.

Considering the ionized-impurity scattering as the predominant mechanism
at low temperatures and including degenerate statistics, the mobility vs. tem-
perature dependence can be described by

µion(T ) = e 〈τion〉 /m∗, (6.12)

where 〈τion〉 is the average relaxation time (see Ref. [21]), e the electron charge
and m∗ the electron effective mass. Accordingly, the temperature dependence of
the relaxation time governs that of the mobility. Experimentally, the mobility vs.
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temperature dependence is almost independent of temperature in the 100−300 K
range for n-type heavily doped semiconductors. Using this feature, one can design
micro-Hall devices with minimized thermal drift under constant voltage biasing.

Certainly, any fabrication of Hall sensors with low thermal drift and high
signal-to-noise sensitivity (SNS) should rely on highest possible absolute sensi-
tivity SA. Concluding from the relation between absolute sensitivity and electron
drift velocity, materials with very high electron drift velocity are most suitable.
In the preceding considerations, an InGaAs layer was already proposed as an ap-
propriate solution. The motivation is based on high peak drift velocity for n-type
InGaAs compared to n-type GaAs [52], strain enhanced low-field mobility and
peak electron drift velocity and the application of a Si-δ-doping leading to higher
peak velocity [23].

Without appropriate countermeasures in device design, the insertion of a
pseudomorphically strained InGaAs layer could result in an enhanced thermal
instability. This is due to the higher band gap GaAs material, possibly providing
an undesirable conductive channel with strongly temperature dependent parasitic
parallel conductivity. This problem can be prevented by a proper heterostructure
device design. Therefore, preliminary calculations - based on the self-consistent
solution of the Schrödinger-Poisson equations and the Fermi-Dirac statistics in
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Figure 6.12: Calculated conduction band profile for a
Al0.3Ga0.7As/GaAs/In0.2Ga0.8As micro-Hall device at 77 K. The squared en-
velope functions for electrons are also shown. Distance is measured from device top
surface.
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the Hartree approximation - were necessary.

Correlating to an experimentally investigated structure, a representative ex-
ample of calculation results is shown. Figure 6.12 presents the results at a temper-
ature of 77 K for a 144 Å In0.2Ga0.8As quantum well embedded into a uniformly
doped GaAs channel.

Obviously, three electronic states are located below the Fermi level. At low
bias currents, i.e. under low-injection condition, electrons will be distributed
among these states. As indicated by the squared envelope function for the third
level, an electron conductive channel is formed not only within the inserted In-
GaAs but also in both adjacent GaAs layers, causing the above discussed parasitic
parallel conductivity. Apparently, this effect can be reduced by downsizing the
GaAs layer thicknesses. Additionally, the electronic states will descend energet-
ically with increased InGaAs thickness. Therefore, much less electrons can be
redistributed to levels within the adjacent GaAs layers even at increased temper-
atures.

Inevitably, the Fermi level raises with increasing temperature. Then Fermi-
level pinning on the states at raising temperature causes an additional thermal
drift due to electron redistribution between upper and lower states. Additionally,
the population of the states in GaAs increases due to redistribution from states
in InGaAs. Again, parasitic conductive channels would arise from increased tem-
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total sheet carrier density vs. InGaAs layer thickness. Thickness of InGaAs QW used
in experimental studies is marked additionally by a dotted line.
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peratures, too.

Finally, this interplay between the undesirable parallel conductivity in both
GaAs layers and the InGaAs channel conductivity contributes significantly to
thermal device instability.

For comparison purposes, we will hold a constant total quantum well thickness
in the following. Accordingly, some compromise will be necessary between the
InGaAs and GaAs layer thicknesses.

Figure 6.13 depicts the calculated 2D electron concentrations of GaAs and
InGaAs layers normalized to the total carrier density as a function of InGaAs
thickness. As expected, an increasing InGaAs layer thickness results in increasing
electron concentration within the InGaAs channel itself. On the other hand, the
InGaAs layer thickness will be always limited to the critical one for a given
composition. For In0.2Ga0.8As, a value of about 144 Å is well below the critical
thickness for our growth conditions.

6.4.2 Experimental results for doped-channel devices

Evaluating the thermal drift, both the low-field mobility and the electron concen-
tration were measured for different samples at temperatures ranging from 77 K
up to 300 K. Figure 6.14 exhibits the results for doped GaAs QW and doped
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Figure 6.14: Temperature dependence of the Hall mobility [� - GaAs QW (sam-
ple DC8); • - InGaAs/GaAs QW (sample DC9)] and sheet electron concentration
[◦ - InGaAs/GaAs QW (sample DC9)].
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InGaAs/GaAs channel devices, respectively.

As predicted, the insertion of the strained Si-δ-doped InGaAs layer into the
uniformly doped GaAs quantum well causes a significant mobility increase. At
room temperature, a 25 % improvement from 1650 cm2·V−1·s−1 for the uniformly
doped GaAs quantum well to 2193 cm2·V−1·s−1 for doped channel with inserted
strained InGaAs layer is revealed at the same value of sheet electron concentra-
tion.

