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Chapter 6

MBE growth of high-mobility 2DEG
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Department of Condensed Matter Physics, Braun Center for Submicron Research, Weizmann Institute of Science, Rehovot, Israel
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6.1 INTRODUCTION

It is fair to say that the molecular beam epitaxy (MBE)
technique revolutionised the semiconductor field and in
particular in the scientific arena. This, far from equilibrium
technique, allowed a construction of artificial structures,
with atomically abrupt and flat interfaces, which do not
exist in nature. What one could only draw on paper as
a desired energy band diagram can now be realised with the
greatest precision in the laboratory, constricting the world
to two and one dimensions with atomic-like confinement
that leads to energy quantisation. Tunnel barriers, quantum
wells, resonant tunnelling devices, superlattices and alike
became ubiquitous structures. Materials with different
lattice constants were lured, via different kinds of growth
techniques, to condense epitaxially on top of each other
with a minimum number of defects, thus giving rise to
a large variety of heterostructures. In extremely pure grown
materials, electrons are found to zip along many microns
without observable scattering events, exhibiting, e.g.

quantum interference, which was thought before being
observed only in the molecular, atomic and subatomic
scales. Other effects, such as the quantum Hall effect
(QHE), deeply rooted in the quantum regime of highly
interacting electrons in two dimensions, were discovered
unexpectedly. The rich world of mesoscopic physics
emerged, spilling over to a vast number of applications.
Commercial field effect transistors are routinely grown now
by MBE, with high-mobility electrons confined to two
dimensions below the surface of the structure. In addition,
numerous optoelectronic devices, such as quantum well
lasers with increased efficiency and improved wave-
guiding due to confinement, have been developed.

In this chapter, we confine our discussion toMBE growth
of high-purity AlGaAseGaAs heterostructures embedding
two-dimensional (2D) electron systems, which became the
backbone of mesoscopic physics. Driven by the desire for
a high-gain field-effect transistor (FET), it was advantageous
to embed the electrons close to the surface in order to
maximise the device’s transconductance; very much like the
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predecessor device, the siliconmetaleoxideesemiconductor
FET (MOSFET), where 2D electrons were confined at the
interface of SieSiO2 via an applied electric field. In general,
the confining potential quantises the energy of the 2D elec-
trons, which tend to occupy only the lowest subband in the
higher-mobility samples. Even though the electrons in
silicon are rather heavy, and their mobility is not exceedingly
high, the integer QHE had been discovered in such a
MOSFET [1]. The lighter electrons, confined to the interface
of a lattice-matched AlGaAseGaAs heterojunction, were
found to be a better structure for fundamental research [2].
On the one hand, the lattice-matched crystalline material
(lattice mismatch between AlAs and the GaAs is ~0.1%),
with very few interface states, hosts high-mobility electrons,
but, on the other hand, the relatively low conduction band
discontinuity in AlGaAs-GaAs and absence of suitable low
interface trap density dielectricmake it often difficult to form
a two-dimensional electron gas (2DEG) electrostatically.
Therefore, electrons are generally supplied via doping the
AlGaAs layer; hence dubbed ‘modulation doped’ hetero-
structures. In these structures, the electron maximum
mobility had rocketed from an initial ~20,000 cm2/V s to
nearly 36� 106 cm2/V s today [3,4], with a fraction of
a millimetre elastic mean free path. An outstanding mobility
of holes, ~2.6� 106 cm2/V s, was also reported in the
AlGaAseGaAs system, enabling research with a hole
system, where interactions are more readily dominant [5].
Remarkably, electrons in AlGaAseGaAs heterostructure
still possess the highest mobility among numerous compet-
itor systems.

We aim here to cover the most important aspects of
high-mobility MBE growth, including the main principles
of system design (Section 6.2) and the strategy of the
growth process (Section 6.5). It all emanates from under-
standing the main scattering mechanisms, which always
play a pivotal role in all structures. We describe in Section
6.3 a few theoretical models that were developed in the 80’s
and 90’s and demonstrate that despite the fact that these
models failed to predict realistic values of the electron
mobility, the derived functional behaviour agrees rather
well with experiments, thus allowing us to distinguish
among different scattering processes.

Modern mesoscopic physics covers a wide range of
quantum phenomena that are observed in 2D systems. For
example, typical transport experiments are interference of
electrons under different conditions; shot noise measure-
ments that reveal the value of the charge and its statistics;
high-frequency measurements that access the time domain;
local probe measurements that access the nanospatial
dimensions; etc. Each of these studies necessitates an
optimised structure, and in Section 6.4 we discuss the main
considerations that are typically employed.

The value of the low-temperature mobility often
constitutes merely a precondition for successful mesoscopic

structures but does not guarantee obtaining the desirable
behaviour, which is expected in an extremely pure material.
Onemust keep inmind that whilewe strive for nearly perfect
materials, most of the interesting physics rely on the pres-
ence of disorder. As an example, the QHE, while necessi-
tating a rather pure material, cannot condense into the
desired state in disorder-free 2D systems [6]. Consequently,
the detailed character of the disorder is of prime importance.
Indeed, as has been reported on several occasions, neither
the mobility nor the single particle scattering time were
found to be proper figures of merit for distinct and robust
fractional QHE states [3,7e9]. The dependence on the
details of the disorder, whichwe discuss in Section 6.6, is not
fully understood and we believe that it requires a new
approach towards ‘disorder engineering’. Introducing
impurities, as a source of carriers, is likely to add a con-
ducting channel in parallel with the two-dimensional elec-
tron gas. Nature was kind by forming deep states and
nonmobile carriers via the so-called DX centres [10] when
Si is introduced as a dopant into the AlGaAs layer. This
phenomenon allows the fabrication of highly stable gated
mesoscopic devices; however, the resultant random poten-
tial in 2D often prevents the formation of fragile QHE states;
thus, careful heterostructure design as well as ‘disorder
engineering’ are necessary to smooth the potential
fluctuations.

While most of the observed phenomena in coherent
electron systems can be explained by ‘single-particle’
behaviour, many, due to electron interactions, which cannot
be predicted a priori, are likely to be found as disorder
weakens. Hence, the effort to grow nearly perfect materials
will continue. Since the entry point, due to the mounting
costs and the required expertise, is quite high, progress may
be slow. In the following chapter, we try to simplify the
‘magic of high purity growth’ and with that hope to
encourage new players to enter the field.

6.2 HIGH-MOBILITY MBE SYSTEM

The term ‘molecular beam epitaxy’ (MBE), introduced in
1970 by A. Cho [11], describes a process of epitaxial
crystal growth that is facilitated as a result of atomic and/or
molecular beams propagating in vacuum and condensing
on a heated crystalline surface. The growth relies on
kinematic processes on the surface, such as migration,
adsorption, desorption, dissociation, and incorporation.
Clearly, the process of growth requires real-time in situ
monitoring and control, to assure the stoichiometry of the
epitaxy. The MBE system is composed of a few ultra-high
vacuum chambers with means for sample transfer between
the different chambers, and one growth chamber. The latter
is equipped with appropriate pumping facilities and various
characterisation tools, sources of molecular or atomic
beams, each functioning either by evaporation or

122 Molecular Beam Epitaxy

Molecular Beam Epitaxy, First Edition, 2013, 121e137

Author's personal copy



sublimation, and a substrate manipulator with a heater and
a rotatable wafer holder. The basic design of an MBE
system is described in detail in numerous manuscripts and
textbooks (see for example Ref. [12e14]); hence, hereafter
we limit our discussion only to specific aspects that must be
addressed in a high-mobility MBE system.

