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Abstract

This thesis examines the electrical transport properties of a series of n-type
GaAs/(AlGa)As double barrier resonant tunnelling devices with well widths
between 50 A and 2400 A. The current-voltage characteristics show peak-to-
valley ratios as high as 25:1 and as many as seventy resonances, with clear
evidence of quantum interference effects at room temperature. The applica-
tion of a high magnetic field parallel to the current flow produces magneto-
oscillations in the transport properties which allow the sheet charge density in
the accumulation layer to be determined. The energy level in the well over a
wide range of bias is obtained from analysis of thermal activation of resonant
tunnelling. The contributions of elastic scattering and LO phonon emission to
the valley current are investigated spectroscopically with a magnetic field and
two phonon modes of the (AlGa)As barrier are observed.

The buildup of space charge in the quantum well at resonance leads to in-
trinsic bistability in the current and differential capacitance of an asymmetric
structure. Magnetoquantum oscillations due to a degenerate electron gas in
the well are used to measure this charge buildup and demonstrate that the
tunnelling process is truly sequential. The bistability is dramatically enhanced
at high magnetic fields when the lowest energy Landau level of the well can
accommodate a high electron density. In a strongly asymmetric sample, a new
kind of bistability is observed where the off-resonant current exceeds the reso-
nant current due to enhancement of charge buildup by intersubband scattering.
The modulation of the scattering rate by a magnetic field produces periodic
oscillations in the width of the bistability.

In a magnetic field applied perpendicular to the current, the resonances
are broadened as a consequence of the conservation of canonical momentum.
The transition from electric to magnetic quantisation in wide wells is investi-
gated and tunnelling into interfacial Landau levels is observed. The angular
dependence of the resonances is used to probe conduction band anisotropy. In
a tilted field, a completely new type of magneto-oscillations is observed.
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CHAPTER 1

Resonant Tunnelling

1.1 Introduction

In 1970 Esaki and Tsu [1] proposed the artificial creation of a new type of
electronic materials consisting of alternating potential barriers and wells by
successive deposition of different semiconductor layers. Advances in growth
technology over the last twenty years have made possible the routine fabrication
of such semiconductor structures with one or more dimensions comparable to
the de Broglie wavelength of the conduction electrons. The properties of these
‘low-dimensional’ devices are governed by the quantum-mechanical interfer-
ence effects associated with the wave nature of the electrons and reveal a wide
variety of macroscopic quantum effects. The best examples have been in the
I11-V semiconductors and alloys where there are a number of latticed-matched
compounds with large band offsets, e.g. GaAs/(AlGa)As, (InGa)As/InP and
(InGa)As/(Alln)As — see Figure 1.1. Interfaces of extremely high quality can
be obtained. The application of band-gap engineering through the techniques
of epitaxial growth results in nearly limitless opportunities for creating struc-
tures for physical exploration as well as for electronic and optical applications.
Some indication of the wide range of investigations is given in references [2]
and [3). Most experimental and theoretical work to date has focussed on the
transport properties in the plane of the confined structures, for example in
modulation-doped heterojunctions, but there has recently been a resurgence
of interest in transport perpendicular to the interfaces which has been brought
about by the improvements in growth quality.

One of the simplest devices is the double barrier resonant tunnelling device
(DBS) [4] which is the subject of this thesis. This basically consists of a nar-
row (20-2000 A) layer of a low-band-gap material, such as GaAs, sandwiched
between two thin layers of a material with a higher band gap, in this case the
alloy (AlGa)As, as schematically depicted in Figure 1.2. Electrons in the cen-
tral well region are confined by the potential barriers and so their momentum
in the direction perpendicular to the plane is quantised, producing a sequence
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Figure 1.1: Energy gaps at 4 K versus lattice constant (reference [5]).

of quasi-two-dimensional subbands. Because the barriers have finite thickness,
electrons can leave the well by tunnelling and the states have a finite lifetime
7, which means that the energy levels have a finite width, e ~ k/7 [6].