Furthermore, the mobility of the reference GaAs doped QW exhibits a per-
ceptible mobility fall with decreasing temperature. This is an inherent feature of
a heavily doped channel due to prevailing scattering on ionized impurities. As
desired, the mobility of the strained structure is almost temperature indepen-
dent. Due to the continuing theoretical and experimental investigations of this
structure type, a really satisfying explanation can not be given at present.

Using the mobility data, the thermal drift in voltage drive mode can be esti-
mated as

Kcs, V =
1

µH

∂µH

∂T
, (6.13)

where µH is the Hall mobility.

Figure 6.14 also depicts the electron concentration temperature dependence
for the strained structure being rather weak. This measurement result permits

Sample DC8 Sample DC9 Sample DC13
(reference) (optimized) (non-optimized)

Device
channel material GaAs In0.2Ga0.8As In0.3Ga0.7As
thickness d (Å) 350 144 30
square size (µm) 10 × 10 10 × 10 10 × 10
Hall measurements
at T = 300 K
µe (cm2·V−1·s−1) 1651 2193 2046
ne (1012 cm−2) 1.28 1.3 1.5
Thermal stability
for T < 300 K
(in current drive mode)
Kcs,I (ppm·K−1) 358 90 654
(in voltage drive mode)
Kcs,V (ppm·K−1) 996 192 305

Table 6.2: Device characteristics for studied samples.
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one to estimate the thermal drift value in current drive mode according to

Kcs, I =
1

n2D

∂n2D

∂T
, (6.14)

where n2D is the equilibrium channel electron density and T the absolute tem-
perature.

The thermal drift estimated in the 77 − 300 K temperature range differs
significantly for various structures. Representative results are listed in Table 6.2.

By far the best value is found for the 144 Å InGaAs/GaAs quantum well
device biased in current drive mode, being about 90 ppm·K−1. For this particular
structure, we suppose a slight Fermi level shift (with respect to the bottom of
conduction band) changing the electron concentration being responsible for the
weak temperature drift. This valuable result supports our above considerations
with respect to device optimization.

6.5 Size and geometry effects affecting the sen-

sor parameters

The application of micro-Hall devices to measurements with high spacial reso-
lution demands devices of miniaturized area. However, decreasing active device
areas cause in part different undesirable effects: non-linearity, decreasing absolute
sensitivity, increased noise level, SNS and detection limit degradation, etc. These
effects are due to the extremely high electric field non-uniformly distributed in
the small active device area, being partially simply unavoidable. Nevertheless,
the basic micro-Hall sensor characteristics can be improved by a proper choice of
the device geometry.

In the following, we consider here as a model case the micro-Hall devices
based on a doped-channel Al0.3Ga0.7As/GaAs/In0.2Ga0.8As heterostructure (sam-
ple DC9). The investigated devices are of the same geometry, but with different
sizes of active area being 20, 10 and 5 µm square size.

Results of absolute sensitivity measurements for three different device sizes are
shown in Fig. 6.15(a). The highest absolute sensitivity was measured in the device
with the largest area, i.e. for 20 µm square size. The lowest value was obtained for
5 µm square size. This result is not surprising because the absolute sensitivity is
proportional to device size (see Eq. 2.70). Normalizing the absolute sensitivity to
the device size for the same device geometry, one would expect for all devices the
same value SA/W ∼ v, with the electron drift velocity v. However, Fig. 6.15(b)
reflects results contradicting to this assumption. Obviously, an increased device
size results in lower normalized absolute sensitivity.

A similar effect was observed during I-V measurements in two-dimensional
AlGaN/GaN-based conducting channels [254]. The according current-voltage



124 CHAPTER 6. MICRO-HALL DEVICES AS MAGNETIC SENSORS

0.0 0.5 1.0 1.5 2.0
0

50

100

150

200

250
a)

5 µm

10 µm

20 µm

 

A
bs

ol
ut

e 
S

en
si

ti
vi

ty
 (

m
V

·T
-1
)

Electric Field (kV·cm-1)

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

b)

20 µm

10 µm

5 µm

 

Fi
gu

re
 o

f 
M

er
it

 (
V

·T
 -1

·c
m

-1
)

Electric Field (kV·cm-1)

Figure 6.15: (a) Absolute sensitivities measured at room temperature for doped-
channel Greek cross micro-Hall devices of different square sizes: 20, 10 and 5 µm.
The geometries were the same for all three samples. (b) Size normalized absolute
sensitivity vs. electric field in the active device region.

characteristics were shown to depend strongly on the channel length. At the
same value of the electric field, the measured current in a conductive channel of
1 µm length was significantly higher than in a 25 µm channel. Additionally, a cur-
rent saturation (or negative differential resistance) region was revealed for larger
channels. These results were explained by a simple theoretical model: The Joule
self-heating effect can lead to current saturation or a negative differential resis-
tance regime. Based on this, a current reduction due to (i) hot-electron effects
and (ii) channel temperature rise caused by the self-heating were distinguished.
The I-V characteristics track the velocity-field characteristics. Therefore, we can
conclude that the influence of channel length on the v(E) characteristics will be
exactly the same. The measured velocity-field characteristics will asymptotically
approach the real v(E) for sub-micron channels. However, thicker channels will
exhibit a reduced peak velocity saturation due to self-heating effects [255]. Based
on this consideration, we assume the observed difference in absolute sensitivity
measurements to be not only due to size effects but also due to both self-heating
and hot-electrons effects. Indeed, within the low-field region for all three devices,
no difference is seen in the normalized sensitivity-field characteristics. The devi-
ations appear at moderate electric fields, where a channel temperature increase
can be supposed.