6.2.1 Main principles of system design

The slimmest configuration of an MBE system includes
a growth chamber, a buffer chamber and an introduction
chamber, with the vacuum level improving progressively
towards the growth chamber. This compartmentalisation
allows moving a sample into and out of the growth chamber
in a matter of hours, yet allowing the growth chamber to stay
under ultra-high vacuum (UHV) for extended periods of time
(often a few years). A wafer loaded into the introduction
chamber is being preheated to drive the water off, outgassed
in the buffer chamber at 350e400 �C and then introduced
into the growth chamber for oxide removal at substrate
temperature 580e620 �C under arsenic flux. Growth is then
initiated under optimal conditions depending on the hetero-
structure design. More advanced systems include substrate
thermal treatment in a separate outgassing chamber, while
the buffer chamber is used to store prepared or already-
grown wafers. Other substrate preparation methods, such as
oxide blow-off with a hydrogen atom-beam source, have
never been reported in a high-mobility MBE system emost
probably due to concerns of additional sources of contami-
nation (tungsten heater filament used for molecular
hydrogen dissociation operates at 1800e2200 �C).

The most distinct feature of high-purity MBE machine
is the use of extremely high-speed vacuum pumps in the
growth chamber. While in early MBE systems ion pumps
were quite standard, cryopumps today, though containing
charcoal, are customarily used due to their high pumping
speed and efficiency in pumping water vapour and other
heavy and light gases. Often, a special design of large
diameter cryopumps is employed including an additional
liquid nitrogen (LN2) cooled stage, which permits bakeout
of the outer body of the pump at ~200 �C whilst the cry-
opump is operating [15]. Pumps containing a third stage,
cooled close to the liquid helium temperature, are some-
times employed too [16]. Since the pumping speed is
limited by the diameter of the pump, large UHV gate valves
are needed to isolate the pumps from the chamber. It is
preferable to use all-metal gate valves; however, their
availability in large diameter is limited and their price is
high. All metal parts inside the growth chamber, including
those of the characterisation tools (ion gauges, residual gas
analysis (RGA) sensor, etc.), which might be heated above
room temperature during system operation, should be made
from high-purity refractory metals. Using copper-free
electrodes for filament welding might be also a worthwhile

precaution. Insulators that protect electrical wires and
thermocouples should be made of pyrolytic boron nitride
(PBN), which has been thoroughly outgassed. Sapphire
viewports are preferable to other types and are easier to
bake at high temperatures. The LN2 shroud should mini-
mise cross-talk between effusion cells and has to be
designed in such a way as to allow turbulence free motion
of the liquid without gas pockets to assure uniform cooling
of the internal surface walls. In contrast to early MBE
systems, nowadays different types of effusion cells are
employed for different materials. Conventional effusion
cells are used for evaporation of gallium and aluminium
(though they might have two filaments to provide temper-
ature gradient along the cell), while several types of cracker
cells were designed for producing the arsenic flux [17]. For
dopants (silicon for n-type and carbon for p-type), either
small size effusion cells or directly heated filament-like
sublimation sources are used. When properly designed, the
latter exhibit lower outgassing rates and faster thermal
response compared to standard effusion cells. The cells,
being the hottest parts of the system, should be constructed
without internal virtual leaks and with the PBN crucibles
and insulators of the highest possible purity. High-purity
molybdenum (or tantalum) substrate holders are used with
either direct radiative heating of the wafers or the wafers
being mounted on the holder using indium (or gallium) as
a solder. It is customary to utilise small wafer diameter
(usually 200) to minimise heater outgassing rate during
growth. There is, however, no consensus regarding the
optimal size of the effusion cells, particularly the gallium
cell. In principle, for two effusion cells with a similar
length, the ratio of the source flux to that of the residual
impurities emanating from the cell (from its filament(s),
crucible and tantalum shields) should increase with the cell
diameter since at a certain temperature the source flux is
proportional to the cell’s opening area, while the effective
emitting area of the impurities increases linearly with the
diameter. In practice, however, several researches obtained
better results with a smaller size Ga cell; yet, direct
comparison is problematic and has never been reported.

The essential characterisation tools include reflection
high-energy electron diffraction (RHEED), a sensitive RGA
system, vacuum ion gauge(s), and beam flux detector
(customarily designed nude gauge). The RHEED system,
being absolutely necessary, at least in the initiation
processes, necessitates two large openings in the cryopanel
close to thewafer, whichmay lower the local pumping speed
and introduce contaminations. Using aluminium-coated
phosphorus screen for the readout may lower its outgassing.

6.2.2 Pregrowth system preparation

The MBE system works under extreme conditions: effusion
cell temperature may reach ~1200 �C, internal walls are
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cooled by liquid nitrogen, and the substrate, during rota-
tion, may be heated up to more than 700 �C. Hence, every
part of the system should stay always cold during the
growth process or go through an outgassing process at high
temperatures if it is hot during the growth. Cell shutters,
adjacent areas to ion gauges, remote parts of the substrate
manipulator and alike, are difficult to clean via local
heating; thus, they should be a part of a prolonged bakeout
at elevated temperatures. One has to make sure that all
surfaces of the chamber, including those of the pumps, are
heated uniformly to ~200e250 �C. A small segment that is
left relatively cold during the bakeout cycle will later be
dominant in outgassing if it is not properly cooled. It is
advisable to use the RGA to monitor the chamber’s envi-
ronment during the bakeout cycle; it will be the deter-
mining factor in terminating the bakeout process. Effusion
cells should be baked at a high temperature (~1600 �C)
without the PBN crucible, and, if possible, in a different
chamber, and later, again, with the PBN crucible in the cell,
however, at a somewhat lower temperature (<1500 �C), to
minimise PBN decomposition. Cells’ shutters should be
outgassed at the highest possible temperature (in a separate
chamber or by the effusion cells themselves). Gauge fila-
ments and substrate heater have to be heated for prolonged
times at high filament current.

Needless to say, the starting source materials are the
most important elements in high-quality epitaxial layers.
The best MBE system will not remedy the consequence of
an impure material. At this point, however, research groups
rely mostly on commercial companies and no attempts to
perform an additional purification process have been
reported. During charging of the effusion cells, care should
be taken to minimise oxidation of the source materials.
Some researchers are using large plastic bags pressurised
with pure argon tightly connected to the cells’ ports during
material loading. After the bakeout of the whole system, the
materials should be carefully outgassed at temperatures
above growth temperatures (with about ten times higher
flux than the normal one). The preparation can be consid-
ered successful if a vacuum level of the order of 10�12 Torr
is achieved while the effusion cells idle. Normally, no trace
of gases other than H2 and CO (with partial pressure at low
10�13 Torr) should be detected.