When an electron from the contact region is incident on the barriers, they
act like partially reflecting mirrors — hence the common analogy to the Fabry-
Pérot étalon in optics. If the energy and lateral momentum of an incident
electron coincide with those of a quasi-bound state in the well, it tunnels
through both barriers without attenuation — even though its kinetic energy
may be considerably below the height of the potential barriers (7, 8, 9]. A plot
of transmission coefficient against incident energy is reproduced in Figure 1.2.

In an actual device, we can vary the energy of the incident electrons relative
to the energy levels of the well by applying a bias across the structure, as shown
in Figure 1.3. The electrons are supplied by heavily-doped regions on either
side of the double barrier structure. With no applied bias, the energy level in
the well lies above the occupied states in the contact. But if the energy level
is brought down below the Fermi level in the left-hand contact (conventionally
called the emitter), a large resonant current flows. The magnitude of this
current is governed by the number of electrons which can tunnel into the
quasi-bound state of the well with the conservation of energy and transverse
momentum, and the transmission coefficients of the emitter (left-hand) and
collector (right-hand) barriers. The peak in the current corresponds to the
maximum number of incident electrons having the same energy as the well state
which occurs when the energy level is aligned with the conduction band edge
in the contact. At higher biases, there are no electrons which can tunnel whilst
conserving transverse momentum and so the current drops sharply, creating a
region of negative differential resistivity (NDR) i.e. an increase in bias produces
a decrease in the current. This is a basic consequence of the conservation
conditions and the reduced dimensionality of the states in the quantum well
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Figure 1.2: Schematic illustration of a double barrier structure. The transmission
coefficient is unity when the kinetic energy of the incident electron coincides with a
quasi-bound state of the well.

(10]. When biased beyond the resonant peak, the main contribution to the
current is from scattering-assisted transitions (e.g. LO phonon emission) which
are discussed in Section 3.4. If the bias is further increased, the next state of
the quantum well is eventually brought into resonance producing another peak
in the current (Section 3.6).

The first investigation of resonant tunnelling in double barrier heterostruc-
tures was made by Chang, Esaki and Tsu in 1974 [11] who observed weak
features in the low temperature characteristics of a GaAs/(AlGa)As device,
which are reproduced in Figure 1.4. The recent renewal of interest in reso-
nant tunnelling, and vertical transport as a whole, is partly attributable to the
experiments of Sollner et al. [12, 13, 14] who used the negative differential re-
sistance of a double barrier device to produce a high-frequency oscillator which
was capable of mixing and detection at frequencies up to 2.5 THz, showing the
transport processes to be extremely fast.

A simple figure of merit for a DBS is the peak-to-valley ratio which is given
by the current at the peak of the resonance divided by the minimum current
which occurs at a slightly higher applied bias. Remarkable progress has re-
cently been made in the characteristics of double barrier devices. The first ob-
servation of NDR at room temperature came in 1985 [15, 16}, since when typical
values in the GaAs/(AlGa)As system have climbed to nearly 4:1 at room tem-
perature and around 25:1 at low temperatures [17, 18, 19]. The most promising
material system at present is (InGa)As/AlAs [20] where peak-to-valley ratios
of 30:1 at room temperature and 60:1 at low temperature have been reported
recently [21]. Resonant tunnelling has also been observed in many other mate-
rials systems, for example: Ga(AsP)/GaAs [22], InP/(InGa)As [23, 24, 25), p-
type GaAs/(AlGa)As [26], AlSb/InAs [27], HgTe/(HgCd)Te [28], Si/GezSi)—,
[29, 30] and even in amorphous materials — a-Si/SizN¢ [31], and semiconduc-
tor/metal layers [32]. In this thesis we concentrate on the GaAs/(AlGa)As
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Figure 1.3: Schematic conduction band profiles showing the origin of negative dif-
ferential resistance in a double barrier structure. When the quasi-bound state of the
well is below the Fermi energy, a large resonant current flows but when the bias is
increased so that €; goes below the conduction band edge, the current falls.
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Figure 1.4: Current and conductance characteristics at 77 K of the GaAs/(AlGa)As
resonant tunnelling device investigated by Chang, Esaki and Tsu [11].
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system.