Measured noise spectra for devices of two different sizes are shown in Fig. 6.16.
The measurements were done at room temperature and a bias current of 28 µA.
Since the resistances of both devices are equal (the resistance depends only on
the channel depth for a laterally square-sized device), the measured thermal noise
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Figure 6.16: Noise spectra measured at room temperature for two devices of different
sizes: 10 × 10 µm2 and 20 × 20 µm2.

level is the same for both sizes. However, within the low- and mid-frequency
ranges, the noise spectral density differs significantly due to different electric
fields in both devices. Obviously, both the generation-recombination and the
flicker or 1/f noise are observed here.

Presuming a symmetrical Greek cross geometry, the 1/f noise is given by

SV,1/f =
αV 2

fN
≈ 1.2

αE2

fn2D

. (6.15)

The factor of 1.2 follows from the calculation of the number of carriers N for
our Greek cross geometries. Evidently, the voltage noise spectral density for the
1/f noise exhibits a quadratic dependence on the applied electric field, but is
independent on the lateral size. Comparing the electric field values at given bias
current, the observed difference in noise spectral density was proved to follow
exactly to the above Eq. (6.15). Thus, the devices being of different size exhibit
the same values of the 1/f noise at the same low electric fields.

On the other hand, both devices deviate significantly from the Hooge law
given by (6.15) at higher electric fields. Exemplary, Fig. 6.17 illustrates this
for the 10 µm square size device. The measurements were done at room tem-
perature and a frequency of 10 Hz. Conforming with Eq. (6.15), the measured
increase in the noise level can result from the field induced electron concentration
decrease within the quantum well due to carrier trapping on DX centers. The
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Figure 6.17: The noise spectral density as a function of the squared current, measured
at 10 Hz for a 10 µm square size device. Higher fields in the active device area cause
a significant deviation from the Hooge law (6.15).

carrier concentration fluctuations in the conductive channel would also cause an
increased generation-recombination noise and increased differential resistance of
the sample. These findings coincide well with the results of our previous DLNS
(see Section 5.2.3) and SCRS (see Section 6.2.3) studies.

Measuring the noise voltage at a frequency of 65 kHz within ∆f = 1 Hz
bandwidth, the signal-to-noise sensitivity (SNS) can be estimated for dominating
thermal noise. According to Eq. (2.73), the larger area devices exhibit a higher
SNS compared to the smaller ones. Figure 6.18 represents the SNS as a function
of the applied electric field and the device active area. These experimental results
are in a good agreement with the preceding theoretical predictions: The SNS rises
with increasing electric field, saturating at some higher electric fields.

Since the SNS scales with device geometrical sizes, it is reasonable to normalize
the SNS to the device size. Therewith, we are able to compare our results with
other data published in the last decade. Table 6.3 presents this overview of data.

Summarizing the above experimental results, the following conclusions can be
drawn: The geometrical size of the device has a crucial influence on the device
performance due to the increasing electric field within smaller active device area.
This results in both hot-electron and self-heating effects being responsible for
decreasing absolute sensitivity. Furthermore, the high fields are accompanied by
additional generation and recombination processes within the device bulk causing
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Figure 6.18: The SNS as a function of the applied electric field and device size. The
measurements were performed at room temperature.

Material system W SNS · W−1 BDL · W Reference
(µm) (dB/mm/T) (nT · mm)

modulation-doped:
InAlAs/InGAs 200 185 12 [241]
InAlAs/InGaAs 200 152 24 [242]
AlAs/GaAs 200 204 0.2 [250]
AlGaAs/InGaAs/GaAs 100 164 6 [246]
AlGaAs/InGaAs/GaAs 20 175 1.8 this work
(sample MD28)

doped-channel:
AlGaAs/GaAs/InGaAs 10 178 1.27 this work
(sample DC13)
AlGaAs/GaAs/InGaAs 5 173 2.19 this work
(sample DC9)

Table 6.3: Normalized sensitivities and detection limits for studied micro-Hall devices,
compared to earlier published data.
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degraded stability and poor noise performance.
Until now, a uniform and homogeneous distribution of the electric field in the

device bulk was assumed for the analysis. In reality, the electric field distribution
in the active device region will strongly depend on the device geometry. Any
field distribution inhomogeneity like field spikes will cause an additional device
instability. Therefore, the device geometry has to be revised. Numerical methods
are appropriate for the field distribution calculations and the required geometry
optimization.