6.3 SCATTERING MECHANISMS IN 2D
ELECTRON SYSTEM

6.3.1 Formation of 2DEG in modulation-
doped structures

The introduction of modulation doping (MD) in 1978 [2],
which employs the concept of spatial separation between
ionised (parent) donor impurities and the electrons in the
2D electron system, is one of the outstanding examples of

bandgap engineering. Figure 6.1 illustrates schematically
the formation of 2DEG near the heterointerface between
the wide bandgap AlGaAs and the narrow bandgap GaAs.
Intentionally doping the AlGaAs and pinning the Fermi
level at the donor energy level ED result in an intrinsic
electric field in the undoped regions, with the conduction
band energy EW

c ðzÞ rising in the AlGaAs. Furthermore, in
the narrow-gap (undoped) material, placed at some distance
d (spacer) from the doped layer, a triangular-like quantum
well filled with electrons is formed as long as the
conduction band discontinuity DEc is larger than EW

c ðzÞ.
The density of the 2DEG ns can be calculated in the
ubiquitous, simplified case of d-doping (a single sheet of
dopant atoms), at low-temperature and for a single occu-
pied subband:

ns ¼ εε0

q

ðDEc � EDÞ � ½E0ðnsÞ þ Ef ðnsÞ�
d

(6.1)

where the energy is measured from the Fermi level, ε is the
dielectric constant of the semiconductor, ε0 is the vacuum
permittivity, q is the electronic charge, DEc is the
conduction-band discontinuity between that in the GaAs
and in the doped AlGaAs region, E0ðnsÞ is the subband
energy in the triangular quantum well, Ef ¼ nspZ

2=m� is
the chemical potential at T ~ 0 K and m� is the effective
mass of an electron. Numerical solution of Eqn (6.1) shows
that for a wide range of electron densities
~5� 1010e5� 1011 cm�2 charge transfer is essentially
defined by the energy difference DEc � ED. While the

FIGURE 6.1 Profile of the conduction band minimum calculated self-

consistently for modulation doped Al0.35Ga0.65As-GaAs heterostructure

with deep DX centers and spacer thickness d¼ 40 nm (For colour version

of this figure, the reader is referred to the online version of this book).
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conduction band discontinuity for the AlGaAseGaAs
interface is known quite well, the position of the donor level
is rather complicated, since most of substitutional group IV
impurities in Al(Ga)As do not behave as simple shallow
donors. Besides the shallow ionised donor state, the
impurities also form negatively charged deep states, so-
called DX centres. While in GaAs the DX centres are
located high within the conduction band, and hence not felt,
in AlGaAs they form the lowest-energy donor states in the
gap when the AlAs mole fraction exceeds ~22%. Properties
of DX centres should be taken into account for an optimum
design of 2D systems, as will be detailed later.

An accurate determination of the areal electron density
and the positions of the energy levels in the 2D quantum
well for an arbitrary doping profile require a self-consistent
calculation involving Poisson and Schrödinger equations,
which can be found in a large number of publications. They
involve different approximations; all, but a few, lead to the
familiar Airy wavefunctions in the triangular well (see for
example Ref. [18e20]). Nowadays, one can find software
programs that provide rather accurate numerical solutions
(1D, 2D and 3D); for example, Nextnano simulator
developed in the Walter Schottky Institute.

6.3.2 Mobility of electrons in 2DEG

In semi-classical transport theory, the low-field conduc-
tivity is s ¼ enm, where the mobility m is defined via
yd ¼ �mE, with yd being the carrier drift velocity and E
being the electric field. In turn, the mobility is related to the
momentum relaxation time sm via m ¼ esm=m�. One can
also define the elastic mean free path le ¼ yFsm ¼
mZ

ffiffiffiffiffiffiffiffiffiffi
2pns

p
=e, where yF ¼ ZkF=m

� ¼ Z
ffiffiffiffiffiffiffiffiffiffi
2pns

p
=m� and kF

is the wave vector on the Fermi surface. For low enough
electric fields, electron scattering is elastic and the
momentum relaxation time is weighted over the scattering
angle q; hence, the large angle scattering dominates:

1

sm
¼ 1

2p

Z2p

0

1

si
ð1� cosqÞdq (6.2)

The low-temperature electron mobility, being a direct
estimate of the elastic mean free time, is commonly
regarded as the ‘figure of merit’ for the 2DEG. It is deter-
mined easily by measuring the conductivity and the carrier
density. With the discovery of modulation doping, a large
number of theoretical papers attempted to calculate the
influence of different scattering processes on the electron
mobility [21e28]. It should be noted that the majority of
these calculations agreed rather well with the experimental
results available at the time of the publications; however,
they failed to predict realistic values for much longer
scattering times in high-mobility 2DEG. Recently, Das

Sarma and Hwang [29], encouraged by the record electron
mobility exceeding 35� 106 cm2/V s reported by several
groups [3,4], employed more accurate numerical calcula-
tions to suggest that the only factor limiting electron
mobility in AlGaAseGaAs heterostructures is the purity of
the undoped GaAs. A mobility of ~100� 106 cm2/V s at
carrier density of 3� 1011 cm�2 is possible provided that
the unintentional ionised impurity concentration in GaAs is
lowered to 1012 cm�3. Nevertheless, understanding the
following scattering mechanisms is of great importance for
realisation of high-mobility 2D systems:

i. Unintentional charged impurities in GaAs;
ii. Intentional ionised donors in the AlGaAs layer;
iii. Interface roughness of the AlGaAseGaAs

heterointerface;
iv. Alloy scattering in the AlGaAs spacer;
v. Acoustic phonons (via deformation potential &

piezoelectric coupling).

Other scattering mechanisms, such as longitudinal optical
phonon scattering and short-range scattering by neutral
defects and neutral impurities, were shown to have only
a minor influence on the mobility [29]. Let us discuss each
of the scattering contributions separately.

6.3.2.1 Scattering by unintentional charged
background impurities in GaAs (BG)

The mobility mBG is inversely proportional to the impurity
concentration (NBG); however, it increases with electron
density due to screening mBGfndsN

�1
BG, where the value of

d is still being debated. While Gold [27] found d ~ 0.8 for
ns¼ (0.1e1)� 1011 cm�2, Das Sarma and Hwang [29]
showed that d strongly depends on electron density, with
d¼ 0.5e1.1 for densities (0.5e3)� 1011 cm�2. In experi-
ments, where the density is varied either by a controllable
illumination or by applying an external electric field,
d¼ 0.6e1.0 was observed [15,16,30,31]; however,
a modified screening environment influences also other
scattering mechanisms, making accurate determination of
d difficult.

6.3.2.2 Scattering by intentional remote ionised
donors (RI)

For delta doping in the AlGaAs, with areal density NRI,
located at a distance d from the AlGaAseGaAs interface,
the theory predicts a sharp dependence of the mobility mRI
on d ðmRIfd3Þ for relatively thick spacers i.e. kFd[1.
Screening increases the RI mobility with an approximate
dependence n1:5s in the density/spacer range relevant to
high-mobility systems [29], leading to mRIfd3n1:5s N�1

RI .
Furthermore, taking into account the fact that the 2DEG
areal density itself depends on spacer thickness (being
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almost inversely proportional to it at relatively thick
spacers) and calculating the limiting mobility for Nmin

RI zns
(this may be achieved by using a large distance between the
interface and the surface or utilising multiple doping
schemes), one finds a limiting RI mobility dependence on
the spacer thickness to be mRIfd2:5.