Numerous applications of resonant tunnelling in high-speed electronic de-
vices have been proposed. As previously mentioned, Sollner et al. have pio-
neered the use of double barrier diodes as high-frequency oscillators (12, 33]
with latest reported results of a fundamental frequency of 420 GHz [34], much
higher than achieved in Esaki diodes. Whitaker et al. have used a double
barrier structure to demonstrate switching with a rise time of 2 ps, which is
apparently the fastest switching event yet observed for an electronic device
[35]. Sollner et al. have also used double barrier devices as resistive multipliers
[36]. For a review of the high-frequency applications of double barrier diodes
see reference [37]. In addition, a number of three-terminal devices have been
proposed and demonstrated: for example double barrier structures have been
incorporated into the emitter of a hot electron transistor [38] and a heterojunc-
tion bipolar transistor [39], and into the source or gate of a field effect transistor
[40, 41] as well as forming the basis of several new devices [42, 43, 44, 45, 46].
Hence it is clear that there is a great deal of interest in the possible techno-
logical applications of resonant tunnelling and this provides added impetus for
research into the basic physical properties of these devices.

Resonant tunnelling devices are also of widespread interest from the point of
view of solid-state physics since they constitute a relatively well characterised
system where the dynamics of quasi-two-dimensional electrons can be readily
investigated and compared to theoretical models. Although the basic ideas
of resonant tunnelling can be appreciated from one-dimensional quantum me-
chanics, real devices are complicated by the need to consider elastic scattering
processes (for example due to interface roughness or ionized impurities), space
charge buildup, the time development of resonant phenomena, electrostatic
interactions between carriers, phonon emission and absorption, the potential
distribution in the contact regions, the effects of finite temperature and exter-
nally applied magnetic fields — among others. To date, quantitative agreement
between theoretical models and the measured I(V') characteristics of any actual
double barrier device is lacking.

A number of these physical processes are investigated in this thesis, with
particular regard to the effect of high magnetic fields on the tunnelling process.
A brief outline is as follows:

In the remainder of this chapter, the fundamental properties of GaAs and
(AlGa)As relevant to this thesis are presented followed by a brief outline
of some of the basic concepts in the theory of resonant tunnelling.

In Chapter 2 the experimental techniques used to obtain the results are
described and details of the samples are given.

Chapter 3 describes several aspects of both resonant and non-resonant
tunnelling in double barrier structures. Section 3.3 uses magnetoquan-
tum oscillations in the tunnel current and differential capacitance to char-
acterise the 2DEG in the emitter accumulation layer, Section 3.4 presents
an investigation of the contributions of elastic scattering and LO phonon
scattering to the valley current using high magnetic fields, the temper-
ature dependence of the I(V) characteristics is analysed in Section 3.5
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and Section 3.6 discusses ballistic transport and quantum interference
effects in wide quantum wells.

Chapter 4 presents a detailed study of bistability in double barrier de-
vices, showing first how charge buildup in the quantum well or high-
frequency oscillations in the measuring circuit can lead to hysteresis in
the current-voltage characteristics and then using an asymmetric struc-
ture to enhance charge buildup and observe a genuinely intrinsic bistabil-
ity. Fourier analysis of magnetoquantum oscillations in a magnetic field
applied parallel to the current demonstrates that carriers undergo energy
relaxation in the well and therefore the tunnelling process is sequential.
Two new effects are noted, the enhancement of charge buildup in high
magnetic fields and the observation of a region of inverted bistability
in a very asymmetric structure where the off-resonant current actually
exceeds the resonant current.

Chapter 5 investigates the effect of a magnetic field applied perpendicular
to the current. In samples with relatively narrow quantum wells (<
200 A), a broadening of the resonance consistent with the conservation
of canonical momentum is observed and in wider wells, tunnelling into
hybrid magnetoelectric energy levels is seen. Rotation of the magnetic
field direction is used to probe the anisotropy of the conduction band
and to investigate energy levels in a tilted field.
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1.2 Basic Properties of Gallium Arsenide

A very comprehensive review of the properties of gallium arsenide has been
given by Blakemore [47] and this has been extended to the alloy (AlGa)As
by Adachi [48]. Further data is available in Landolt-Bérnstein [49]. Here we
present some of the most basic properties required for this thesis.