Here we applied the finite element method (FEM) in order to calculate the
real distribution of the electric field within the device [256]. The distribution of
the local electrostatic potential ϕ(x, y) was computed in the 2D plane of a Hall
element with Greek cross geometry. The elliptic partial differential equation

divσ gradϕ = 0, (6.16)

with the conductivity tensor σ had to be solved as a boundary value problem.
Here, the Neumann-type boundary conditions were used: No current flow occurs
normal to the all boundaries of the structure, except for the bias contacts. Thus,
for the bias contacts we used Dirichle-type boundary conditions. Using the re-
sulting potential ϕ(x, y), the electric field distribution in the 2D plane of the Hall
sensor was calculated as

E (x, y) = −gradϕ (x, y) . (6.17)

Figures 6.19 and 6.20 illustrate the computational results for two different device
geometries.

The Greek cross Hall plate with rectangular corners as shown in Fig. 6.19
is the real geometry used in our studies. The computational results indicate a
very high electric field inhomogeneity at all four corners of the structure. These
electric field spikes could cause carrier trapping on deep levels within the bulk
device, resulting in conductivity fluctuations and accordingly higher noise level
and device instability. Obviously, this result is due to the sharp rectangular
corners.

Alternatively, a Greek cross geometry with rounded corners would be more
suitable with respect to a desired field homogeneity. Figure 6.20 represents the
according numerical results. Even though the electric field distribution also spikes
at the corners, this inhomogeneity is much smaller.

Furthermore, a dependence of the peak electric field Ep on the radius r of the
rounded corners has to be expected. Fig. 6.21 depicts the results of according
numerical calculations. Using these computational results and denoting the con-
tact width as w, the peak electric field at an applied voltage V can be analytically
expressed as

Ep

Ed

=
[ r

w

]−0.267

. (6.18)
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Figure 6.19: The distribution of the electric field in the active area of Greek cross
micro-Hall device with rectangular corners. The 2D and 3D maps are presented. The
device lateral sizes and electric field within device are expressed in arbitrary units.



130 CHAPTER 6. MICRO-HALL DEVICES AS MAGNETIC SENSORS

Figure 6.20: The distribution of the electric field in the active area of Greek cross
micro-Hall device with rounded corners. The 2D and 3D maps are presented. The
device lateral sizes and electric field within device are expressed in arbitrary units.
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Figure 6.21: Peak electric field dependence on rounded corner radius. The solid line
is a fit according to Eq. (6.18).

Ed is the electric field, for our geometry given by Ed = V/W with W = 3w. The
appropriate fit by Eq. 6.18 is shown in Fig. 6.21, too.

6.6 Conclusions

The micro-Hall devices based on doped-channel AlGaAs/GaAs, Al-
GaAs/GaAs/InGaAs as well as modulation-doped AlGaAs/InGaAs/GaAs
heterostructures were characterized in terms of signal linearity, device sensitivity
and thermal stability.

The studied micro-Hall devices exhibit a high signal linearity, being inde-
pendent on temperature in the range of 77 − 300 K. The non-linearity of the
doped-channel micro-Hall devices does not exceed 4 % even at electric fields
higher than 1.8 kV/cm.

The study of the absolute sensitivity for doped-channel devices indicates that
devices with a strained InGaAs layer exhibit a higher absolute sensitivity, com-
pared to ones based on the lattice matched AlGaAs/GaAs system. This result
coincides well with the theoretical statements in Section 3.1.1. An in-depth anal-
ysis of the supply-current-related sensitivity vs. electric field dependence greatly
expands the noise studies, being helpful for a better understanding and inter-
pretation of carrier dynamics at high electric fields. Acting as a probe of the
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mobility-field dependence, the supply-voltage-related sensitivity in conjunction
with supply-current-related sensitivity and noise studies contributes to an under-
standing of the signal-to-noise sensitivity behavior at higher fields.

The device sensitivity analysis together with noise studies permits one to
estimate both the signal-to-noise sensitivity and the detection limit. Signal-
to-noise sensitivities were estimated at low and high frequencies. At high
frequencies where thermal noise dominates and T = 300 K, the pseudomor-
phically strained Al0.3Ga0.7As/GaAs/InyGa1−yAs doped-channel devices exhibit
signal-to-noise sensitivities of 127 dB/T and 138 dB/T for InGaAs layers with
y = 0.2 and y = 0.3, respectively. The micro-Hall sensors based on modulation-
doped Al0.2Ga0.8As/In0.1Ga0.9As/GaAs heterostructures exhibit a better low-field
signal-to-noise sensitivity of about 141 dB/T measured at room temperatures for
20 µm square size devices. However, the signal-to-noise sensitivity vs. electric
field behavior is completely different for doped-channel and modulation-doped
devices. Doped-channel heterostructures show no degradation of the SNS up to
high electric fields. The maximum of the SNS and the lowest detection limit were
reached at electric fields of about 2.4 kV/cm. On the other hand, the micro-Hall
devices based on the modulation-doped system exhibit the highest SNS and the
lowest detection limit at low electric fields, but degrading with increasing electric
field.