6.3.2.3 Interface roughness scattering at the
AlGaAseGaAs heterointerface (IR)

Being a rather controversial issue, this mechanism has been
suggested on several occasions to lead to the anisotropy of
the mobility in the interface plane. However, since the
interface roughness may depend on growth details, AlAs
mole fraction and substrate orientation, it has been difficult
to ascertain its universality. Moreover, an experimental
observation of IR scattering is very problematic, since first,
distinguishing between IR scattering and alloy scattering is
not easy, and second, several other effects, such as parallel
conductance in the doped layer, gate leakage and second
subband occupation, may mask the intrinsic IR scattering.
Most theoretical treatments are based on the pioneering
work of Ando [21], who applied the theory developed for
the SieSiO2 interface to the AlGaAseGaAs heterointer-
face, concluding that interface roughness scattering may be
important only at high electron densities (~1012 cm�2).
With increasing carrier density an almost linear drop of the
interface roughness scattering limited mobility was pre-
dicted [32]; thus, it is expected that the contribution of IR
scattering should lead to saturation or even a drop in the
measured electron mobility at high electron density. Such
behaviour was indeed observed in several studies [9,33],
while others reported only on a monotonous dependence of
mobility on density following a single positive exponent
mfnd behaviour [16,34,35].

6.3.2.4 Alloy scattering in the AlGaAs spacer

With the electron wave function penetrating into the
AlGaAs (with an exponentially small tail), short-range
disorder, due to the random nature of the alloy, is always
present. The limiting mobility is expected to be inversely
proportional to the carrier density [22,25]. Without credible
experimental evidence, the common consensus is that alloy
scattering is irrelevant in limiting the mobility.

6.3.2.5 Acoustic phonon scattering

This mechanism sets the ultimate mobility limit at any
temperature [29,36]. Since the scattering rate falls quickly
with temperature, at approximately T< 1 K it becomes
irrelevant and the temperature-independent ionised impu-
rity scattering rate becomes dominant (Figure 6.2).

6.3.3 Comparison with experiments

Though the theoretical models usually fail to predict accu-
rately the correct values of the mobility, they still may aid in
assessing the relative contribution of each scattering
mechanism, as seen in the example shown in Figure 6.3a.
There the mobility was measured in a set of Al0.35Ga0.65As/
GaAs samples with a spacer thickness in the range of
20e150 nm, 15 nm uniformly doped Al0.35Ga0.65As layer
and undoped 17-nm-thick cap layer. The doping density was
kept at a minimum that is necessary to supply the electrons
to the 2DEG and to compensate the surface states. The
mobility was measured in the dark, after brief illumination
with infra-red LED. The experimental data were fitted using
the functional dependences of the remote and background
ionised impurities employing the Mathiessen rule:

1

m

�
V s

cm2

�
¼ 1

mBG
þ 1

mRI
z

1

21� 106

�
d

70 nm

�0:7

þ 1

92� 106

�
d

70 nm

��2:5

(6.3)

Here the spacer thickness is normalised to 70 nm, which
was the “optimal” spacer thickness d*. The relative
contribution of the remote impurities scattering rate to the
total one m=mRI was also calculated using Eqn (6.3) and is
shown in Figure 6.3b.

The experimental data seem to fit rather well the theo-
retical expectations at a temperature where phonon scat-
tering is negligible. It may be worth noting the following:

l For relatively thin spacers, d< 30 nm, the mobility is
limited by remote ionised impurities; while in the

FIGURE 6.2 Calculated electron mobility (black lines) as a function of

temperature for different background impurity densities. Electron density

and spacer thickness were fixed at n¼ 3�1011 cm�2 and d¼ 120 nm.

Acoustic phonon scattering limited mobility (dashed line) was calculated

using a deformation-potential coupling constant D¼ 10 eV. The upper

mobility limit is set by charged impurity scattering (dot-dashed lines) (For

colour version of this figure, the reader is referred to the online version of

this book). Source: Courtesy of Das Sarma & Hwang.
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opposite limit, d> 100 nm, the mobility is almost
entirely determined by the BG scattering;

l The mobility has a maximum at an “optimal” spacer
thickness d*, with the contribution of BG scattering
clearly prevailing;

l The mobility limited by the background ionised impu-
rities was used to estimate the unintentional p-type
background impurity density to be ~(1e2)� 1013 cm�3

(by comparison with known data for low mobility
systems, where background concentration is known).

Obviously, besides the spacer thickness, the total depth of
the 2DEG below the surface also influences the relative
contribution of RI scattering and, thus, mobility. Indeed, in
shallow structures, the pinning of the Fermi level by the
surface states necessitates higher doping levels causing an
additional scattering.

A more accurate method to distinguish between the
different scattering mechanisms was suggested by us in
Ref. [16]. The method involves plotting the inverse
mobility for a set of single delta-doped heterostructures
with the same spacer thickness as a function of ionised
donor density (Figure 6.4). The doping (NRI) and distance
to the surface (ds) were varied to establish nearly full donor

ionisation after illumination, but yet provide the same
equilibrium electron density. The background impurity-
limited mobility was determined by extrapolation for
NRI/ 0, thus allowing calculating the relative contribution
of RI scattering for samples with different total 2DEG
depth and also illustrating that in 2D systems without
a limitation on the total depth, the influence of RI scattering
can be minimised.

6.3.4 Correlations among ionised impurities

An additional factor, which may influence the mobility, is
a possible spatial correlation among the ionised impurities.
Indeed, in an ideal case, if all the ionised impurities would
be placed in a periodic manner, RI scattering would be
virtually eliminated (new energy bands, though, will be
formed). In reality, since the dopant placements are
random, correlation among the ionised donors may arise
only when their density exceeds the number of ionised
impurities at equilibrium [37]. This phenomenon was first
observed in 3D semiconductors [38] and later reported for
2DEG in AlGaAseGaAs heterostructures [39e41]. The
degree of correlation obviously depends on the ratio
ND=NRI (ND is the donor density) and on the freeze-out
temperature of electrons in the doping layer; hence,
a proper structure design and doping scheme may facili-
tate effective spatial correlations among the ionised
donors.

FIGURE 6.4 Inverse electron mobility, measured in the dark after illu-

mination, as a function of doping sheet density in a set of samples with

spacer thickness d¼ 72 nm and a variable distance from the doping layer

to the surface. The inset shows a schematic band diagram of the structures

used in this experiment. The extrapolated linear fit (dashed line) reveals

background impurity limiting mobility as ~16 � 106 cm2/V s (Ref. 16)

(For colour version of this figure, the reader is referred to the online version

of this book).

(a)

(b)

FIGURE 6.3 (a) Calculated dependence of electron mobility on spacer

thickness (solid line) fitted to the experimental data measured in 2DEG

samples with Al0.35Ga0.65As spacer, a uniformly doped 15 nm wide

Al0.35Ga0.65As layer, capped by an undoped 10 nm thick Al0.35Ga0.65As

layer and 7 nm thick GaAs layer. (b) The relative contribution of the

remote ionised impurity scattering calculated from the corresponding

limited mobility curves (For colour version of this figure, the reader is

referred to the online version of this book).
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6.4 DESIGN OF HIGH-MOBILITY 2DEG
STRUCTURES

Electrons can also be induced electrostatically without
modulation doping, thus avoiding much of the RI scat-
tering. However, several attempts to accomplish this either
by utilising various types of surface gates [42e44] or by
using nþ-doped GaAs back gate [45] resulted in inferior
electron mobility in comparison with the “standard”
modulation-doped heterostructures. While the cause of this
behaviour is not fully understood, it had been pointed out
that charged surface states (Schottky states) may act as
remote scatters, especially when metal gates are employed
[42]. In modulation-doped systems, however, the doped
layers, placed between the 2DEG and the surface, may be
effective in screening the charged surface states.