1.2.1 Lattice

In GaAs each gallium atom is bonded to four arsenic atoms in a tetrahedral
arrangement, and vice versa. The bonds are predominantly covalent but with
about 30% ionic character [47). The bond length is 2.45 A. Gallium arsenide
crystallises in the zinc blende structure consisting of two interpenetrating face
centred cubic sub-lattices of Ga and As atoms displaced by (1/4, 1/4, 1/4). In
the alloy (AlGa)As, the aluminium atoms are taken to be randomly distributed
throughout the gallium sites. The conventional cubic unit cell of GaAs has a
lattice constant of 5.65 A. The lattice constant in AlAs differs by only 0.008 A,
so the whole range of alloy compositions are almost perfectly lattice-matched
allowing the production of high quality interfaces. In reciprocal space, the first
Brillouin zone is a truncated octahedron as shown in Figure 1.5.
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Figure 1.5: (a) Conventional unit cell for GaAs (b) First Brillouin zone for the GaAs
lattice (from J. S. Blakemore [47]).

1.2.2 Band Structure

The band structure of GaAs in the main symmetry directions is shown in
Figure 1.6 (taken from reference [47]). Unlike germanium or silicon, GaAs is a
direct-gap semiconductor with a room temperature band gap of 1.42 eV. This
increases at lower temperatures according to the numerical formula

€c(T) = 1.519 — 5.405 x 107472 /(T + 204) eV

Since we deal solely with n-type material, this thesis is only concerned with
the conduction band properties. The subsidiary minima near L and X are not
usually occupied except at very high electric fields (when electron transfer into
the upper valleys produces the Gunn effect). Note that although the L and X
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Figure 1.6: Variation of energy with reduced wavevector ¢ = 27 /A for the lowest set
of conduction band minima and the uppermost levels of the valence band [47].

minima are only 290 and 480 meV above the I'-minimum respectively, there
is a potential barrier of at least 1 eV in between. This is important for the
results in Section 5.5.

The effect of adding aluminium is to increase all the energy gaps. The
values suggested by Casey and Panish [50] at 300 K are (in eV)

er = 1.424+1.247z (0 <z <0.45)
1.424 + 1.247z + 1.147(z — 0.45)% (0.45 < z < 1.0)
ex = 1.900 +0.125z + 0.143z2

e, = 1.708 +0.642z

Il

These data indicate that at a composition of approximately 43% Al, there is a
cross over to an indirect gap. The samples considered here all have composition
40% aluminium and have a direct band gap. The application of hydrostatic
pressure moves the X-minima down relative to I'; the effects of this on resonant
tunnelling in these samples is reported in references [19] and [51].

1.2.3 Effective Mass

Near the bottom of the I'-minimum, the conduction band is practically iso-
tropic and the ‘inertial’ effective mass is usually taken to be a scalar, m* =
h?(8%/0k?)~1. At the conduction band edge this is ~ 0.067m,. For energies
more than a few meV above the band edge it is necessary to take into account
the nonparabolicity of the band structure and m*, as defined above, is given
by m*(e) = m§(1 + ae) where € is measured from the band edge and o =
3.26 (eV)~!. At very high energies, ¢ > 100 meV, there is also appreciable
anisotropy in the band structure; this is investigated in Section 5.5.

The effective mass in the alloy is approximately linearly dependent on the
aluminium concentration, at T = 4 K, m*(z) = 0.067 + 0.083z [52].
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1.2.4 Phonons

The phonon dispersion relations for GaAs are shown in Figure 1.7. The elec-
trons couple most strongly to the longitudinal optic modes, for low g values.
At temperatures above 100 K, phonon absorption is the dominant mobility-
limiting scattering mechanism in GaAs. In resonant tunnelling the emission of
LO phonons makes an important contribution to the valley current and to inter-
subband scattering processes — see Section 3.4. The polar mode LO phonon
emission rate is typically ~ 5 x 10’2 s~! [53] in bulk material. When the
electron energy is less than the Lo phonon energy (36 meV), acoustic phonon
scattering (deformation potential and piezoelectric) becomes important. This
is much less rapid (~ 100 ps), but is the only way a hot carrier distribution
can completely relax to the lattice temperature (Section 4.7.2). The polar
mode electron-LO phonon interaction has a 1/¢? dependence [54] and so is
less important for the large momentum transfers associated with X or I'-L
transfer. A recent review of electron-phonon interactions in GaAs/(AlGa)As
heterostructures has been given by Ferreira and Bastard [55).
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Figure 1.7: (a) Phonon frequency vs wavevector for GaAs along the (100) direction,
(b) optical phonon energy as a function of composition for (AlGa)As [57).