Applying sensitivity and noise measurements to micro-Hall devices of different
sizes, the influence of the lateral device dimensions on noise and sensitivity was
analyzed. Based on numerical calculations, the electric field distribution inside
the device active area was estimated. Within the studied Greek cross micro-Hall
sensors, extremely high electric fields appear in the rectangular corners of the
lateral structure. They can impair the noise performance of micro-Hall sensors,
degrading their signal-to-noise sensitivity and detection limit, respectively. In
order to refuse this problem, rounded corners were proposed for the Greek cross
geometry.

Finally, thermal drift effects were studied in detail. Based on the experimen-
tal data, the parallel conductivity in the doped GaAs channel was revealed as
substantially degrading the thermal stability performance. From a device mod-
elling based on a self-consistent solution of Schrödinger-Poisson equations, we
conclude that a trade-off decision between InGaAs and GaAs layer thicknesses
is necessary. Considering this, for a Si-δ-doped 144 Å In0.2Ga0.8As quantum well
embedded into a uniformly doped GaAs channel, thermal drifts of 90 ppm/K in
current drive mode and 192 ppm/K in voltage drive mode were achieved.



Chapter 7

Summary and outlook

Considering the electron drift velocity as the key parameter defining the most
essential micro-Hall device characteristics, the III-V high electron drift veloc-
ity materials GaAs and InGaAs appear as appropriate candidates for micro-
Hall device fabrication. This work was on target for micro-Hall devices of high
sensitivity, low noise and reduced thermal drift for operation at high electric
fields. The studies were restricted to two different heterosystems: AlGaAs/GaAs
and AlGaAs/GaAs/InGaAs with doped-channel as well as modulation-doped
AlGaAs/InGaAs/GaAs.

All investigated heterostructures were grown by gas-source molecular-beam
epitaxy in a ISA-RIBER 32-P facility. To optimize the strained layer epitaxy,
reflection high energy electron diffraction and x-ray measurements as well as
optical and transport techniques were applied.

Using standard optical photolithography, Greek cross micro-Hall devices of 20,
10 and 5 µm square sizes were fabricated on both doped-channel and modulation-
doped heterostructures with further Au/Ge/Ni metallization [172]. The contact
specific resistivity as related to the quality of the metal-semiconductor interface
was optimized by an in-depth investigation of the thermal annealing conditions
and characterized in the frame of the transmission line model. The performed
studies agree well with earlier results reported on n-type GaAs in contact with
Au/Ge/Ni metal films.

The processed micro-Hall devices were investigated within a wide range of
electric fields and compared in terms of signal linearity, sensitivity and noise. The
results reveal the doped-channel quantum well devices at high electric fields to be
superior to the high mobility structures. They exhibit an excellent signal linearity
even at electric fields higher than 1.8 kV/cm. Furthermore, the use of a pseudo-
morphically strained InGaAs layer results in better sensor performance than does
GaAs. The strained Si-δ-doped quantum well AlGaAs/GaAs/InGaAs micro-Hall
devices exhibit much higher sensitivities compared to uniformly doped-channel
AlGaAs/GaAs devices at the same electron concentration within the channel.
This results from the following premises: (1) usage of InGaAs material with higher
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electron drift velocity; (2) induced strain due to lattice misfit; and (3) properly
designed doping profile. Furthermore, the strained doped-channel quantum well
devices exhibit a significantly lower 1/f noise compared to the lattice-matched
structures. A lowest detection limit of 127 nT at a frequency of 100 kHz was
determined with no degradation up to 2.4 kV/cm; this value represents the best
reported at such high electric fields up to now. This observed advantage was
ascribed to the high-field behavior of both mobility and electron concentration
in structures with dominant scattering on ionized impurities.

Regardless of significantly improved Hall absolute sensitivity and better noise
performance of doped-channel quantum well devices with pseudomorphic InGaAs,
the thermal drift can be intolerably high due to parallel conductivity within the
doped GaAs channel. In-depth studies based on numerical calculations of self-
consistent solutions of the coupled Schrödinger-Poisson equations show that a
trade-off decision is necessary between InGaAs and GaAs layer thicknesses. At
a fixed total thickness of the GaAs/InGaAs channel, the pseudomorphic InGaAs
layer has to be thick as possible. An optimized structure regrowth allowed to ob-
tain very low thermal drifts of 90 ppm/K in current-drive mode and 192 ppm/K
in voltage drive mode, respectively. These values belong to the best currently
reported data on micro-Hall devices based on the AlGaAs/GaAs/InGaAs het-
erosystem.

Besides, the optical techniques like photoluminescence spectroscopy and Ra-
man scattering revealed the disorder in the strained InGaAs layers due to In
content fluctuations resulting in fluctuations of the valence and conduction band
potentials, respectively. This can degrade the 1/f noise performance of micro-
Hall devices due to an additional electron scattering on potential imperfections
causing local mobility fluctuations.