Hereafter, we consider the most important design
aspects of modulation-doped heterostructures. The desired
structure must fulfil the requirements of the experiment,
such as areal density of electrons, low-temperature mobility,
and total depth below the surface. These requirements are
not necessarily complementary. For example, high-mobility
electrons require thick spacer with large total depth below
the surface. However, the large depth makes it difficult to
obtain reliable ohmic contacts and limits the lateral
dimensions of confining potentials in quantum mesoscopic
devices.

6.4.1 Buffer layer

The buffer layer, separating the active layers from the
substrate, must fulfil three basic functions:

i. Since even the most meticulous substrate preparation
cannot provide atomically smooth surface, which
becomes even rougher during the initial ‘oxide blow-
off’, the buffer layer facilitates a smooth interface for
the 2D electrons;

ii. Impurities that are inevitably present in and on the
substrate (due to ex situ processing) tend to migrate
towards the epitaxial layers during the growth process.
Growth of a relatively thick buffer layer, which in
many cases contains AlGaAseGaAs superlattice (SL),
was shown to retard impurities from migrating due to
the high chemical reactivity of the aluminium-con-
taining layers. Moreover, it was also shown in
numerous reports that a properly chosen SL leads to a
significant smoothing of the surface during the growth;

iii. In most cases growth is performed on semi-insulating
(SI) GaAs substrates, with the Fermi level pinned in
mid-gap due to an abundance of mid-gap traps in the
substrate. This pinning gives rise to an electric field
that penetrates as far as the AlGaAseGaAs interface
(the depletion region in a typical buffer layer may

exceed 3 mm), lowering the 2DEG areal density, and
hence, necessitating a rather thick buffer layer. Instead,
adding a nþ doped layer near the substrateebuffer
interface can partly compensate this electric field and
allow a thinner buffer layer. Obviously, the ‘compen-
sating’ doping density should be chosen low enough to
ensure full ionisation of dopants, thus, avoiding
a parallel conductance path.

6.4.2 Spacer layer

The spacer thickness and the energy difference DEc � ED,
with DEc in the doped region, determine the 2DEG areal
density. Despite the fact that the AlAs mole fraction in the
undoped spacer and doped layers is chosen ubiquitously to
be the same, it could be designed to vary gradually in the
spacer region without notable influence on the areal elec-
tron density. For example, in high-mobility structures it is
often advantageous to use a relatively low AlAs mole
fraction near the interface in order to improve the interface
roughness as well as to decrease outgassing of the Al cell
shutter during the growth of the GaAs channel. In structures
where doping is introduced on both sides of the confined
2D channel, particular attention must be paid to the lower
spacer, since its ‘inverted interface’ with GaAs tends to be
rougher. In this case a short-period superlattice is a prefer-
able option for the bottom spacer.

6.4.3 Doping efficiency and DX centres

The doping layer constitutes the most important element of
modulation doped system. Silicon has been proven to be an
optimal n-type dopant due to its relatively low diffusivity
and high degree of activation. Moreover, Si plays a role of
both shallow and deep (DX) donor states, with the latter
often being beneficial when freeze-out of electrons in
doped region is desirable (preventing parallel conductance
and improving device stability). The properties of DX
centres have been studied since their discovery in the 70s
[46,47] accompanied by a large volume of publications
summarised in several reviews and textbooks [10,48]. Here
we briefly discuss their behaviour that is relevant in high-
mobility structures.

The accepted model of DX centres, confirmed by
numerous experiments (see for example Ref. [49]), is that
the Si atom moves from its substitutional position in
AlGaAs (replacing Ga or Al) while capturing an additional
electron from one of its neighbouring Si atoms, thus
producing a negatively charged DX� centre and a posi-
tively charged ionised donor Dþ. The relative average
distance between the ions DX� and Dþ with respect to the
spacer thickness, as well as possible correlation in the
ionised Si atom positions, determines the contribution of
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such Dþ � DX� ‘dipoles’ to the scattering process.
Mobility was found to increase only modestly due to spatial
correlations among the DX centres, most probably due to
their high freeze-out temperature [39e41].

Three energies characterise a DX centre: capture
energy, emission energy and the donor level, namely, its
energy relative to the bottom of the conduction band at
equilibrium ðEDXÞ. There are multiple deep donor states,
each corresponding to the number of neighbouring Al
atoms near the Si atom (zero, one, two or three). Every
state has its occupation probability, characteristic energies
and a capture cross section depending on the AlAs mole
fraction (x). However, in most cases it is sufficient to
regard the Si donor as a single (average) DX state with
a linear dependence of its energy below the bottom of the
conduction band (following the evolution of the L band in
the AlGaAs), starting from zero at x ~ 0.22 and reaching
~0.16 eV at x ~ 0.4, where the AlGaAs becomes an indi-
rect semiconductor (Figure 6.5). The large emission and
capture energies result in electron freeze-out at tempera-
tures as high as 120e140 K. Illumination by light with
photon energy higher than the emission energy converts
the deep DX� centre to a Dþþ 2e, with the Fermi energy
pinned to the shallow donor state, thus leading to
a substantial increase in areal electron density (and the
mobility). This effect is often referred to as persistence
photoconductivity [47].

The presence of DX centres affects the doping effi-
ciency, which is the maximum 2DEG areal density for
a certain spacer thickness. Indeed, as can be seen in
Figure 6.5, the energy difference DEc � EDX is notably
smaller in comparison with that of shallow donors, thus
reducing the electron density. Raising the AlAs mole
fraction in order to increase DEc leads to a modest increase
in the electric field in the spacer, since DEc changes as

~0.98x eV for x< 0.4 (see Ref. [50]), while the DX energy
changes as EDXz0:9x eV (for 0:22 < x < 0:4). The
doping efficiency, however, increases normally by
w30e60% after illumination, exhibiting a much stronger
dependence on the AlAs mole fraction. As an example,
Figure 6.6 shows calculated and measured electron densi-
ties before and after illumination, as a function of spacer
thickness in delta-doped Al0.35Ga0.65AseGaAs samples
grown in our laboratory. Similar results were also reported
by other groups (see for example Ref. [51,52]).

6.4.4 Doping schemes

6.4.4.1 Uniform vs. delta (d) doping

Customarily the AlGaAs layer is doped either via evapo-
rating Si atoms during a continuous growth process, dubbed
‘uniform doping’ (Figure 6.7a) or via evaporating a fraction
of a Si monolayer during a growth interruption (with As
over-pressure), dubbed ‘d-doping’ (Figure 6.7b). In the
latter, a slightly higher charge transfer is achieved, since the
width of the depletion layer in the d-doped region is
negligible, making the effective spacer thickness smaller.
Note that in order to get an extremely thin doped layer
(a true d-doping), the substrate temperature must be low

FIGURE 6.5 A schematic diagram of the main three conduction band

minima in AlGaAs, the shallow donor levels (dotted), and the DX level

(dashed) as a function of the AlAs mole fraction. Source: Adopted from the

Ref. 10.

FIGURE 6.6 The dependence of the areal electron density on spacer

thickness in Al0.35Ga0.65As-GaAs d-doped heterostructures at T ¼ 4.2 K:

(a) measured in the dark; (b) measured in the dark after illumination.