In (AlGa)As there are two optical phonon modes [56, 57, one associated
with Ga-As and one with Al-As, although the frequencies are not identical to
those of the binary crystals (36 meV for GaAs and 49 meV for AlAs). This two-
mode behaviour is common in ITI-V alloys. It is usually found that electrons
couple more strongly to the higher-frequency mode [58], which in this case is
the AlAs-like mode. However in low-dimensional structures this is complicated
by the possibility of interface or confined phonon modes [59].
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1.2.5 Impurities

The presence of impurities in a semiconductor can alter the conductivity by
orders of magnitude by introducing energy levels into the band gap between
the valence and conduction band. Silicon added to GaAs goes preferentially to
gallium sites to form a donor impurity. Its extra valence electron is only loosely
bound (~6 meV) and so is easily excited into the conduction band where it is
free to carry current. For high donor densities, the wavefunctions of the impu-
rity electrons overlap to form an impurity band. When this merges with the
conduction band the conduction becomes metallic. In GaAs this Mott metal-
insulator transition takes place for a doping level ~ 10!® cm~3. In the samples
considered in this thesis, silicon doping is used to provide metallic contact re-
gions which supply electrons to the double barrier region. At low temperatures
and high magnetic fields we see some evidence for electrons freezing-out onto
the donors in the lightly-doped region of the device, see Section 4.7.4, but un-
der most conditions the conduction in the contacts is taken to be metallic — in
the sense that the voltage drop across the doped region is negligible compared
to that across the double barrier. The (AlGa)As layers are both undoped.
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1.3 The GaAs/(AlGa)As Heterojunction

At the interface between two semiconductor layers there is a change in the band
gap, hence there are discontinuities in the conduction and valence band edges
[60]. The relative magnitudes of these band offsets has proved difficult to calcu-
late. The presently accepted experimental value in GaAs/(AlGa)As is that ap-
proximately 62% of the band gap discontinuity appears in the conduction band
[61], this gives a conduction band offset of 8.3 meV/% Al. GaAs/(AlGa)As
is a ‘type I' heterojunction where the higher band gap material has a higher
energy conduction band and a lower energy valence band than the low gap
material. We shall make the general assumption that the interface is abrupt
on the atomic scale and that it is possible to describe both layers by their bulk
band structure right up to the interface.

Figure 1.8: Band bending in the vicinity of a modulation-doped GaAs/(AlGa)As
heterojunction.

Charge is transferred across the interface to produce a constant chemical
potential across the structure, leading to the formation of space charge regions
on either side of the junction and consequent bending of the band profile [60].
The most widely studied semiconductor heterostructure is the modulation-
doped GaAs/(AlGa)As single heterojunction [62] where the GaAs layer is not
intentionally doped and the (AlGa)As is n-type (the doping is usually set back
from the interface by ~ 100 A to improve the mobility). In this case, electrons
are transferred from the higher band gap material to the low gap material,
leaving behind a region of positive space charge due to ionized donors and
creating an inversion (or accumulation) layer of electrons in the GaAs. This
is shown schematically in Figure 1.8. The approximately triangular potential
well in the inversion layer confines the electrons near the interface and produces
one or more bound states. The electrons are free to move in the plane of
the interface and so a series of subbands form, each with a density of states
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m*/nh? [63]. At low temperatures, electrons only occupy one subband (for
sheet electron densities less than ~ 6 x 10! cm~2) and so the electron gas is
an almost ideal two-dimensional system, referred to as a 2DEG. Because the
electrons are spatially sepa