Four different and distinct optical measurements reveal the disorder degree to
decrease significantly for thick pseudomorphic InGaAs layers and to increase for
thinner strained layers:

(1) The PL line width and shape probe the spread of the hole wave function
in k-space and therefore its localization in real space resulting from the disorder
potential fluctuations.

(2) The correlation length derived from the frequency and width of the GaAs-
like LO phonon mode originating from the InGaAs indicates in-plane disorder.

(3) The degree of asymmetry of the LO phonon also shows disorder as a
function of the InGaAs well width.

(4) The disorder activated longitudinal acoustic phonon mode observed as a
peak at ν = 160 cm−1 in Raman spectra occurs only in thinner InGaAs layers.

Thus, the insertion of a thick pseudomorphic InGaAs layer results in improved
micro-Hall sensor characteristics like sensitivity, noise and thermal stability.

Admittedly, the epitaxial growth of strained layers near the critical layer thick-
ness can be accompanied by defect nucleations. To examine the layer quality, the
deep level noise spectroscopy was applied for probing deep levels in semiconduc-
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tor heterostructures as a very sensitive and direct method requiring no structure
overgrowth or other additional device preparation.

Two different deep centers were detected, degrading not only the noise per-
formance but also the thermal stability of the micro-Hall elements.

One of these levels was observed in both doped-channel and modulation-doped
heterostructures. Within both systems, the same emission activation energy of
about 470 meV was found. This level was ascribed to DX centers acting as
an additional source of generation-recombination noise. Within doped-channel
heterostructures, these defects are located at the AlGaAs/GaAs heterointerface.
They can be avoided by δ-doping in the middle of the quantum well, on its
side enhancing the device sensitivity due to higher peak electron drift velocity.
Additionally, the lowest noise is found with this doping profile [113]. However,
within modulation-doped heterostructures with the doping usually realized in
the high band gap material, the creation of DX centers is almost unavoidable
during the AlGaAs layer epitaxy with Si dopant. Even for an Al composition of
20 %, the DX center acts as a metastable level degrading the device performance.
The other center with an emission activation energy of 242 meV was observed
only in the modulation-doped heterostructures. The nature and origin of this
level is not clearly evidenced yet. However, I tend to the assumption that it is
probably related to point-like defects within the InGaAs layer. An acceptance of
this suspicion needs further investigation and clarification efforts, of course.

Additionally, the low frequency noise technique accompanied by optical and
transport studies can successfully probe the crystal quality of MBE grown struc-
tures of any dimensionality. Therefore, low frequency noise studies will be also
applicable to 1D heterostructures, probing not only the system anisotropy but
also its quality by an evaluation of the defects in the [110] and [1̄10] crystallo-
graphic directions independently.

The effect of the device scaling on its sensitivity and noise properties was
studied. These studies indicate both the signal-to-noise sensitivity and the de-
tection limit as size-dependent. Out of it, a comparison of the achieved device
characteristics to the results available in the literature has to be done with respect
to device sizes. A detection limit of 1.3 nT · mm · Hz−1/2 is found for the doped-
channel devices based on the Al0.3Ga0.7As/GaAs/In0.3Ga0.7As heterostructure at
an applied electric field of 2.4 kV/cm and room temperature. Comparatively, the
modulation-doped devices exhibit a detection limit of 340 pT ·mm ·Hz−1/2 at low
fields and T = 77 K, substantially degrading with increasing electric field. These
device characteristics are competitive to the best reported results on micro-Hall
sensors.

Applying numerical simulations, the geometry effects for Greek cross shaped
micro-Hall devices were studied. The data indicate the currently used Greek
cross shape with rectangular corners as not optimal due extremely high electric
field spikes in all four corners. Projecting the geometry with rounded corners,
these undesirable field spikes can be clearly eliminated. Such geometries should
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be a subject of future studies and can be easily realized by advanced electron
beam lithography.

Although this work was restricted to AlGaAs/GaAs and
AlGaAs/GaAs/InGaAs doped-channel as well as AlGaAs/InGaAs/GaAs
modulation-doped heterostructures, the conclusions outlined here should be
applicable to other systems like InAlAs/InGaAs and InAlAs/InGaAs/InAs
grown on InP. They are also valid for the promising antimonide based structures
like AlGaSb/InAs with extremely high mobilities measured at room temperature
for Si-δ-doping centered in the InAs quantum well [251]. Thus, the absolute
magnetic sensitivities can be significantly improved, resulting in excellent
detectivity even very low magnetic fields.



Appendix A

Levinshtein-Rumyantsev noise
theory

Levinshtein and Rumyantsev [68] proposed a method for the local level parameter
extraction from noise spectroscopic data. In case of electron capture cross sections
σn depending exponentially on temperature like σn = σ0 exp (−E1/kBT ), the
activation energy E1, the ionization energy E0, the trap density Nt and the
electron capture cross section σn itself can be estimated. In the following, a brief
overview of this noise theory - being applicable to noise studies of micro-Hall
devices - is given.