Theoretical curves (lines) were calculated self-consistently with the

following parameters: background impurity density 2 � 1013 cm�3,

DEc ¼ 340 meV, DE
DX

¼ 120 meV and DE
D
¼ 6 meV for a shallow

donor level. (c) The electron density measured in the dark in Double

Heterointerface Doped structures with 2DEG embedded in 30 nm wide

QW and doping made inside a short period superlattice (see paragraph

6.4.4.4) (For colour version of this figure, the reader is referred to the

online version of this book).
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enough to avoid thermal diffusion and segregation of the Si
atoms. The d-doping method has become the industry
standard for high-mobility transistors since it allows
placing the 2DEG close to the surface, thus leading to
higher transconductance. However, for gated mesoscopic
devices, operating at deep cryogenic temperatures, uniform
doping seemed to provide a better device stability (likely
due to larger distance between impurities, which may
prevent electron hopping).

6.4.4.2 Multiple doping schemes

Suggested first in Ref. [53], the multiple doping scheme
allows separation between donors that supply electrons to
the 2DEG and those providing electrons to the surface
states (Figure 6.7c). This method, while increasing the
depth of the 2DEG beneath the surface, minimises the
number of ionised impurities near the 2D channel. Since
the scattering rate drops approximately as the cube of the
distance between the ionised impurities and the 2DEG,
scattering from the upper doping layer is generally

negligibly small. This scheme is often used in very high-
mobility structures dedicated to studies of the fractional
quantum Hall effect (FQHE). Obviously, both uniform
doping and d-doping may be used in various combinations
in a single structure.

6.4.4.3 Short-period superlattice doping (SPSL)

The elegant and possibly the only way to avoid formation
of DX centres is to introduce a d-doping spike in a thin,
confined, GaAs layer e being part of a short-period
GaAseAlAs superlattice (Figure 6.7d). Such doping
scheme was first proposed by Baba et al. in 1983 [54], and
further modified by Friedland et al. in high-mobility 2D
structures [55]. The main idea is based on separating the Si
atoms from the Al containing layers, thus preventing the
formation of DX centres. Confining the doping in a thin
quantum well (QW) quantises and raises the electron
energy and thus allows charge transfer to the 2DEG. The
thickness of SPSL layers is chosen to make it type-II
superlattice, namely, with the ground state in the AlAs

(a) (b)

(d)

(f)(e)

(c)

FIGURE 6.7 Conduction band minima

profile in heterostructures with different

doping methods. (a) Singe uniform doped

layer. (b) Single d-doped layer. (c) Two

d-doped layers, one supplying the surface

states and one the 2D electron layer. (d)

Single SPSL doped later. (e) d-doping in

DHD structure. (f) Single d-doped layer

above and Nþ back-gate below the 2D

electron gas.
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layers (Xz e minima, where z stands for growth direction)
being lower than that (G minimum) in the GaAs wells.
Hence, excess electrons in SPSL, if any, will spill into the
AlAs layer. The parameters that correspond to the type-I to
type-II crossover in asymmetric (GaAs)m/(AlAs)n SPSL
(where m and n stand for the number of monolayers) are
known rather well from numerous optical experiments (see,
for example, Figure 2 in Ref. [56]). The electrons in the
AlAs layers, being heavier than those in GaAs by a factor of
~3, are easily localised at cryogenic temperatures due to
disorder in the SPSL. Charge transfer is governed by the
quantised electron level in the SPSL independently of the
AlAs mole fraction in the spacer layer. Most importantly,
since the freeze-out temperature in the SPSL is low, spatial
correlations among ionised donors are effective and scat-
tering due to remote ionised impurities is significantly
suppressed.

6.4.4.4 Double heterointerface doping (DHD)

In a symmetrical structure, the 2DEG resides in a QW with
spacers and doping layers on both sides (Figure 6.7e). This
structure was first introduced in 1985 by Hikosaka et al. for
power AlGaAseGaAs transistors [57]; however, it was not
adopted by the high-mobility community, since the
‘inverted’ interface (GaAs on top of AlGaAs) limited the
electron mobility due to higher interface roughness and Si
segregation towards the GaAs channel. With a mobility of
more than 30� 106 cm2/V s reported by Pfeiffer and West
[58], the structure has been adopted for high-mobility
2DEG ever since.

The prominent feature of the DHD structure is the
almost doubled 2D areal density compared with a single
side-doped heterostructure with the same spacer thickness.
This is illustrated in Figure 6.6, which shows the areal
density as a function of spacer thickness in SPSL-doped
DHD structures grown in our laboratory. The higher density
improves screening and, hence, leads to a higher mobility.
Indeed, according to the classical scattering models
described in Section 6.3, the BG scattering mobility limit
should increase by a factor of 2d (d¼ 0.5e1.1), while the
limit due to RI rises by a factor of ~20.5 (since the number
of ionised donors is also doubled). Obviously, the width of
the QW has to be chosen carefully to obtain high electron
density but avoid the occupation of higher sub-bands,
which will open an additional scattering channel. For the
most common well width of 30e40 nm and spacer thick-
ness 70 nm< d< 100 nm, the areal density is
3.0e3.5� 1011 cm�2. It should also be noted that interface
roughness scattering, if any, is relatively weak in
a symmetrically doped DHD, since the electron density
profile peaks at the centre of the QW e away from the
interfaces. Figure 6.8 illustrates the effect of doubling the
electron density in DHD structures on the mobility with

a comparison to high-quality single interface-doped (SHD)
samples. The highest mobility in DHD structures is about
1.6e2 times larger than in the corresponding SHD ones
with the same spacer thickness e very close to the theo-
retical limit accounting only for BG scattering, thus con-
firming the negligible contribution of other scattering
mechanisms.

6.4.4.5 2D systems with back gate

This design allows varying the density of the 2DEG
residing in a QW (Figure 6.7f). A back gate is employed
either via an n-type GaAs substrate or via an nþ-GaAs layer
grown on top of the buffer layer, both separated from the
2DEG by an AlGaAs barrier. The barrier should be
designed to minimise back-gate leakage and enable low-
resistance ohmic contacts to the 2DEG without shorting to
the back gate. Back-gate design is clearly preferable to top
gate approach (see for example Ref. [35]), since it affects
the 2DEG density uniformly across the entire device area,
in contrast to the top gate, which has to be laterally sepa-
rated from the ohmic contacts, thus leaving ungated areas.

6.5 MBE PROCESS FOR HIGH-MOBILITY
2DEG

The fundamentals of the MBE growth process are rooted in
intensive research on epitaxial growth of GaAs starting in
1970s with the pioneering works of Foxon and Joyce using
modulated flux mass spectrometry and RHEED [59,60].

FIGURE 6.8 Low-temperature electron mobility measured in the dark at

different electron densities and for different doping schemes. All the

samples were grown in the same growth campaign (For colour version of

this figure, the reader is referred to the online version of this book).
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The resultant basics are described in great detail in
numerous reviews and textbooks (e.g. Ref. [12,13,61e64]),
which cover a wide range of applications and materials.
Hereafter, we concentrate mostly on those aspects of the
growth process, which are relevant for high-mobility 2D
systems where the background impurity concentration as
well as interface quality are the major concerns. We discuss
the epitaxial growth on (100)-oriented GaAs substrates,
since they are known to provide the highest mobility.

6.5.1 MBE growth of AlGaAseGaAs
heterostructures

The AlGaAseGaAs system is nearly lattice matched;
hence, heterostructures growth is easily accomplished
with negligible mechanical stresses. There is a wide
temperature ‘window’ ~500e650 �C where high-quality
epitaxial GaAs layers can be grown by MBE, with the
upper temperature limit being set by the congruent subli-
mation point (where the sticking coefficient of Ga becomes
less than unity). While Ga is supplied as an atomic flux
using a suitable effusion cell, arsenic can be produced in
a form of either tetramer As4 or dimmer As2 molecules,
with the latter formed by a thermal cracker cell. It was
shown that the sticking coefficient of As4 and As2 in the
useful temperature range is almost zero in the absence of
gallium population on the surface; thus, the growth rate is
ultimately determined by the impinging Ga flux (as long as
its sticking coefficient remains near unity). While As2
species incorporate by a first-order dissociative chemi-
sorption on a surface covered by Ga atoms, the incorpo-
ration of As4 molecules is a more complex, second-order
process, involving two As4 molecules. Four As atoms are
chemisorbed on the growing surface and a residual As4
molecule is desorbed, thus limiting the maximum sticking
coefficient of As4 to half. Another phenomenon determined
by the thermodynamic equilibrium on the surface is arsenic
desorption at temperatures above ~350 �C, which requires,
for normal growth, a certain temperature-dependent over-
pressure of arsenic to maintain the so-called ‘As-rich’
condition, since the ‘Ga-rich’ condition is usually quickly
accompanied by formation of liquid Ga droplets on the
growing surface. Optimising the growth parameters is
accomplished by the aid of RHEED, via in situ monitoring
of the surface reconstruction, which is indicative of the
growth condition. For example, at temperatures above
~500 �C the As-rich surface exhibits (2� 4) surface
reconstruction that may gradually convert to Ga-rich
(4� 2) surface reconstruction if the substrate is being
heated at a constant arsenic flux. The boundary lines
between different surface reconstructions for different
substrate temperatures and arsenic over-pressure yield the
so-called surface phase diagram, either static (without

group III element flux) or dynamic e studied for GaAs and
AlAs in detail (e.g. Refs. [65,66]).

Growth of IIIeV alloys obeys similar mechanisms as
those of GaAs, though, quantitatively the behavior may be
different. For example, for the growth of AlGaAs alloy, the
surface mobility of the Al atoms is several times smaller
than that of Ga, necessitating a higher growth temperature,
yet with a stable AlAs surface at high temperatures (up to
~795 �C in the absence of the arsenic flux [66]).

6.5.2 Growth process for high-mobility
MD heterostructures

The MBE process for high-mobility 2D systems is based, to
a great extent, on results that were obtained during almost
two decades of extensive studies during 1970se1990s, with
comprehensive summaries in several reviews and textbooks
(e.g. Ref. [63]). Since both the quality of the MBE system
and the purity of the source materials have improved with
time, some of the previous works are less relevant nowadays.

There are three major technological factors influencing
the quality of high-mobility AlGaAseGaAs structures: the
growth temperature; the As/Ga(Al) beam fluxes ratio; and
the growth rate. Proper choice of these parameters should
allow achieving the following goals: (i) minimising unin-
tentional impurity incorporation; (ii) achieving smooth
surface/interface; and (iii) preventing undesirable diffusion
and segregation of intentionally introduced dopants. The
following sources of unintentional impurities should be
considered in high-mobility UHVeMBE system:

l Imperfect vacuum environment in the growth chamber;
l Finite purity of the source materials (Ga, Al, As and to

a lesser extent Si);
l Outgassing of heated parts (filaments, PBN parts,

shutters, etc.).

It is well established, via sensitive low-temperature photo-
luminescence, that the main unintentional impurity in high-
purity GaAs is carbon, with density below 1014 cm�3;
however, its main source is not obvious. For instance, the
increase of mobility with increased growth rate points out to
the incorporation of impurities from the environment, which
may result from a minute leak (real or virtual) or outgassing
of substrate heater assembly. Alternatively, an absence of
such dependence provides evidence that the main source of
impurities is the effusion cells. In a well prepared and leak-
tight MBE system, with a vacuum level better than
1� 10�11 Torr the latter phenomenon is usually observed.

Carbon incorporation seems to depend strongly on the
growth temperature and As/Ga beam flux ratio. For
example, it was reported inRef. [67] that decreasing theAs4/
Ga beamflux ratio from60 to 20 at a substrate temperature of
620 �C led to a 5 times lower photoluminescence peak
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intensity associated with carbon impurities, while growing
at lower temperatures results in an increased carbon incor-
poration and poorer surface morphology. Nowadays, the
basic growth process of high-purity GaAs takes place at
630e650 �C, close to the congruent sublimation point, at
a minimum As4 flux, barely sufficient for As-stable surface
[15,16,52], at a growth rate of 0.5e1 micron/hour. Note,
however, that accurate growth temperature measurement
(and comparison among different groups) is not easy. The IR
pyrometer, which is typically employed for monitoring the
substrate temperature, is often calibrated using the temper-
ature at which oxide desorption starts. However, as it was
shown in Ref. [68], the oxide desorption temperature may
vary within the range 580e620 �C, depending on the
substrate preparation process. Similarly, the phase diagram
of surface reconstruction also cannot be a reliable tool to
determine accurately the temperature, since it also depends
on the substrate heating rate and arsenic pressure. The more
accurate optical bandgap measurement is rarely used in
high-mobility systems due to the necessity to install addi-
tional optical ports near the substrate. Even the accuracy of
the As/Ga(Al) beam flux ratio, measured using an ion gauge
beam monitor, is limited since it depends on the relative
position of the gauge to that of the effusion cells. Therefore,
the best growth conditions are usually reached by trial and
error.

Special attention should be paid to the process of doping,
as described in the previous section. Precautions must be
taken to avoid unintentional diffusion or segregation of the
dopants (usually Si) towards the 2D electrons region. In the
simplest case of uniform or d-doping, lowering the substrate
temperature to 530e560 �C during doping significantly
reduces Si diffusion towards the 2D channel (upwards
segregation is not important in these structures). The situa-
tion, however, is more complicated when dopants are
introduced below the 2DEG region. It was shown by Harris
et al. [69], using highly sensitive SIMS measurements, that
a significant segregation of Si occurs already at a substrate
temperature of ~500 �C. Also Pfeiffer et al. [51] found that
segregation of Si is the main reason for mobility deteriora-
tion in such inverted interfaces. More challenging structures
are the DX centre-free SPSL-doped layers, where Si is
incorporated in a several-nm-thick GaAs layer (see
Figure 6.7d). To avoid the formation of DX centres, the
substrate temperature during the doping process must be
decreased to 460e480 �C in order to exclude any diffusion
and segregation of Si to the AlAs layers. In DHD structures
(Figure 6.7e), having normal and inverted interfaces, this
requirement is of utmost importance.

It is advisable to keep as many of the system’s
components, not needed during the growth of a critical
layer, cold. For instance, a cracker cell tube should be kept
at a low-temperature (~200e400 �C); the silicon effusion
cell should be cooled (a filament-like sublimation source

may be kept even at room temperature) during growth of
the GaAs 2D channel, and heated later either during the
spacer growth or during a growth interruption prior to the
doped layer.