We consider a n-type crystal containing a shallow donor level of a concentra-
tion Nd exceeding the concentration of all other levels. Furthermore, the shallow
donors are supposed to be fully ionized (n0 � Nd and EF is below Ed). The
position of the Fermi level is determined by

EF = kBT ln

(
Nc

Nd

)
. (A.1)

Here kB is the Boltzmann constant, T the absolute temperature and Nc the
effective density of states for electrons. According to [174], the density of states
for a bulk material can be written as

Nc ≡ 2

(
2πmdekBT

h2

)3/2

Mc. (A.2)

mde is the density-of-state effective mass, h the Planck constant and Mc the
number of equivalent minima in the conduction band. The existence of a deep
level with a concentration Nt and an ionization energy E0 is assumed.

The relative spectral noise density S is given by [84, 257]

S =
SV,noise

V 2
=

SI,noise

I2
= A

τF (1 − F )

1 + (ωτ)2 . (A.3)
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Here R is the sample resistance, I the current and V the voltage, SV,noise the
noise voltage spectral density and SI,noise the noise current spectral density. The
factor A = 4Nt/V0N

2
d depends on the sample volume V0. The time constant τ

is expressed as a combination of emission and capture time constants via

1

τ
=

1

τe

+
1

τc

=
1

τcF
. (A.4)

Here τe is the emission time and τc the capture time constant given by
τc = 1/σvT n0. The level occupancy F is given by

F =
1

1 + exp [(EF − E0)/kBT ]
. (A.5)

The energy is measured down from the conduction band bottom. For a cap-
ture cross section depending exponentially on the temperature, the capture time
constant can be expressed via

τc = τc0 exp

(
E1

kBT

)
, (A.6)

where τc0 = 1/σ0vT n0.
Thus, Eq. (A.3) can be rewritten as

S = A
τc0 exp (E1/kBT ) F 2 (1 − F )

1 + ω2τ 2
c0 exp (2E1/kBT ) F 2

. (A.7)

Here, two marginal cases can be considered: 1) the Fermi level is located
below the trap level, i.e. (EF − E0) � kBT ; or 2) the Fermi level lies above the
trap level over the whole temperature range (E0 − EF ) � kBT . We annotate
here that in our studies we measure the energy in opposite direction: for the
first case we consider (E0 − EF ) � kBT and (EF − E0) � kBT for the second.

1) The Fermi level is below the trap level over the whole temperature range of
measurements:EF − E0 � kBT .

Assuming EF − E0 being not less than several kBT even at the lowest tem-
perature, the level occupancy F is approximately

F � Nd

Nc

exp

(
E0

kBT

)
 1. (A.8)

Using the new variable τ1 = τc0Nd/Nc, the relative noise spectral density S (see
Eq. A.7) can be modified as

S =
A

τc0

τ 2
1 exp [(2E0 + E1)/kBT ]

1 + ω2τ 2
1 exp [(2E0 + 2E1)/kBT ]

. (A.9)
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Figure A.1: Schematic Arrhenius plot representation: The value 1/kBT as a function
of ln(ω) used for the determination of the activation energy E1. For the Fermi level
below the trap level one has 1/tan(θT ) = E0 + E1, and 1/tan(θT ) = E1 for the Fermi
level located above the trap level E0 over the whole temperature range.

The temperature dependencies of the time constants τ1 and τc0 as well as of the
thermal velocity vT and the effective density of states Nc are neglected here.

In order to determine the temperature Tmax corresponding to the maximum
S(T ) at a fixed frequency ω, the extremal value problem resulting from Eq. (A.9)
- with respect to T - has to be solved. The according solution can be written as

1

kBTmax

=
1

2 (E0 + E1)
ln

2E0 + E1

E1τ 2
1

− 1

E0 + E1

ln ω. (A.10)

From (A.10) one concludes that the slope of 1/kBT versus lnω depends on the
sum E0 + E1 (Fig. A.1).

Using Eqs. (A.10) and (A.9), the maximum value of relative noise spectral
density Smax is found as

Smax =
A

τc0

τ 2
1 [(2E0 + E1)/ω

2τ 2
1 E1]

(2E0+E1)/(2E0+2E1)

1 + (2E0 + E1)/E1

. (A.11)

The expression in (A.11) can be rewritten in the form

ln Smax = const − 2E0 + E1

E0 + E1

ln ω (A.12)

with the activation energy E1 and the ionization energy E0.
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Figure A.2: Plot of lnSmax versus lnω used for determination an ionization energy E0

and position of the Fermi level.

A corresponding plot of the ln(Smax) versus ln(ω) dependence (see Fig. A.2)
estimates the Fermi level position with respect to the trap level. Under distinct
conditions, it allows to establish the relation between E1 and E0:

(i) For E1  E0, the lnSmax versus lnω plot is a straight line with a slope of
about 2 (i.e. lnSmax ∼ 1/(lnω)2). Neglecting the temperature dependence of σ,
the ionization energy E0 can be calculated from the slope of 1/kBTmax versus lnω.