Growth interruptions are extensively used to facilitate
interface smoothness. Thick layers with high AlAs content
are often grown as an Al(Ga)AseGaAs supperlattice with
growth interruptions after each GaAs layer. According to
our experience, in a well-prepared MBE system, even
a 60-s long interruption at the critical heterointerface does
not result in measurable mobility degradation.

6.6 MOBILITY AND DISORDER IN 2D
ELECTRON SYSTEMS

The discovery of quantum Hall effect [1] followed by the
observation of the exotic fractional quantum Hall effect
[70] demonstrated an exciting behaviour of interacting
electrons in two dimensions. The FQHE is a result of
a condensation of the 2D electron system into an incom-
pressible quantum fluid, forming many-body ground states
with quasiparticle excitations at special values of the
Landau-level filling factor n ¼ p=q (n ¼ nh=qeB, with n
being the 2DEG areal density, eB=h being the Landau-level
degeneracy, and B being the magnetic field). One of the
merit factors of the FQHE is the many-body ‘energy gap’,
determined via measuring the activation energy (tempera-
ture dependence of longitudinal magnetoresistance Rxx). In
the early stages of research with samples’ mobility
m< 5� 106 cm2/V s, a general correlation was established
between the mobility and the activation energy [71,72];
however, this relation was not universal. For instance,
Sajoto et al. showed in Ref. [7] reasonable FQHE states
when the mobility was 3e5 times lower than that reported
by Eisenstein et al. [73]. Still the mobility is being used on
countless occasions to quantify the disorder in the 2D
systems (see for example Ref. [58]).

More comprehensive results were reported by Umansky
et al. [3], who studied the behaviour of the magnetoresis-
tance at the ‘fragile’ 5/2 filling factor in a set of DHD
samples containing 2DEG with mobility m ~ 25�
106� 36� 106 cm�2/Vs embedded in 30 nm wide QWs.
An SPSL doping method was employed, while a separate
uniformly doped layer was introduced below the surface.
With minimal doping density in SPSL (when all the
dopants are ionised), the 5/2 state was not established.
Moreover, in such samples, no clear correlation between
Rxx at filling factor 5/2 and the measured mobility was
observed. However, introducing spatial correlations among
the ionised donors, via precise over-doping, led to
a substantial improvement in the robustness of the 5/2 (and
similar) states without a notable influence on the mobility.
Figure 6.9 shows the dependence of the Rxx at the 5/2 state
on over-doping, defined via g ¼ ND=N

min
RI , where ND is the
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doping density and Nmin
RI is the minimum necessary doping

level. An increased g reduced significantly Rxx at n ¼ 5=2,
with an accurate Hall conductance quantisation observed
for g> 2 at T¼ 10 mK. The upper limit of over-doping
g> 3.5 was set by the appearance of parallel conduction in
the SPSL. Other fractional Hall states behaved similarly, as
shown in Figure 6.10. Measuring Rxx of the composite
fermions (CF) at filling factor n¼ 1/2, in a single interface
2D systems with electron densities ns ~1.2� 1011e1.4�
1011 cm�2, proved, again, that ‘smoothing’ the disorder
potential due to RI leads to a significant improvement in the
mobility of the CFs. It should be noted that measurements
were done in the dark, the regime, when better temporal
stability of mesoscopic devices is generally observed [74].

The high sensitivity of FQHE states to details of the RI
potential landscape may be better understood by examining
the characteristic scales of the disorder. For BG impurity
density of ~1� 1013 cm�3, the average distance between
impurities is ~500 nm; however, their scattering potential,
being in the 2DEG region, is ‘strong’. On the other hand,
the characteristic correlation length of the potential due to
RI impurities is determined by the spacer thickness, being
d ~ 60e100 nm; yet, it is much weaker. It seems that the
fractional states are very sensitive to the weaker, though
higher spatial frequency, potential fluctuations caused
by the RI impurities. This might be related to the actual size
of the fractionally charged quasiparticle in comparison with
the correlation length of the RI potential [35].

Another approach to induce spatial correlations in the
doped layer via over-doping, but still with insignificant
parallel conduction, employs a uniform or d-doping in

a low AlAs mole fraction layer ð0:22 < x < 0:3Þ. In such
layers, the probability to form DX centres is lower; hence,
excess doping will result in added neutral donors, with
a much lower freeze-out temperature, enabling stronger
correlations among Dþ and D0 states. This type of spatial
correlations differs from that in the higher mole fraction
AlAs layers (x> 0.3), with ‘dipole-like’ correlations

FIGURE 6.9 The longitudinal resistance at filling

factor 5/2 measured at T¼ 10 mK as a function of over-

doping in DHD samples with SPSL doping. The 2DEG

areal density was ~3�1011 cm�2 in all samples and the

mobility was in the range of 30-36�106 cm2/V s. The

insert shows a typical magnetoresistance curve (For

colour version of this figure, the reader is referred to the

online version of this book).

FIGURE 6.10 The longitudinal resistance at filling factors 1/2 (squares)

and 5/9 (circles) measured at T ¼ 10 mK as a function of over-doping in

SHD samples with SPSL doping. The 2DEG areal density was

1.2 � 1011e1.4 � 1011 cm�2 and the mobility was in the range of

12e17 � 106 cm2/V s. The insert shows a typical magnetoresistance curve

(For colour version of this figure, the reader is referred to the online version

of this book).

134 Molecular Beam Epitaxy

Molecular Beam Epitaxy, First Edition, 2013, 121e137

Author's personal copy



(DX� and Dþ) as discussed in Section 6.3.4. Despite the
fact that a quantitative description of the disorder and its
influence on FQHE is not available, the work is continuing
with several recent publications confirming the poor
correlation between the mobility and the robustness of
FQHE states [8,9].

6.7 CONCLUSIONS

Future developments in MBE of high-mobility 2D electron
systems, a niche field which supports mostly basic research,
are expected to be driven mainly by individuals. The first,
and most important goal, is to find a way to purify the
source materials further, a process that has already reached
its present limits. Moreover, existing high-purity materials
characterisation tools have a limited sensitivity, leaving
eventually the MBE grower to be the judge of the source
material quality. In the realm of MBE system design, one
should aim at increasing further the pumping speed with
large pumps combined with relatively small chambers that
are fully shrouded by LN2 walls, and possibly even over-
cooling the LN2 shrouds.

One of the greatest challenges in structures design as
well as in the growth process is control of the disorder
landscape. Since the incorporation of doping impurities
is random, localising the impurities on a lattice in the
plane, hence, correlating them spatially, may be beyond
the present technology. However, removing modulation
doping, and replacing it by conductive gates that will be
employed to induce carriers, seems much more promising.
Though previous attempts to operate such devices did
not live up to expectations, we believe that with more
consorted efforts the disorder in the 2D layer can be
minimised.

One should not take lightly the lack of robust temporal
stability in mesoscopic devices based on 2D electrons. This
crippling effect had been the ‘Achilles heel’ of most high-
mobility structures. The effect is likely to have more than
one source, such as: electron hoping among dopants;
electron tunnelling among surface states; current leakage
from metallic gates and trapped charges in the barrier
material, making the problem difficult to solve. Yet, we
believe that its origin is more in the growth process rather
than in the details of the device fabrication.

Even though much progress had been made in physics
that is based on high-mobility 2D electrons, we believe that
more physics, waiting to be discovered, is still hiding in
even purer materials.
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