(ii) For E1 � E0, both the activation energy E1 and the ionization energy E0

can be easily estimated from the slopes tan (θT ) = 1/(E0 + E1) and tan (θS) =
(2E0 + E1)/(E0 + E1) via the expressions

E1 =
2 − tan (θS)

tan (θT )
and E0 =

tan (θS) − 1

tan (θT )
(A.13)

(iii) For E1 � E0, the slope of lnSmax versus lnω plot is close to one. This is the
most unfavorable situation for an E0 estimate.

One meets a very valuable situation when the S(T ) dependencies cannot be
plotted over a suitable frequency range. Then the half width δ of the maxi-
mum S(1/T ) dependency provides additional information about the local trap
parameters (see Fig. A.3). Differentiating (A.9) twice with respect to (1/T ), one
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Figure A.3: The Arrhenius plot of the noise spectral density lnSmax versus 1/kBT at
fixed measurement frequency f . δ represents the full width at half maximum value.

gets
d2S

d (1/kBT )2

∣∣∣∣
max

= −E1 (2E0 + E1) Smax. (A.14)

Within the 1/kBT coordinates, δ is expressed as

δ =
2√

E1 (2E0 + E1)
. (A.15)

Obviously, δ does not depend on the frequency f at all. According to (A.14), the
activation energy E1 can be calculated at a given E0 from the S(T ) dependence
measured at a single frequency f . If the energies E0 and E1 are known, the time
constants τ1 and τc0 at any frequency f can be calculated from Eq. (A.10) with

τ1 =

(
2E0 + E1

E1ω2

)1/2

exp

(
−E0 + E1

kBTmax

)
(A.16)

and the electron capture cross section σ0 can be estimated via

σ0 =
1

τc0vT n0

. (A.17)

Using Eq. (A.9) for the calculation of the constant A at a given electron
concentration Nd and sample volume V0, the trap concentration in the bulk of
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the semiconductor is provided by the expression

Nt =
1

4
AV0N

2
d . (A.18)

2) The Fermi level is located above the trap level within the whole measurement
temperature range: E0 − EF � kBT .

Then the approximations

F 2 � 1

1 − F � exp
(

EF−E0

kBT

)
� Nc

Nd
exp

(
− E0

kBT

) (A.19)

hold true. Accordingly, the relative noise spectral density is given by

S = Aτc0
Nc

Nd

exp [(E1 − E0)/kBT ]

1 + ω2τ 2
c0 exp (2E1/kBT )

. (A.20)

For E1 < E0, the relative noise spectral density S increases monotonously
with the temperature at any f . Hence, if the cross section does not depend
exponentially on temperature (E1 = 0) and EF is above E0, the dependence
S(T ) has no maxima at all.

For E1 > E0, the dependence S(T ) has a maximum. The activation energy
E1 can be directly estimated from the 1/kBTmax versus lnω Arrhenius plot as

tan (θT ) =
1

E1

. (A.21)

Following a procedure similar to the above described, the maximum noise
density at T = Tmax can be estimated via

Smax = Aτc0
Nc

Nd

(a/ω2τ 2
c0)

(E1−E0)/2E1

1 + a
, (A.22)

where a = (E1 − E0)/(E1 + E0).
The slope of lnSmax as a function of lnω is defined by tan (θS) = (E1 − E0)/E1.

The tan(θS) values can range from zero (E1 = E0) to unity (E1 � E0).
Thus, the activation E1 and ionization E0 energies can be written as

E1 =
1

tan (θT )
and E0 =

1 − tan (θS)

tan (θT )
. (A.23)

The half width of the maximum value - expressed in 1/kBT coordinates - is

δ =
2√

E2
1 − E2

0

. (A.24)
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For given E1 and E0 values, the time constant τc0 can be calculated at any
frequency f :

τc0 =
1

ω

(
E1 − E0

E1 + E0

)1/2

exp

(
− E1

kBTmax

)
. (A.25)

The electron capture cross section σ0 and trap concentration can be calculated
at a given A. The amplitude A can be obtained from Eq. (A.22).
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high performance In0.15Ga0.85As/Al0.15Ga0.85As modulation doped field-effect transistor (0 < y < 0.2),
IEEE Electron Dev. Lett. EDL-7, 288–290 (1986).

[235] E.M. Conwell, High field transport in semiconductors, Academic Press, New York (1967).

[236] L. Pfeiffer, K.W. West, H.L. Störmer, K.W. Baldwin, Electron mobilities exceeding 107 cm2/Vs in
modulation-doped GaAs, Appl. Phys. Lett. 55 (18), 1888–1890 (1989).

[237] B.J.F. Lin, D.C. Tsui, Experimental and theoretical studies of the 2DEG mobility in modulation-doped
GaAs/Al1−xGaxAs heterostructures, Surf. Sci. 174 (3), 397–398 (1986).

[238] M. Inoue, M. Inayama, S. Hiyamizu, Y. Inuishi, Parallel electron transport and field effects of electron
distributions in selectively-doped GaAs/n-AlGaAs, Jpn. J. Appl. Phys. 22 (4), L213–L215 (1983).

[239] W.T. Masselink, W. Kopp, T. Henderson, H. Morcoç, Velocity-field characteristics of AlGaAs-GaAs
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